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Editorial on the Research Topic
 Human machine interface-based neuromodulation solutions for neurorehabilitation




Neurorehabilitation is a complex medical process which aims to aid recovery from a nervous system injury, and to minimize and/or compensate for any functional alterations resulting from nervous system injury disease. These diseases include stroke, spinal cord injury, cerebral palsy, Parkinson's disease, brain injury, and multiple sclerosis. Human-machine interface is a potential neuromodulation scheme for neurorehabilitation. To provide a platform for sharing the latest research findings in human machine interface-based neuromodulation for neurorehabilitation, we organized this Research Topic, in which 18 manuscripts have been accepted for publication, including 12 original research articles, four reviews, and two clinical trials. These articles stated that transcranial magnetic stimulation (TMS), brain–computer interface (BCI) and robots are the current advanced intervention techniques for the treatment of these diseases. In addition, the corresponding neural mechanisms were studied by healthy subjects using these intervention techniques. To a certain extent, these manuscripts have expanded the current understanding of diagnosis, treatment, and prognosis of such nervous system injury diseases.

According to different TMS stimulation pulses, TMS can be divided into three stimulation modes: single TMS (sTMS), double pulse TMS (pTMS), and repetitive TMS (rTMS). A study by Cai et al. explored that brain network activity modulates corticospinal excitability in 32 healthy individuals by recording electroencephalography (EEG) and single TMS measurements. The results suggested that corticospinal excitability can be modulated by the power spectrum of sensorimotor regions and the overall efficiency of functional networks. Thus, EEG network analysis can provide a useful complement to study the relationship between EEG oscillations and corticospinal excitability.

In addition to sTMS, rTMS technology is also widely used in the treatment of stroke, cerebral palsy, and multiple system atrophy (MSA). In studies focusing on recovery of dysphagia post-stroke, Yang, Cao, et al. and Xie Y.-l. et al. systemically evaluated the effect and safety of rTMS on recovery of dysphagia after stroke. They suggested that rTMS improved overall swallowing function and activity of daily living ability and reduced aspiration in post-stroke patients. Moreover, to explore the effect of 5 hz rTMS combined with wrist-ankle acupuncture on improving spasticity and motor function in children with spastic cerebral palsy by measuring electrophysiological parameters and behavior, 25 children with spastic cerebral palsy were enrolled in a single blind and randomized controlled trial. The authors found that wrist-ankle acupuncture combined with 5 Hz rTMS was the best for improving gross motor function and enhancing the conductivity of the corticospinal tract in children with cerebral palsy, but it could not highlight its clinical advantages in improving spasticity. Furthermore, executive dysfunction widely exists in a variety of neuropsychiatric diseases, and is closely related to the decline of daily living ability and function (Li J. et al.). Another study by Liu S. et al. analyzed the effect of low-frequency rTMS on executive function and its neural mechanism by using event-related potential (ERP). Thirty-one healthy subjects were randomly assigned to receive rTMS stimulations (1 Hz rTMS or sham rTMS) to the left dorsolateral prefrontal cortex (DLPFC) twice. They suggested that low-frequency rTMS of the left DLPFC can cause decline of cognitive flexibility in executive function, resulting in the change of N2 amplitude and the decrease of P3 and late positive component (LPC) components during task switching, which is of positive significance for the evaluation and treatment of executive function. In addition, MSA refers to a progressive neurodegenerative disease characterized by autonomic dysfunction, parkinsonism, cerebellar ataxia, as well as cognitive deficits. Zhang et al. systemically assessed the effects of Non-invasive brain stimulation (NIBS) on two subtypes of MSA: parkinsonian-type MSA (MSA-P) and cerebellar-type MSA (MSA-C). They found that NIBS can serve as a useful neurorehabilitation strategy to improve motor and cognitive function in MSA-P and MSA-C patients. However, they suggested that further high-quality articles are required to examine the underlying mechanisms and standardized protocol of rTMS as well as its long-term effect. Meanwhile, the effects of other NIBS subtypes on MSA still need further investigation.

Intermittent theta burst stimulation (iTBS) is a special form of repetitive transcranial magnetic stimulation (rTMS), which effectively increases cortical excitability and has been widely used as a neural modulation approach in stroke rehabilitation. A study by Ding et al. investigated the effects of iTBS on functional brain network through the resting-state EEG of stroke survivors. Thirty stroke survivors with upper limb motor dysfunction were studied. The authors provide evidence that iTBS modulates brain network functioning in stroke survivors. The acute increase in interhemispheric functional connectivity and overall efficiency after iTBS suggests that iTBS has the potential to normalize brain network function after stroke, which can be used for stroke rehabilitation. Furthermore, another study by Xie Y.-J. et al. explored the efficacy of cerebellar iTBS on the walking function of stroke patients. Thirty-six survivors with walking dysfunction who had suffered their first unilateral stroke were recruited. The authors found that applying iTBS over the contralesional cerebellum paired with physical therapy could improve walking performance in patients after stroke, suggesting that cerebellar iTBS intervention might be a non-invasive strategy to improve walking function for stroke survivors. Moreover, a study of Diao et al. investigated whether the individual level of GABA or NMDA receptor-mediated activity before stimulation is correlated with the after-effect in cortical excitability induced by iTBS. They found that that GABAA receptor-mediated activity measured before stimulation is negatively correlated with the after-effect of cortical excitability induced by iTBS. The short-interval intracortical inhibitory (SICI) might be a good predictor of iTBS-induced LTP-like plasticity for a period lasting 15 min following stimulation.

A brain-computer interface (BCI) is a real-time communication system that connects the brain and external devices. The combination of BCI technology and hand rehabilitation robots is often used for motor function rehabilitation after stroke. In addition, some studies have explored cortical activation and neuroplasticity mechanisms in healthy subjects by BCI technology. Yang, Zhang, et al. provided medical evidence-based support for BCI in the treatment of upper limb dysfunction after stroke by conducting a meta-analysis of relevant clinical studies. A total of 13 randomized controlled trials involving 258 subjects were retrieved. The authors demonstrated that BCI training can effectively promote the recovery of upper limb motor function in stroke survivors, and the effect size was moderate. Moreover, Liu L. et al. evaluated the efficacy of BCI training in chronic stroke patients with moderate or severe paresis. Eighteen hospitalized chronic stroke patients with moderate or severe motor deficits participated. They demonstrated that BCI-based rehabilitation can effectively intervene in the motor performance of post-stroke patients with moderate or severe upper limb paralysis and is a potential strategy for stroke neurorehabilitation. The results shown that the functional connectivity between ipsilesional primary motor cortex (M1) and frontal cortex might be enhanced after BCI training. Furthermore, Li X. et al. studied the effectiveness of a post-stroke hand rehabilitation system, which is the sensorimotor rhythm (SMR)-based BCI with audio-cue, motor observation and multisensory feedback. Twenty-four stroke survivors with severe upper limb motor deficits were studied. The authors found that the hand rehabilitation system combined with conventional therapy may promote long-lasting upper limb motor improvement. In addition to BCI training for stroke subjects, Lin et al. analyzed effects of frequency of motor imagery (MI) BCI training on the central nervous system. Sixteen young healthy subjects were randomly assigned to a high frequency group with performed MI-BCI training once per day and low frequency group which performed once every other day. The results revealed that compared to the low frequency group, the high frequency group presents more cortical activation and better BCI performance. Meanwhile, the authors suggested that 30 min per day for five consecutive days may be the lowest effective dose of MI-BCI training to activate modulation of cortical activation in healthy subjects, which can be extrapolated in the future to stroke patients. Similarly, another study by Qiu et al. used synchronous functional near infrared spectroscopy (fNIRS) to analyze whether mirror visual feedback (MVF) and a soft robotic bilateral hand rehabilitation system have synergistic effects on cortical activation. Twenty healthy subjects were recruited to perform four different visual feedback tasks with simultaneous fNIRS monitoring. Four different visual feedback tasks include the real visual feedback (RVF) task, mirror visual feedback (MVF) task, bilateral robotic movement (BRM) task, and MVF + BRM task. The results found that the synergistic gain effect on cortical activation from mirror visual feedback combined with a soft robotic bilateral hand rehabilitation system for the first time, which could be utilized to guide the clinical application and the future studies. Furthermore, Liu Y. et al. conducted 4-week BCI-controlled supernumerary robotic finger (SRF) training in 10 right-handed subjects to study the neuroplasticity mechanisms. The results shown that cerebellar compensatory and inhibitory mechanisms exist during BCI-controlled SRF training, and this result provides evidence for the neuroplasticity mechanism brought about by BCI-controlled motor-augmentation devices.

Muscle synergies have been largely used in many application fields, including motor control studies, prosthesis control, movement classification, rehabilitation, and clinical studies. Zhao et al. analyzed the performance of five methods for the extraction of spatial muscle synergy, namely, principal component analysis (PCA), independent component analysis (ICA), factor analysis (FA), non-negative matrix factorization (NMF), and AEs using simulated data and a publicly available database. The results showed that the performance of synergy extraction methods was affected by the noise and the number of channels, and classification algorithms were sensitive to the extraction methods. Moreover, the effect and mechanism of underlying enriched rehabilitation as a potentially effective strategy to improve gait and cognitive performance in patients with early Parkinson's disease (PD) were explored (Wang et al.). The enriched rehabilitation represents that the enriched sensorimotor environmental stimulation paired with different types of sensory and motor exercises was applied to improve gait disorder and cognitive function in PD. The authors found that enriched rehabilitation could serve as a potentially effective therapy for early-stage PD for improving gait performance and cognitive function. The underlying mechanism based on functional magnetic resonance imaging (fMRI) involved strengthened resting-state functional connectivity (RSFC) between the left dorsolateral prefrontal cortex (DLPFC) and other brain regions.

After the analysis of 18 manuscripts in this Research Topic, we can draw the following conclusions. The rTMS could improve overall swallowing function and activity of daily living ability in post-stroke patients. Furthermore, rTMS can serve as a useful neurorehabilitation strategy to improve motor and cognitive function in MSA-P and MSA-C patients. However, further studies are performed to examine the underlying mechanisms and standardized protocol of rTMS as well as its long-term effect. The iTBS has the potential to normalize brain network function after stroke and also might be a noninvasive strategy to improve walking function for stroke survivors. The BCI-based rehabilitation can effectively intervene in the motor performance of post-stroke patients with moderate or severe upper limb paralysis and is a potential strategy for stroke neurorehabilitation.
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Transcranial magnetic stimulation (TMS) has a wide range of clinical applications, and there is growing interest in neural oscillations and corticospinal excitability determined by TMS. Previous studies have shown that corticospinal excitability is influenced by fluctuations of brain oscillations in the sensorimotor region, but it is unclear whether brain network activity modulates corticospinal excitability. Here, we addressed this question by recording electroencephalography (EEG) and TMS measurements in 32 healthy individuals. The resting motor threshold (RMT) and active motor threshold (AMT) were determined as markers of corticospinal excitability. The least absolute shrinkage and selection operator (LASSO) was used to identify significant EEG metrics and then correlation analysis was performed. The analysis revealed that alpha2 power in the sensorimotor region was inversely correlated with RMT and AMT. Innovatively, graph theory was used to construct a brain network, and the relationship between the brain network and corticospinal excitability was explored. It was found that the global efficiency in the theta band was positively correlated with RMT. Additionally, the global efficiency in the alpha2 band was negatively correlated with RMT and AMT. These findings indicated that corticospinal excitability can be modulated by the power spectrum in sensorimotor regions and the global efficiency of functional networks. EEG network analysis can provide a useful supplement for studying the association between EEG oscillations and corticospinal excitability.

Keywords: electroencephalography, transcranial magnetic stimulation, corticospinal excitability, network, power spectrum


INTRODUCTION

Transcranial Magnetic Stimulation (TMS) induces an electric field through a time-varying magnetic field, resulting in induced electric currents and changing the action potential of nerve cells in the cerebral cortex, thus affecting blood circulation, metabolism, and nerve excitability in the brain (Wanalee et al., 2015). As an effective non-invasive nerve stimulation technology, TMS is widely used in clinical practice and can be used to improve motor function in stroke patients, improve individual cognitive function, and reduce depression (Myczkowski et al., 2018; Chen et al., 2019).

Neuron oscillatory activity plays an important role in the cortical response to TMS. To clarify the interaction between neural activity and TMS, researchers explored the association between electroencephalography (EEG) and corticospinal excitability, defined as the cortical output in response to TMS. It was found that the fluctuation of EEG oscillations selectively affects corticospinal excitability (Berger et al., 2014; Bergmann et al., 2019; Ogata et al., 2019). Although EEG oscillations were assumed to regulate cortical excitability, the findings in previous studies were inconsistent. Some studies reported a correlation between corticospinal excitability and pre-stimulation alpha oscillation power (Sauseng et al., 2009) as well as beta oscillation power (Maki and Ilmoniemi, 2010; Hussain et al., 2019b) while others found no correlations between various EEG frequencies (Iscan et al., 2016). There are contradictions in these studies. Sauseng et al. (2009) found that the amplitude of motor evoked potentials (MEPs) is negatively correlated with the pre-stimulation alpha oscillation power, while Ogata et al. (2019) reported the opposite results. These conflicting results have evoked the need for further investigation of the relationship between EEG oscillations and corticospinal excitability to obtain reliable results.

Interestingly, previous studies focused on how EEG oscillations in sensorimotor regions modulated corticospinal excitability, while ignoring the effects of brain global network activity. Early neuroscience research focused on the function of single brain regions, while modern approaches tend to use complex network methods to analyze the structure and dynamic behavior of neural networks. Brain regions such as the frontal and parietal lobes regulate corticospinal excitability (Cattaneo and Barchiesi, 2011). A previous study showed that corticospinal excitability was regulated by the attention network, providing another perspective for understanding the association between corticospinal excitability and brain networks (Avenanti et al., 2018). A recent study indicated that TMS efficacy was modulated by the functional state of the target brain network (Schiena et al., 2020), suggesting that researchers should pay more attention to the impact of brain networks on corticospinal excitability rather than a single brain region.

In the field of brain networks, techniques for the construction and analysis of brain networks are still evolving. As a branch of scientific computing, graph theory involves the construction of a network by defining a series of nodes and connecting edges. This model fits the pattern of brain activity, which makes it a great tool for brain functional segmentation and integration (Sporns, 2018). The global efficiency and the clustering coefficient can be calculated using graph theory to measure the features of the brain network. Graph theory analysis of EEG has been gradually applied to describe neural electrophysiological activity (Rubinov and Sporns, 2010). A previous study showed that adjusting brain excitability through transcranial direct current stimulation can change the small-world propensity in brain networks (Vecchio et al., 2018), suggesting that graph theory can be a useful approach to study the interactions between brain networks and neural regulation technology.

For the purpose of this study, we aimed to explore the association between corticospinal excitability and EEG oscillations. The resting motor threshold (RMT) and active motor threshold (AMT) were identified as markers of corticospinal excitability according to previous study (Stefanou et al., 2020). Innovatively, we used graph theory analysis methods to construct brain networks to explore the relationship between the network properties and corticospinal excitability. Considering the factors mentioned above, we assumed that corticospinal excitability depends not only on the neural activity of the motor region, but also on the functional activity of the brain network. Clarifying the mechanism by which oscillating brain activity modulates corticospinal excitability will help elucidate how TMS works, which is conducive to enhancing the effect of TMS by stimulating the brain based on the current neural state.



MATERIALS AND METHODS


Participants

A total of 32 right-handed individuals (mean age: 21.53 ± 1.46; 7 men), all college students, were included in this study. The participants did not take psychotropic drugs and had no history of central nervous system diseases or head trauma. Individuals with contraindications to TMS were excluded (Rossi et al., 2021). Before the experiment, the participants were required to get enough sleep to maintain a good mental state during the experiment. All participants were informed of the purpose and content of the experiment and signed informed consent forms before the experiment. This study was approved by the Ethics Committee of Guangzhou First People’s Hospital.



EEG Acquisition and Processing


EEG Acquisition

Resting-state EEG were recorded before application of TMS. The EEG data collection was performed in the electrophysiological laboratory and the room was quiet during EEG recording. The participants sat in a comfortable chair and their resting EEG was recorded for 10 min while their eyes were closed. They were required to remain awake throughout the recording. EEG data were recorded by using 128-channel HydroCel Geodesic Sensor Net (Electrical Geodesics, Inc., Eugene, OR, United States), and the Cz electrodes were used as the online reference. The impedances of all electrodes were kept below 10 kΩ by input impedance amplifiers (Geodesic EEG system 400). The signal was amplified at a sampling rate of 2,048 Hz and filtered through a 0.1–100 Hz band-pass filter. Data were processed offline after continuous EEG acquisition.



EEG Processing

Electroencephalography processing was conducted with Matlab R2013a (The MathWorks, Natick, MA, United States) and eeglab12.0.1 After reducing the sampling rate to 1,000 Hz, the data were filtered through 0.1–40 Hz with a finite impulse response (FIR) filter. Continuous data were segmented into 2 s for each epoch. Bad data were defined when the amplitude exceeded ± 100 μV. Independent components analysis (ICA) was conducted to eliminate electro-oculograms after removing bad epochs and interpolating electrodes with high noise.

To obtain spectrum information for the EEG data, Fast Fourier Transform (FFT) was used to decompose the data. We calculated the power of the four frequency bands: delta (1–4 Hz), theta (4–8 Hz), alpha1 (8–10 Hz), alpha2 (10–13 Hz), beta1 (13–20 Hz), and beta2 (20–30 Hz). In accordance with previous research, data collected from the cluster of EEG electrodes around C4 were averaged to represent the activity of the sensorimotor region (Bayram et al., 2015).

As for functional connectivity, the phase lag index (PLI) was applied to characterize the connections between the electrode pairs because it can eliminate the volumetric conduction effect. Band-pass filtering was performed on the electrode signal, and Hilbert Transform was performed on the filtered electrical signal to extract the phase at each time point. Afterward, the PLI of each electrode pair in the six frequency bands was calculated. PLI was calculated using the following formula (Su et al., 2017).

[image: image]

The range of the PLI value was 0–1; 0 indicated that the two signals did not have a linear dependence in this frequency band, while 1 indicated complete synchronization.

In this study, the GRETNA toolbox2 was used for graph theoretical network analysis (Wang et al., 2015). The undirected weighted network was set up using electrical poles as nodes and the PLI value as the edge weight (de Waal et al., 2014). Based on previous studies, the clustering coefficient and efficiency, which are the most commonly used metrics, were selected to characterize the complex networks (Zomorrodi et al., 2019). Since there was no definite method for selecting a single threshold, referring to previous studies, we integrated the metrics over the entire threshold range to obtain the area under the curve (AUC) to characterize the brain network (Wang et al., 2015; Yan et al., 2017).

The clustering coefficient is defined as the ratio of the actual number of edges between a given node and its neighbors and the total number of possible edges between these nodes, and is used to measure the tightness between a node and its neighbor nodes in a network.
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The clustering coefficient of the whole network is the average of all nodes in the network.
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Efficiency refers to the reciprocal of the harmonic average distance between all nodes in the network. The efficiency of a node is used to measure the information transmission capacity of the given node in the network.

[image: image]

The global efficiency is the average of all nodes in the network.

[image: image]

For the formula and interpretation of these metrics, see Rubinov and Sporns (2010). The clustering coefficient and node efficiency of the motor cortex are the average values from the electrodes in the motor region.




TMS Procedure

Resting motor threshold and AMT was recorded immediately after EEG acquisition. Stimulation was applied using a figure-eight coil connected to the NS5000 Magnetic Stimulator (YIRUIDE Medical Co., Wuhan, China) with a maximum magnetic field intensity of 2.5 T. The participants assumed a sitting position with the body relaxed. The coil was placed in the projection of the primary motor cortex on the body surface of the right hemisphere, tangent to the scalp with the handle points facing backward and 45° away from the midline. This orientation induced a posterolateral to anteromedial current in the brain that preferentially activated the cortical-spinal system through horizontal cortical–cortical connections (Premoli et al., 2014). A single TMS pulse was applied to the M1 region, and MEPs from the left first digital interosseous (FDI) muscle were recorded with surface electromyography. The resting motion threshold was determined using the relative frequency method, defined as the minimum intensity that was sufficient for the MEPs to reach an amplitude > 50 μV in at least five out of ten of the subsequent stimuli. AMT was determined during muscle contraction (approximately 20% of maximum muscle strength) and was defined as the minimum intensity able to elicit MEPs (peak amplitude > 200 μV) in 50% of the subsequent stimuli. Furthermore, we used the neuro-navigation system (Visor2, ANT Neuro, Hengelo, Netherlands) to record the FDI hot spots to ensure that the coil would not deviate from the stimulus target throughout the experiment.



Statistical Analysis

To confirm the relationship between spontaneous EEG oscillations and corticospinal excitability, the least absolute shrinkage and selection operator (LASSO) was used to identify significant features and correlation analysis was conducted for these features. The basic idea of LASSO is that it compresses the coefficient of variables by adding penalty functions to the model and eliminates variables with a regression coefficient of 0 to facilitate the selection of variables (Li et al., 2017). The R 4.0.5 software3 and glmnet package (Friedman et al., 2010) were used to perform LASSO. The parameter Lambda (λ) was tuned by 10-fold cross-validation based on the minimum criteria. To obtain the best fitting effect, the model with minimum λ was chosen. Correlations between significant features extracted by LASSO and corticospinal excitability were then evaluated. Statistical analysis was conducted using SPSS 25.0 (SPSS Inc., Chicago, IL, United States). The Shapiro-Wilk normality test was performed on all variables, and Pearson correlation analysis was used for variables with normal distribution; otherwise, Spearman correlation analysis was applied. p < 0.05 was considered statistically significant.




RESULTS


Descriptive Results

The range of RMT was from 21 to 73% MSO and the mean value was 46.25% MSO [standard deviation (SD) = 13.579]. AMT ranged from 12 to 57% MSO and the mean value was 32.31% MSO (SD = 11.183). The descriptive results for other variables are shown in Table 1.


TABLE 1. Descriptive results of electroencephalography (EEG) metrics.

[image: Table 1]


Extraction of Features

Least absolute shrinkage and selection operator was used to construct the regression model for EEG parameters to predict RMT, and the regression model with the minimum λ value was selected because it had the best prediction. The minimum λ was 1.548, and eight potential predictors were identified, including alpha2 and beta1 oscillations power in the sensorimotor region, nodal efficiency in the alpha1 and alpha2 bands, global efficiency in the delta, theta, and alpha2 bands, and global clustering coefficient in the theta band. In the model used to predict AMT, the minimum λ was 1.844. Alpha2 oscillations power in the sensorimotor region, nodal efficiency in the theta and alpha1 bands, global efficiency in the theta and alpha2 bands, and global clustering coefficient in the beta2 band were selected as predictors. All significant factors were included in the subsequent correlation analysis. See Figure 1.
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FIGURE 1. Features selection using the least absolute shrinkage and selection operator (LASSO) regression model for resting motor threshold (RMT) (A) and active motor threshold (AMT) (B). The horizontal axis plotted value of log λ and the vertical axis plotted mean squared error. The dotted vertical line was plotted at the optimal λ values based on minimum criteria.




Correlation Analysis

Correlation analysis showed that the power of alpha2 oscillations in the sensorimotor region was negatively correlated with RMT (ρ = −0.376, p = 0.034). Similarly, alpha2 power in the sensorimotor region showed an inverse correlation with AMT (ρ = −0.432, p = 0.014). The strength of the correlation between beta1 and RMT did not reach a statistically significant level (ρ = −0.328, p = 0.066), similar to that between beta1 and AMT (ρ = −0.314, p = 0.080). See Figure 2.
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FIGURE 2. Topographic maps and scatter diagrams. Topographic maps showed the power of alpha2 oscillations and beta1 oscillations. The color bar represents the value of power (A,D). Scatter diagrams showed the correlation between electroencephalography (EEG) oscillations and motor threshold (B,C,E,F). There were significant negative correlations between alpha2 and RMT as well as AMT.


When exploring the relationship between the nodal metrics and RMT, we found that RMT was negatively correlated with nodal efficiency in the alpha2 band, but the correlation did not reach statistical significance (r = −0.347, p = 0.051). Nodal efficiency in the theta band had no correlation with RMT (r = 0.023, p = 0.900) and AMT (r = 0.336, p = 0.060) and there was no correlation between nodal efficiency in the alpha1 band and RMT (r = −0.247, p = 0.173) or AMT (r = −0.210, p = 0.249). See Figure 3.
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FIGURE 3. Violin diagrams and scatter diagrams. Violin diagrams showed the distribution of nodal efficiency in theta, alpha1, and alpha2 band (A,D,G). Scatter diagrams showed the correlation between nodal efficiency and motor threshold (B,C,E,F,H,I).


As for global metrics, we found that the global efficiency in the theta band was positively correlated with RMT (r = 0.374, p = 0.035), while the global efficiency in the alpha2 band was negatively correlated with RMT (ρ = −0.363, p = 0.041), showing the opposite trend. Similarly, the global efficiency in the alpha2 band was negatively correlated with the AMT (ρ = −0.427, p = 0.015) and the correlation strength between the global efficiency in the theta band and AMT did not reach the statistically significant level (r = 0.291, p = 0.106). There was no correlation between global efficiency in the delta band and RMT (r = 0.074, p = 0.688) as well as AMT (r = −0.281, p = 0.119). Further, the global clustering coefficient in the theta and beta2 band had no significant correlation with RMT or AMT. See Figures 4, 5.
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FIGURE 4. Violin diagrams and scatter diagrams. Violin diagrams showed the distribution of clustering coefficient in theta and beta2 band (A,D). Scatter diagrams showed the correlation between clustering coefficient and motor threshold (B,C,E,F).
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FIGURE 5. Violin diagrams and scatter diagrams. Violin diagrams showed the distribution of global efficiency in delta, theta, and alpha2 band (A,D,G). Scatter diagrams showed the correlation between global efficiency and motor threshold (B,C,E,F,H,I). There was significant positive correlation between global efficiency in theta and RMT. And there were significant negative correlations between global efficiency in alpha2 and RMT as well as AMT.





DISCUSSION

In this study, we explored the relationship between EEG oscillations and corticospinal excitability. Analysis revealed that the alpha2 power in the sensorimotor region showed an inverse correlation with RMT and AMT. Innovatively, we explored the relationship between brain activity and corticospinal excitability from the perspective of the functional network and found that the global efficiency in the theta band was positively correlated with RMT. Additionally, the global efficiency in the alpha2 band was negatively correlated with RMT and AMT. These findings indicated that the power spectrum in sensorimotor regions and the global efficiency of functional networks modulate corticospinal excitability, which provides an important basis for understanding the interactions between neural electrical activity and TMS.


The Correlation Between Power Spectrum in Sensorimotor Regions and Corticospinal Excitability

The spontaneous oscillation of EEG reflects the rhythmic changes in the membrane potential of neurons and thus reflects the current excitatory–inhibitory balance of underlying neuronal cell assemblies (Klimesch et al., 2007; Jensen and Mazaheri, 2010; Schulz et al., 2014). Each EEG band is associated with different cognitive and behavioral functions. Low-frequency EEG oscillations are associated with responsible motivation, emotion, and reward processing, while high-frequency EEG oscillations may reflect cognitive processes such as attention control, memory encoding, and recognition (MacLean et al., 2012; Sandler et al., 2016; De Pascalis et al., 2020). Alpha oscillations are the most significant phenomenon in human EEG recordings, and their occurrence and function are some of the basic research topics in neuroscience. At first, researchers believed that the alpha activity reflected the idle state of the brain, but the current leading interpretation of alpha oscillations is that alpha oscillations causally determine excitability and modulate signal processing instead of passively respond to stimulus. Converging evidence suggests that alpha oscillations are related to the cyclic regulation of neuronal excitability and can affect the response of neurons to sensory stimuli (Palva and Palva, 2011). Currently, researchers recognize that the alpha oscillations contain at least two sub-components. The first is lower alpha or alpha1, which is endogenous and independent of any internal or external stimuli. The second is upper alpha or alpha2, mainly exists in the sensorimotor cortex, and is related to the function of the sensorimotor system (Vecchio et al., 2018).

In this study, RMT and AMT decreased when the alpha2 oscillation power increased, indicating an inverse correlation between alpha2 oscillations and corticospinal excitability. A number of studies support the view that the alpha rhythm reflects cortical excitability. Previous studies have shown that central alpha oscillations (mu rhythms) are associated with the resting state of the primary sensory and motor cortex by correlating the rhythm strength with fMRI blood signals (Ritter et al., 2009). Alpha oscillations in the central region are suppressed during movement and return to the baseline when the movement ends (Hao et al., 2019). According to the pulsed inhibition hypothesis, alpha oscillations are associated with the underlying localized global suppression of neuronal activity in cortical circuits, with high alpha power representing the suppressed state and low alpha power representing the excited state (Palva and Palva, 2011; Schulz et al., 2014). Since RMT and AMT are inversely associated with cortical excitability, similar to alpha oscillations, there should be a positive correlation between RMT, AMT, and alpha oscillations. However, in this study, alpha2 oscillations were negatively correlated with corticospinal excitability, which seems controversial. A recent study explored the relationship between pre-stimulus EEG oscillations and MEPs, and the results showed that high alpha and low beta power before stimulation could lead to high MEP amplitudes (Ogata et al., 2019). In a real-time TMS-EEG study, researchers explored the relationship between the phase of the alpha oscillations in the sensory motor area and MEPs. They found that the MEP amplitude increased during the high alpha power, indicating that the alpha oscillations could promote corticospinal excitability (Bergmann et al., 2019). These results were consistent with our findings. The discrepancies between studies may be caused by different experimental designs. Previous studies proved the negative correlation between alpha oscillations and cortical excitability mainly by exploring the changes of alpha rhythm during motor tasks, such as voluntary movement and motor imagery, whereas our study recorded EEG and motor threshold at rest and the task state would contribute to the relationship between EEG oscillations and corticospinal excitability. Our results suggested that alpha oscillations can modulate the cortical response to TMS.

The relationship between beta oscillations and cortical excitability has been studied using different modalities. Generally, beta oscillations in the motor cortex decrease in amplitude during movement and increase in amplitude when movement stops (Darch et al., 2020). Hussain et al. (2019a) found that the beta rhythm power before TMS stimulation can be used to predict the amplitude of MEPs. The stronger the beta rhythm power is, the larger the MEP amplitude will be, indicating that the beta rhythm is positively correlated with corticospinal excitability. These findings may be because beta activity reflects the activity of the II/III interlayer neurons, which could regulate the excitability of the spinal cord by activating descending corticospinal neurons (Hussain et al., 2019b). In this study, beta1 oscillation was a significant feature in the regression model, and correlation analysis showed no significant correlation between beta oscillations and corticospinal excitability. This may be due to the small sample size. Nevertheless, the results of this study are valuable, because previous studies focused on how alpha oscillations regulate corticospinal excitability and beta oscillations were used to be ignored. Future studies can further explore the relationship between beta oscillations and corticospinal excitability.



The Correlation Between Efficiency of Network and Corticospinal Excitability

With the advancement of neuroscience, the network connection pattern formed by the cooperation of multiple brain regions has been identified as the physiological foundation for information processing in the brain. The small-world network is the most commonly studied complex network which has both a large clustering coefficient and a small path length (Bassett and Bullmore, 2006). It examines the brain’s functional connectivity architecture, focusing on the brain’s ability to integrate and transmit information between different regions. Efficiency is an important metric to measure the ability of network information exchange, and its contribution to cortical excitability has attracted the attention of researchers. Blain-Moraes et al. (2017) investigated the neural activity of subjects under general anesthesia and found that while the subjects were unconscious, the alpha network efficiency decreased and the alpha network clustering coefficient increased significantly. This showed that the efficiency of the alpha network is positively correlated with cortical excitability. Previous studies have shown that the efficiency of the alpha network increased during exercise, possibly due to increased metabolism and cortical arousal during exercise (Tamburro et al., 2020). High global efficiency corresponds to fast information transmission. Our study showed that RMT decreased with the elevation of alpha network efficiency, indicating that brain activity increased with the enhancement of the alpha network information processing capacity, making it easier to respond to TMS.

Theta oscillations are often considered to be related to cognitive functions such as memory and emotion (Wang et al., 2018), and a few studies show that the theta rhythm contributes to the movement process. Popovych et al. (2016) reported that a significant phase-locking effect in the delta-theta frequency band could be observed in the M1 area when individuals completed an exercise task, suggesting that the theta oscillations were related to movement and indirectly showing that the theta rhythm contributes to the excitability of the motor cortex. Storti et al. (2016) used graph theory to analyze the brain network characteristics of individuals during movement and found that the betweenness in the theta band of the motor cortex increased significantly, providing a new perspective for exploring the theta network and the excitability of the motor cortex. Interestingly, in this study, the modulating effects of the global efficiency of the theta band and alpha band on RMT were in the opposite direction, which may indicate that different rhythm networks regulate cortical excitability in different directions and coordinate with each other to regulate brain activities.

In this study, the LASSO regression showed that the clustering coefficient in the theta and beta2 bands was the predictor of the motion threshold, but the correlation analysis results indicated that there was no correlation. This may result from the differences of statistical methods. Correlation analysis is univariate analysis, while LASSO is a multivariate analysis method and the results would be affected by the interaction between variables. The combination of clustering coefficients and other parameters can provide more comprehensive information about corticospinal excitability.



Strengths and Limitations

The strength of this study is that it explored the relationship between TMS and neural oscillation from a network perspective using graph theory analysis. In the application of graph theory, a network is constructed by defining a series of nodes and connecting edges and the model can fit the pattern of brain activity, which makes it a great tool for brain functional segmentation and integration. In this study, graph theory was used to construct a brain network, and the relationship between neural oscillatory activities and TMS was explained from the perspective of the global network, which can help to explore the electrophysiological mechanism of TMS.

There are some limitations to this study. Firstly, we studied the association between EEG oscillation and TMS in non-dominant hemisphere, and the generalizability of the results to dominant hemisphere can be explored in future study. Besides, EEG were recorded before application of TMS in this study. Future study can record them simultaneously to provide stronger evidences. We chose the EEG spectrum and graph theory to analyze the relationship between EEG oscillation and cortical excitability because these are the classic metrics used to describe the characteristics of EEG. In future studies, other metrics such as entropy and complexity which quantifies the non-linear dynamic characteristics of EEG and reflect cortical functional state can be selected to explore the relationship between EEG oscillation and corticospinal excitability comprehensively.




CONCLUSION

In conclusion, we found that the alpha2 power in the sensorimotor region showed an inverse correlation with RMT and AMT. And the global efficiency in the theta band was positively correlated with RMT. Additionally, the global efficiency in the alpha2 band was negatively correlated with RMT and AMT. It is crucial to understand the mechanisms of TMS from the perspective of neurophysiology. The findings of this study indicate that the effect of TMS on the cortex is dependent on the activity of local neurons and global network activity, which provides an important basis for uncovering the regulatory effect of TMS on neural electrical activity. The network analysis of EEG can provide a useful supplement for studying the brain response to TMS.
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Objective: Intermittent theta burst stimulation (iTBS) is a special form of repetitive transcranial magnetic stimulation (rTMS), which effectively increases cortical excitability and has been widely used as a neural modulation approach in stroke rehabilitation. As effects of iTBS are typically investigated by motor evoked potentials, how iTBS influences functional brain network following stroke remains unclear. Resting-state electroencephalography (EEG) has been suggested to be a sensitive measure for evaluating effects of rTMS on brain functional activity and network. Here, we used resting-state EEG to investigate the effects of iTBS on functional brain network in stroke survivors.

Methods: We studied thirty stroke survivors (age: 63.1 ± 12.1 years; chronicity: 4.0 ± 3.8 months; UE FMA: 26.6 ± 19.4/66) with upper limb motor dysfunction. Stroke survivors were randomly divided into two groups receiving either Active or Sham iTBS over the ipsilesional primary motor cortex. Resting-state EEG was recorded at baseline and immediately after iTBS to assess the effects of iTBS on functional brain network.

Results: Delta and theta bands interhemispheric functional connectivity were significantly increased after Active iTBS (P = 0.038 and 0.011, respectively), but were not significantly changed after Sham iTBS (P = 0.327 and 0.342, respectively). Delta and beta bands global efficiency were also significantly increased after Active iTBS (P = 0.013 and 0.0003, respectively), but not after Sham iTBS (P = 0.586 and 0.954, respectively).

Conclusion: This is the first study that used EEG to investigate the acute neuroplastic changes after iTBS following stroke. Our findings for the first time provide evidence that iTBS modulates brain network functioning in stroke survivors. Acute increase in interhemispheric functional connectivity and global efficiency after iTBS suggest that iTBS has the potential to normalize brain network functioning following stroke, which can be utilized in stroke rehabilitation.

Keywords: intermittent theta burst stimulation (iTBS), electroencephalography (EEG), stroke, functional connectivity, graph theory


INTRODUCTION

Stroke is one of the main causes of adult disability worldwide (Hankey, 2013). Upper extremity motor impairment is a common clinical representation following stroke. More than half of individuals experience upper extremity motor impairment acutely after stroke, and the motor deficits persist to the chronic phase in approximately two thirds of stroke survivors who initially had upper extremity motor impairment (Kwakkel et al., 2004; Tedesco Triccas et al., 2019). The persistent motor deficits following stroke may result from altered cortical activity and brain network functioning (Desowska and Turner, 2019; Vecchio et al., 2019). As one of the non-invasive brain stimulation techniques, repetitive transcranial magnetic stimulation (rTMS) offers a chance to modulate cortical excitability and correct abnormal cortical activity following stroke (Suppa et al., 2016), which has been suggested to be a promising approach for stroke rehabilitation (Corti et al., 2012).

Intermittent theta burst stimulation (iTBS) is a specific form of rTMS that effectively elevates cortical excitability of the stimulated brain regions for at least 20 min (Huang et al., 2005). As iTBS employs a shorter stimulation period and a lower stimulation intensity compared with traditional rTMS, iTBS could be a good rTMS option in clinical practice (Talelli et al., 2007). Neural effects of iTBS are typically investigated by motor evoked potentials (MEP), which are muscular responses elicited by single-pulse TMS (Huang et al., 2005; Talelli et al., 2007; Di Lazzaro et al., 2008; Ackerley et al., 2010; Hinder et al., 2014; Ding et al., 2021b). However, this approach is not applicable to stroke survivors in whom MEPs in the paretic limb cannot be elicited. In addition, it has been suggested that iTBS has impact on functional brain network in remote regions from the stimulated site (Suppa et al., 2016). As MEPs only reflect corticospinal excitability of primary motor cortex (M1), other neuroimaging tools are needed to complement with MEPs and investigate neurophysiological effects induced by iTBS from other aspects.

Electroencephalography (EEG) is a neuroimaging approach that records cortical electrical activity along the scalp. Resting-state EEG has been suggested to be a sensitive measure for evaluating effects of rTMS on brain functional activity (e.g., functional connectivity) (Casarotto et al., 2010). Functional connectivity refers to synchrony of cortical activity in anatomically distinct but functionally collaborating brain regions (Vecchio et al., 2019), which forms the basis of functional brain network. Graph theory analysis is an approach for characterizing functional brain network (Park et al., 2014). Based on graph theory, the average of interregional efficiency between every pair of brain region over the entire brain is called global efficiency, which measures the efficiency in transporting information at a global scale (Park et al., 2014). EEG-based functional brain network analysis could provide additional valuable information on the neural effects induced by iTBS.

Following stroke, focal brain lesions could cause alteration in the dynamics of functional brain network, which involves not only the damaged brain areas but also extending to remote areas (Vecchio et al., 2019). It has been reported that interhemispheric functional connectivity was reduced acutely after stroke, and increased gradually in parallel with motor improvements in stroke survivors, indicating a supportive role of interhemispheric functional connectivity in motor recovery following stroke (Golestani et al., 2013; Desowska and Turner, 2019; Hoshino et al., 2020; Li et al., 2020). Global efficiency has also been suggested to be reduced following stroke, and individuals with worse motor performance tend to have lower global efficiency (Philips et al., 2017). Therefore, brain network functioning can be considered as a potential biomarker indicating stroke recovery and has been frequently used as an outcome assessment in stroke studies (Caliandro et al., 2017; Philips et al., 2017; Vecchio et al., 2019). However, to our knowledge, no published study has applied EEG to evaluate the aftereffects of rTMS (including iTBS) on the functional brain network in stroke survivors.

van Meer et al. (2010) reported that impaired motor function acutely after experimental stroke in rats was related to partial loss of interhemispheric functional connectivity, and interhemispheric functional connectivity was increased subsequently concomitant to motor recovery. In humans, reduced interhemispheric functional connectivity was also observed acutely after stroke (Philips et al., 2017; Desowska and Turner, 2019; Hoshino et al., 2020; Li et al., 2020). It has been reported that the increase in interhemispheric functional connectivity was associated with motor improvements in stroke survivors, and restoration of interhemispheric functional connectivity was noted only in well recovered individuals, but not in the poorly recovered stroke survivors (Golestani et al., 2013; Desowska and Turner, 2019; Hoshino et al., 2020; Li et al., 2020), suggesting that interhemispheric functional connectivity is possibly a potential biomarker indicating stroke recovery (Caliandro et al., 2017; Philips et al., 2017; Vecchio et al., 2019).

The effects of iTBS or high frequency rTMS on functional brain network have been previously investigated in healthy adults (Nettekoven et al., 2014; Park et al., 2014; Hoy et al., 2016). Interhemispheric functional connectivity has been reported to be increased after iTBS in both EEG (Hoy et al., 2016) and functional magnetic resonance imaging (fMRI) (Nettekoven et al., 2014) studies. Park et al. (2014) used resting-state EEG to investigate the effects of high frequency rTMS on global efficiency in healthy adults, and an increase in global efficiency was observed in individuals with behavioral facilitation after rTMS. Due to the differences between healthy adults and stroke survivors, it is still unclear whether iTBS would produce similar effects on interhemispheric functional connectivity and global efficiency in stroke survivors.

In present study, we used resting-state EEG to investigate the effects of iTBS on functional brain network in stroke survivors. We anticipated that interhemispheric functional connectivity and global efficiency would be increased after iTBS. These results would have potential implications for understanding the influences of iTBS on functional brain network in stroke survivors.



MATERIALS AND METHODS


Participants

Thirty stroke survivors participated in this study. Stroke survivors were included into this study if they had a single stroke less than 18 months prior to enrollment. All stroke survivors were screened for eligibility to receive iTBS and excluded if they were using medications that reduce seizure threshold or had history of seizure disorder; pregnant; or any implanted devices or metal that might be affected by iTBS (Rossi et al., 2009). Stroke survivors were also excluded if there was a presence of cognitive impairment as defined by inability to comprehend and follow three step commands (Ding et al., 2018). Upper-extremity component of the Fugl-Meyer motor function assessment (FMA) and action research arm test (ARAT) were used to assess motor impairment and upper extremity motor performance, respectively. Demographic characteristics are reported in Tables 1, 2.


TABLE 1. Patients’ demographic and clinical characteristics.

[image: Table 1]

TABLE 2. Stroke characteristics.
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Subjects gave their written informed consent for the experimental procedures that were approved by the Guangzhou First People’s Hospital Human Research Ethics Committee. The study was performed in accordance with the Declaration of Helsinki.



Study Design

We used a sham-controlled, randomized single-blinded design. Stroke survivors were randomly assigned to the experimental (Active iTBS) and control (Sham iTBS) groups, with fifteen subjects in each group. Stroke survivors were blinded with respect to the group they were assigned to, that is, whether the subject received Active or Sham iTBS.



Intermittent Theta Burst Stimulation

Intermittent theta burst stimulation was applied over the M1 in the ipsilesional hemisphere (IH) using a NS5000 Magnetic Stimulator (YIRUIDE Medical Co., Wuhan, China). The iTBS pattern consists of bursts containing three pulses at 50 Hz repeated at 5 Hz. A 2 s train of TBS was repeated every 10 s for a total of 192 s (600 pulses in total) (Huang et al., 2005). Of note, the stimulation intensity was set at 70% resting motor threshold (RMT) instead of 80% active motor threshold (AMT) in the original iTBS protocol (Volz et al., 2016). The reason for setting stimulation intensity based on RMT rather than AMT is that the latter would require stroke survivors to perform constant submaximal contractions of the target muscle which is often impossible for the paretic hand, especially in low-functioning stroke survivors (Volz et al., 2016). Furthermore, previous studies have shown similar aftereffects of iTBS with a stimulation intensity of 70% RMT or 80% AMT (Gentner et al., 2008; Cardenas-Morales et al., 2014). Therefore, a stimulation intensity of 70% RMT can be considered as an effective variant for increasing cortical excitability after iTBS (Volz et al., 2016; Yu et al., 2021).

Resting motor threshold determination was performed prior to the application of iTBS. Surface electromyography (EMG) was recorded from the first dorsal interosseous (FDI) in the paretic hand. Stroke survivors were seated in a comfortable chair with back support (Ding et al., 2018). TMS was applied over M1 using a figure-of-eight-shaped coil (70 mm diameter) positioned tangentially 45° from midline. Stroke survivors were asked to remain static while determining the optimal scalp position (i.e., “hotspot”) for eliciting maximal responses in the FDI (Ding et al., 2018). RMT was determined experimentally as the lowest stimulation intensity that produced MEP greater than 50 μV in at least 50% of consecutive stimulations at rest (Chen et al., 1998). A neuronavigation system (Visor2, ANT Neuro, Hengelo, Netherlands) was used to ensure reliable and consistent coil positioning over the “hotspot” throughout the experiment (Ding et al., 2021a).

Intermittent theta burst stimulation was applied over the “hotspot.” During the application of iTBS, stroke survivors were asked to remain static. As 40% maximum stimulator output (MSO) is the upper limit for iTBS with the NS5000 Magnetic Stimulator, stimulation intensity was set at 40% MSO for iTBS if the calculated stimulation intensity was greater than 40% MSO (i.e., for those whose RMT was greater than 57% MSO). For sham stimulation, the same stimulation intensity was used as for iTBS, and the TMS coil was held perpendicular to the skull, touching the skull with the rim opposite the handle (Nettekoven et al., 2014).



Electroencephalography (EEG)


Electroencephalography Acquisition

Resting-state EEG was recorded at baseline and immediately after iTBS. During EEG recording, participants were seated comfortably in a sound-shielded, dimly lit room with eyes closed, which lasted for 6 min. EEG signals were recorded using a TMS-compatible EEG cap (ANT Neuro, Enschede, Netherlands) with 64 Ag/AgCl electrodes in a layout based on the extended international 10–20 system for electrodes placement (Jurcak et al., 2007; Tamburro et al., 2020). All channels were referenced online to CPz and amplified with an eego amplifier (ANT Neuro, Enschede, Netherlands). Data were sampled at 2,048 Hz with impedances kept below 10 kΩ for all channels throughout data collection.



Electroencephalography Analysis

Acquired EEG signals were analyzed off-line using MATLAB2019b (MathWorks, Inc., Natick, MA, United States). EEGLAB toolbox (version 14.1.2b) was used for EEG data preprocessing (Delorme and Makeig, 2004). After the raw data were imported into EEGLAB, the signals were sampled down to 1,000 Hz. Then, the EEG signals were filtered with a band-pass filter with cut-off values ranging from 0.1 to 40 Hz and segmented in epochs lasting 2,000 ms. The independent component analysis (ICA) was then performed to exclude components endowing eye (blink and movement), cardiac, and muscular artifacts. The resulting data was inspected to exclude remaining “bad trials” (i.e., amplitudes >100 μV) and re-referenced using the average signals of every scalp electrode as reference.

Power and functional connectivity analyses were conducted using customed MATLAB scripts. Absolute power (μV2) was calculated by fast Fourier transform and averaged in four frequency bands: delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz). As we were interested in assessing cortical activity in bilateral sensorimotor cortices, the averaged power of the electrodes in the cluster of EEG electrodes around C3 and C4 (Left sensorimotor cortex: C1, C3, C5, CP1, CP3, CP5, FC1, FC3, FC5; Right sensorimotor cortex: C2, C4, C6, CP2, CP4, CP6, FC2, FC4, FC6) was calculated for statistical analysis (Bayram et al., 2015).

Coherence was calculated using customed MATLAB scripts to indicate functional connectivity between bilateral sensorimotor cortices. The Welch’s averaged, modified periodogram method (Welch, 1967), was performed to calculate the squared coherence between each pair of electrodes in four frequency bands. All connectivity matrices were Fisher’s z-transformed (Arun et al., 2020) to the set of Gaussian distributed values and the z scores were used for further analysis. As we were interested in assessing interhemispheric functional connectivity, the averaged z-scores of each pair of electrodes between sensorimotor cortices were calculated for statistical analysis.

GRaph thEoretical Network Analysis (GRETNA) toolbox was used for graph theory analysis (Wang et al., 2015). In general, a graph is based on a set of nodes. The connections between these nodes are edges, which form the brain network. In present study, weighted and undirected networks were built based on coherence (Vecchio et al., 2019). Since there was no definite method for selecting a single threshold, we integrated the metrics over the entire threshold range (i.e., 0.1–0.4, with an interval of 0.05) to obtain the area under the curve (AUC) to characterize the brain network (Wang et al., 2015; Yan et al., 2017). Global efficiency is the average of interregional efficiency between every pair of brain region over the entire brain, which characterizes information transferring ability in the entire brain network (G) (Park et al., 2014). It can be computed as the average of nodal efficiency across all nodes of the brain network:

[image: image]

where D(i, j) is the shortest path length between node i and node j, and N is the number of nodes in the brain network.



Statistical Analysis

All statistical analyses were performed in JMP Pro Version 13.2 (SAS Institute Inc., Cary, NC, United States). Linear mixed effects (LME) modeling was performed to test differential changes in EEG power, coherence and global efficiency after iTBS between groups. Group, Timepoint, and Group×Timepoint interaction were included as fixed effects, and subject was included as a random effect. Timepoint was set as repeated covariance structure. Normality of the residuals was visually assessed for each model with conditional residual quantile-quantile plots, and all were found to reasonably conform to the assumption of normality. Post hoc tests were performed when F-tests were significant. Multiple comparisons between Timepoints or Groups were performed with Tukey-Kramer adjustment.

Data were found to meet the normality assumption using the Kolmogorov-Smirnov test. Pearson correlations were performed to investigate the relationship between baseline and changes in neurophysiological measures (e.g., EEG power, coherence, and global efficiency) and patients characteristics (e.g., age, chronicity, FMA, and ARAT). For all analyses, the statistical significance was set at P < 0.05.



RESULTS

All subjects tolerated iTBS well with no adverse events reported. Individual values of RMT in the ipsilesional hemisphere were presented in Table 2. Of note, RMT was presented as 100% MSO for the individuals in whom MEP was not elicitable in the paretic hand. The averaged RMT in the Active and Sham iTBS groups was 82.7% MSO (SD = 22.3) and 81.5% MSO (SD = 24.9), respectively. The averaged stimulation intensity for iTBS in the Active and Sham iTBS groups was 38.7% MSO (SD = 3.1) and 37.1% MSO (SD = 6.9), respectively. There was no significant difference in RMT or stimulation intensity for iTBS between groups (P = 0.900 and 0.457, respectively).


Electroencephalography Power

The LME modeling did not reveal any significant Group×Timepoint interaction in EEG power in the ipsilesional [F(1,28) = 0.02, P = 0.893; F(1,28) = 1.59, P = 0.218; F(1,28) = 0.64, P = 0.429; F(1,28) = 0.70, P = 0.409] or contralesional [F(1,28) = 0.40, P = 0.534; F(1,28) = 1.79, P = 0.192; F(1,28) = 0.10, P = 0.753; F(1,28) = 0.14, P = 0.707] hemisphere in the delta, theta, alpha or beta band, respectively.



Coherence

In the delta band, results of LME modeling revealed significant Group×Timepoint interaction [F(1,28) = 5.03, P = 0.033]. Post hoc revealed that in the Active iTBS group, coherence was significantly increased after iTBS compared with baseline (P = 0.038), while there was no significant change in coherence over time in the Sham iTBS group (P = 0.327) (Figure 1).


[image: image]

FIGURE 1. Delta band interhemispheric functional connectivity change after iTBS. Delta band coherence between left and right sensorimotor cortices was significantly increased in the Active iTBS group, but not in the Sham iTBS group after iTBS (A). The topographies (B) and matrixes (C) represent z-scores of coherences between pairs of electrodes in the left and right sensorimotor cortices before and after iTBS in the Active and Sham iTBS groups. Warmer colors indicate greater coherence, while cooler colors indicate less coherence.


In the theta band, results of LME modeling revealed significant Group×Timepoint interaction [F(1,28) = 6.75, P = 0.015]. Post hoc revealed that in the Active iTBS group, coherence was significantly increased after iTBS compared with baseline (P = 0.011), while there was no significant change in coherence over time in the Sham iTBS group (P = 0.342) (Figure 2).


[image: image]

FIGURE 2. Theta band interhemispheric functional connectivity change after iTBS. Theta band coherence between left and right sensorimotor cortices was significantly increased in the Active iTBS group, but not in the Sham iTBS group after iTBS (A). The topographies (B) and matrixes (C) represent z-scores of coherences between pairs of electrodes in the left and right sensorimotor cortices before and after iTBS in the Active and Sham iTBS groups. Warmer colors indicate greater coherence, while cooler colors indicate less coherence.


In the beta band, results of LME modeling revealed significant main effect of Timepoint [F(1,28) = 6.38, P = 0.018], but there was no significant Group×Timepoint interaction [F(1,28) = 3.25, P = 0.082], suggesting coherence was increased after iTBS in both groups without group differences (Figure 3).
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FIGURE 3. Beta band interhemispheric functional connectivity change after iTBS. Beta band coherence between left and right sensorimotor cortices was significantly increased after Active or Sham iTBS in all subjects without significant group differences (A). The topographies (B) and matrixes (C) represent z-scores of coherences between pairs of electrodes in the left and right sensorimotor cortices before and after iTBS in the Active and Sham iTBS groups. Warmer colors indicate greater coherence, while cooler colors indicate less coherence.


In the alpha band, the LME modeling did not reveal significant Group×Timepoint interaction [F(1,28) = 0.38, P = 0.544].



Global Efficiency

In the delta band, results of LME modeling revealed significant Group×Timepoint interaction [F(1,28) = 5.11, P = 0.032]. Post hoc revealed that in the Active iTBS group, global efficiency was significantly increased after iTBS compared with baseline (P = 0.013), while there was no significant change in global efficiency over time in the Sham iTBS group (P = 0.586) (Figures 4A–C).
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FIGURE 4. Delta and beta bands global efficiency change after iTBS. Delta (A) and beta (D) bands global efficiency (area under the curves) were significantly increased in the Active iTBS group, but not in the Sham iTBS group after iTBS. (B,C) Delta band global efficiency at each threshold in the Active and Sham iTBS groups, respectively. (E,F) Beta band global efficiency at each threshold in the Active and Sham iTBS groups, respectively.


In the beta band, results of LME modeling revealed significant main effect of Timepoint [F(1,28) = 8.54, P = 0.007] and Group×Timepoint interaction [F(1,28) = 8.06, P = 0.008]. Post hoc revealed that global efficiency was significantly increased after iTBS compared with baseline in the Active iTBS group (P < 0.001), while there was no significant change in global efficiency over time in the Sham iTBS group (P = 0.954) (Figures 4D–F).

In the theta and alpha band, the LME modeling did not reveal any significant Group×Timepoint interaction [F(1,28) = 3.08, P = 0.090; F(1,28) = 2.19, P = 0.150, respectively].



Correlation Analysis

No significant correlation was observed between neurophysiological measures (i.e., EEG power, coherence and global efficiency) and subject characteristics (i.e., age, chronicity, FMA, and ARAT).



DISCUSSION

In this study, we measured resting-state EEG at baseline and immediately after iTBS applied over ipsilesional M1 in stroke survivors. To the best of our knowledge, this is the first study that used resting-state EEG to investigate the aftereffects of iTBS in stroke survivors. Our primary findings are: (1) interhemispheric functional connectivity was significantly increased after iTBS; (2) global efficiency was significantly increased after iTBS; and (3) no significant change in EEG power was observed after iTBS.


Interhemispheric Functional Connectivity

We observed an increase in delta and theta bands coherence between bilateral sensorimotor cortices after iTBS, indicating increased interhemispheric functional connectivity after iTBS. The acute effects of iTBS on functional connectivity have not been investigated in stroke survivors, but it has been investigated in healthy adults (Nettekoven et al., 2014; Hoy et al., 2016). Our results are in line with Hoy et al.’s (2016) study that reported increased interhemispheric functional connectivity in theta band after iTBS in healthy adults. Similarly, an fMRI study (Nettekoven et al., 2014) also reported an increase in functional connectivity between bilateral sensorimotor areas after the application of iTBS on M1 in healthy adults. Despite different methodology among studies, our current study for the first time extends these findings from healthy adults to stroke population, suggesting that iTBS produces similar effects on interhemispheric functional connectivity in stroke survivors and healthy adults.

Neural mechanisms underlying the increase in interhemispheric functional connectivity after iTBS in stroke survivors remain unclear, which possibly relates to the simultaneous induction of neural activity in the whole motor network during the application of iTBS (Nettekoven et al., 2014). It has been reported that rTMS-induced changes in cortical activity are not exclusively local, but also extending to remote, interconnected regions (Bestmann et al., 2004; Suppa et al., 2008; Cardenas-Morales et al., 2014). As bilateral sensorimotor cortices are interconnected by transcallosal fibers, iTBS applied on ipsilesional M1 would induce simultaneous activation in the contralesional sensorimotor cortex (Nettekoven et al., 2014). The simultaneous activation of bilateral sensorimotor cortices would contribute to an increase in the coherence of brain activity that represents an important neurophysiological mechanism enforcing communication between the interconnected brain regions via transcallosal connections, and thus increases interhemispheric functional connectivity (Fries, 2005; Di Lazzaro et al., 2008).

Interestingly, beta band coherence was increased in both Active and Sham iTBS groups without significant group difference, suggesting changes in beta band coherence might not relate to neural effects of iTBS but result from other confounding factors such as the noise of iTBS click (Fuggetta et al., 2008). An increase in beta band coherence was also reported after sham rTMS in healthy adults (Fuggetta et al., 2008). The increased beta band coherence after sham rTMS may be caused by a cumulative effect of the rapid sequency of auditory TMS-click sounds produced during the application of rTMS (Fuggetta et al., 2008). Some neuroimaging studies (Bestmann et al., 2004; Takano et al., 2004) suggested that TMS clicks induce activations of the auditory systems and influence cerebral blood flow and synaptic activity in the brain regions interconnected with the auditory systems, which possibly influences beta band coherence between bilateral sensorimotor cortices. Collectively, external influences on cortical oscillations due to concomitant auditory stimulation need to be carefully controlled in TMS studies (Fuggetta et al., 2008).



Global Efficiency

We observed an increase in delta and beta bands global efficiency after iTBS. Acute changes in global efficiency induced by iTBS or high frequency rTMS have not been investigated in stroke survivors. Park et al. (2014) investigated acute changes in global efficiency after high frequency rTMS in healthy adults. No significant change in global efficiency was observed in the whole sample, but the authors reported an increase in global efficiency in individuals with behavioral facilitation after rTMS (Park et al., 2014). In our current study, we observed an increase in global efficiency after iTBS in the whole sample. The inconsistent results between Park et al.’s (2014) and our study may result from differences in subjects’ characteristics (i.e., healthy adults in Park et al.’s (2014) study vs. stroke survivors in ours) and experimental methodology. For example, Park et al. (2014) used 10 Hz rTMS, while we used iTBS in the present study. As the neural effects produced by iTBS have been suggested to be stronger than traditional rTMS (Fuggetta et al., 2008), it is reasonable to speculate that increase in global efficiency is possibly more robust after iTBS compared with 10 Hz rTMS.

The mechanisms for the increase in global efficiency after iTBS has not been fully elucidated. It has been suggested that iTBS induces long-term potentiation (LTP)-like changes at synaptic connections (Huang et al., 2007), and would increase efficiency of synaptic transmission in both local and remote brain regions from the stimulation site (Philips et al., 2017). Furthermore, iTBS causes simultaneous activation in the interconnected brain regions which increases neural synchrony in the global brain network (Di Lazzaro et al., 2008). Therefore, iTBS possibly facilitates global information exchange and thus increases global efficiency.



Electroencephalography Power

We did not observe any change in EEG power after iTBS. Although there was no stroke study investigating aftereffects of rTMS (including iTBS) on EEG power, our results are in line with studies conducted in healthy adults, which reported no change in EEG power after iTBS (Hoy et al., 2016) or high frequency rTMS (Oliviero et al., 2003; Fuggetta et al., 2008); however, increased EEG power after high frequency rTMS has also been reported (Azila Noh and Fuggetta, 2012). These conflicting results may be due to the different methodological details among studies. For example, 10 Hz rTMS was applied in Azila Noh and Fuggetta (2012) study, while 5 Hz rTMS was applied in Oliviero et al.’s (2003) and Fuggetta et al.’s (2008) studies. These results suggest that different types of rTMS might influence its effect on EEG power.



Clinical Implications

This study for the first time used EEG to investigate the aftereffects of iTBS following stroke. Our results revealed increased interhemispheric functional connectivity and global efficiency after iTBS in stroke survivors. Dynamics of functional brain network has been suggested to be altered following stroke due to focal brain lesions (Vecchio et al., 2019). Normal functioning of brain network (i.e., interhemispheric functional connectivity and global efficiency) plays an important role in recovery of motor performance following stroke.

Interhemispheric functional connectivity has been suggested to play a supportive role in motor recovery following stroke (Rehme et al., 2011). van Meer et al. (2010) reported that impaired motor function acutely after experimental stroke in rats was related to partial loss of interhemispheric functional connectivity, and interhemispheric functional connectivity was increased subsequently concomitant to motor recovery. In humans, reduced interhemispheric functional connectivity was also observed acutely after stroke (Philips et al., 2017; Desowska and Turner, 2019; Hoshino et al., 2020; Li et al., 2020). It has been reported that the increase in interhemispheric functional connectivity was associated with motor improvements in stroke survivors, and restoration of interhemispheric functional connectivity was noted only in well recovered individuals, but not in the poorly recovered stroke survivors (Golestani et al., 2013; Desowska and Turner, 2019; Hoshino et al., 2020; Li et al., 2020), suggesting that interhemispheric functional connectivity is a potential biomarker indicating stroke recovery (Caliandro et al., 2017; Philips et al., 2017; Vecchio et al., 2019). Increase in interhemispheric functional connectivity after iTBS observed in our current study provides evidence that iTBS could normalize brain network functioning in stroke survivors.

Global efficiency exhibits the efficiency in transporting information at a global scale between genetic brain areas (Vecchio et al., 2019). Increased global efficiency after iTBS suggests alterations in how efficiently information is transferred over the brain, reflecting an acute shift of the brain state induced by iTBS (Park et al., 2014). Reduced global efficiency indicates lower efficiency in global information flow, which has been suggested to be related to motor deficits associated with aging (Park et al., 2012) or neurological conditions such as stroke (Philips et al., 2017). Contrary to the brain state of motor deficits, increased efficiency in global information flow could reflect the brain state of intact or enhanced motor function (Park et al., 2014). Therefore, the shift of brain state toward an emphasis on global information exchange after iTBS suggests that iTBS has the potential to be utilized in stroke rehabilitation.

The influence of stroke characteristics (e.g., chronicity, motor impairment, age, etc.) on the effects of iTBS is less clear. In present study, no significant correlation observed between clinical characteristics and neurophysiological measures was observed. Our results suggest that the effects of iTBS on functional brain network were not influenced by stroke characteristics. As our sample size is small (N = 30), cautions are needed when interpreting these results. Further studies with larger sample sizes are still needed to investigate how the heterogeneity of stroke survivors influences the effects of iTBS.



Limitations

As a pilot study, the sample size of current study is small (N = 30). Chronicity of stroke survivors in current study ranged from 1 to 18 months, so cautions are needed when generalizing our findings to more chronic stroke survivors. Chronicity of stroke survivors was not evenly distributed in our sample, and most subjects were within 3 months post-stroke. Therefore, we did not perform subgroup analysis for chronicity. Further research is required to test our results in stroke survivors with a wider range of chronicity with larger sample sizes and to perform subgroup analysis for individuals in acute, subacute and chronic phases of stroke.

Our current study only measured resting-state EEG for 6 min immediately after iTBS without a follow-up. We understand that it would be more meaningful to measure EEG at multiple time points after iTBS. However, it has already been a long experiment for stroke survivors, and many subjects could not tolerate for a longer time of data collection. Further studies are needed to monitor changes in EEG at multiple time points after iTBS.

Another limitation is that sex of stroke survivors was not very balanced between groups with 12 males in the Active iTBS group vs. 9 males in the Sham iTBS group. To the best of our knowledge, no previous study has reported sex difference in the aftereffects of TBS. There was a tDCS study (Kuo et al., 2006) reporting sex differences in the aftereffects of cathodal (i.e., inhibitory) but not anodal (i.e., excitatory) tDCS due to changes in ovarian hormones over the menstrual cycle. In current study, most female subjects (8 out of 9) were postmenopausal women. Those postmenopausal women did not have a menstrual cycle, so they were less likely to be influenced by changes in ovarian hormones. Although it is still unclear whether sex influences aftereffects of iTBS, our results are unlikely to be attributed to sex difference. Further studies are still needed to investigate sex difference in the aftereffects of iTBS.

In this study, 40% MSO was the upper limit for iTBS with the TMS machine. We set the stimulation intensity of iTBS at 40% MSO if the calculated stimulation intensity (i.e., 70% RMT) was greater than 40% MSO. Therefore, the actual stimulation intensity of iTBS was lower than the calculated stimulation intensity for those whose RMT was greater than 57% MSO. In 11 out of 15 subjects in the Active iTBS group, RMT was greater than 57% MSO. We acknowledge that the relatively lower stimulation intensity of iTBS for subjects with high RMT is a limitation of current study. However, as higher stimulation intensity may produce stronger neurophysiological effects, neuroplastic changes observed in current study were induced by relatively lower stimulation intensity, suggesting that the neuroplastic changes observed in current study were robust.



Conclusion

Ours is the first study that used EEG to investigate the aftereffects of iTBS on functional brain network in stroke survivors. This study for the first time provides evidence that iTBS modulates functional brain network in stroke survivors. Our results revealed an increase in interhemispheric functional connectivity and global efficiency after iTBS, suggesting that iTBS has the potential to normalize brain network functioning following stroke, which can be utilized in stroke rehabilitation.
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Objectives: The objective of this study was to explore the efficacy of cerebellar intermittent theta burst stimulation (iTBS) on the walking function of stroke patients.

Methods: Stroke patients with walking dysfunction aged 25–80 years who had suffered their first unilateral stroke were included. A total of 36 patients [mean (SD) age, 53 (7.93) years; 10 women (28%)] were enrolled in the study. All participants received the same conventional physical therapy, including transfer, balance, and ambulation training, during admission for 50 min per day during 2 weeks (10 sessions). Every session was preceded by 3 min procedure of cerebellar iTBS applyed over the contralesional cerebellum in the intervention group or by a similar sham iTBS in control group. The groups were formed randomly and the baseline characteristics showed no significant difference. The primary outcome measure was Fugl–Meyer Assessment–Lower Extremity scores. Secondary outcomes included walking performance and corticospinal excitability. Measures were performed before the intervention beginning (T0), after the first (T1) and the second (T2) weeks.

Results: The Fugl–Meyer Assessment for lower extremity scores slightly improved with time in both groups with no significant difference between the groups and over the time. The walking performance significantly improved with time and between group. Two-way mixed measures ANOVA showed that there was significant interaction between time and group in comfortable walking time (F2,68 = 6.5242, P = 0.0080, η2partial = 0.276, ε = 0.641), between-group comparisons revealed significant differences at T1 (P = 0.0072) and T2 (P = 0.0133). The statistical analysis of maximum walking time showed that there was significant interaction between time and groups (F2,68 = 5.4354, P = 0.0115, η2partial = 0.198, ε = 0.734). Compared with T0, the differences of maximum walking time between the two groups at T1 (P = 0.0227) and T2 (P = 0.0127) were statistically significant. However, both the Timed up and go test and functional ambulation category scale did not yield significant differences between groups (P > 0.05).

Conclusion: Our results revealed that applying iTBS over the contralesional cerebellum paired with physical therapy could improve walking performance in patients after stroke, implying that cerebellar iTBS intervention may be a noninvasive strategy to promote walking function in these patients. This study was registered at ChiCTR, number ChiCTR1900026450.

Keywords: walking function, intermittent theta burst stimulation, stroke, cerebellum, neurotherapeutic


INTRODUCTION

Stroke is the second most common cause of death worldwide and one of the leading causes of disability (Wang et al., 2014; Feigin et al., 2016). According to the Global Burden of Disease study of 2019, China is the country with the highest risk of stroke in the world (Langhorne et al., 2018). Even if patients are treated in time, they may still have disabilities, such as balance and walking limitations, spasms, dysphagia, and aphasia, which limit patients’ ability to carry out their daily activities and affect their quality of life (Winstein et al., 2016). Walking dysfunction is one of the most serious consequences of stroke, nearly 30% of stroke patients are unable to walk even in the chronic stage (Park et al., 2011). Therefore, recovery of walking function is strongly demanded in stroke patients.

Repetitive transcranial magnetic stimulation (rTMS) has been increasingly used to treat many neurological and neuropsychiatric disorders (Chen et al., 2019). Theta burst stimulation (TBS), a novel pattern of rTMS, saves time in the rehabilitation of motor function after stroke (Huang et al., 2005). There are two types of TBS: intermittent TBS (iTBS) and continuous TBS (cTBS) generating excitatory and inhibitory effects, respective (Larson et al., 1986; Huang et al., 2011). Compared with conventional rTMS protocols, TBS provides major advantages due to its reduced administration time (Chung et al., 2015) and long-lasting effects with lower intensity stimulation (Cárdenas-Morales et al., 2010).

Stimulation with rTMS at different sites exerts different effects depending on the impairment (Lefaucheur, 2006). The cerebellum, one of the main neural control centers for walking, plays a substantial role in movement execution and motor function, including balance, postural stability, and gait control (Bastian, 2011; Witter and De Zeeuw, 2015). Cerebellar stimulation in healthy individuals can modulate primary motor cortex excitability by altering cerebello-cerebral inhibition (Fierro et al., 2007; Langguth et al., 2008). One study demonstrated that changes in cerebellar excitability are associated with human locomotor adaptive learning, suggesting a potential role for cerebellar stimulation in stroke patients (Jayaram et al., 2011). Kim et al. (2014) reported that low frequency rTMS over the cerebellum has a curative effect on balance and walking functions in patients with ataxia following a posterior circulation stroke, further suggesting the promising therapeutic effects of cerebellar stimulation.

The research on the impact of iTBS over the cerebellum on walking performance in stroke patients is increasing. A study involving 36 patients with hemiparesis resulting from chronic ischemic strokes demonstrated that cerebellar iTBS could affect the plasticity of the cerebellar cortex and improve gait and balance function in stroke patients (Koch et al., 2018). Our previous research showed that cerebellar iTBS could improve balance function in stroke patients (Liao et al., 2021). However, the effect of cerebellar iTBS on walking function in subacute stroke patients has been rarely reported. Therefore, the purpose of this randomized, double-blind, sham-controlled study was to explore the impact of cerebellar iTBS on the walking function of stroke patients and to determine its effect on corticospinal excitability.



MATERIALS AND METHODS


Study Design and Participants

The study was designed as a randomized, double-blind, parallel-group trial. Participants were recruited after referral to the hospital from September 2019 to September 2021. The inclusion criteria were stroke patients with walking dysfunction, which was diagnosed according to the stroke diagnostic criteria. We recruited patients aged 25–80 years (Feigin et al., 2018) who had suffered their first unilateral stroke within 6 months (Bütefisch et al., 2008), as confirmed by brain Computed Tomography (CT) or Magnetic Resonance Imaging (MRI). Exclusion criteria were having neurological disease(s) other than that the first stroke or a serious medical comorbidity (cardiac, renal or respiratory failure; active neoplasia), cerebellar or brainstem stroke, severe vision or hearing impairments, or the presence of a cardiac pacemaker, intracranial implant, or metal in the cranium. Patients with a history of seizures or who were pregnant were also excluded. The study was approved by the West China Hospital Clinical Trials and Biomedical Ethics Committee of Sichuan University. All participants were fully informed of the purpose and procedures of the study and gave written informed consent before participating in the trial.



Randomization and Blinding

Participants were randomly assigned by a computer-generated, blockwise random sequence to either the intervention group (cerebellar iTBS coupled with physical therapy) or the control group (sham iTBS with physical therapy) with a 1:1 allocation ratio. The randomization identification number and treatment allocation code were kept in sealed opaque envelopes. Assessments were performed by two study assessors (Y-JX and L-YL) who were not otherwise involved in the study. Both assessors were trained how to administer and score the outcome measures. Participants, physical therapists, and study assessor were unaware of the group assignment. Physiotherapists who performed the cerebellar iTBS and sham iTBS were aware of the treatment condition. Participants were instructed not to discuss their treatment allocation with the treatment technicians or other participants.



Transcranial Magnetic Stimulation Procedure

During the examination, the participants were seated in a chair and were asked to relax their arms in a comfortable position. A bathing cap with brain regions was placed on each participant’s head in order to conveniently mark the primary motor cortex. Surface electromyography was recorded from the contralateral abductor pollicis brevis (APB) muscle, using Ag-Cl electrodes and a muscle belly tendon configuration (Berger et al., 2011). The active electrode was placed over the APB muscle belly, and the reference electrode was placed on the arm, 10 cm from the wrist.

Abductor pollicis brevis muscle motor-evoked potentials (MEPs) were evoked by TMS delivered using a CCY-I magnetic stimulator (YIRUIDE medical, Wuhan, China) with a 70 mm diameter figure-of-eight coil over the contralateral primary motor cortex (M1). The intensity was initially set at 100% of the machine output to determine the optimal stimulation site (hotspot). The initial TMS coil was placed over M1 with the handle directed backward and laterally and at an angle of approximately 45° to the mid-sagittal line of the head. We determined the hot spot by moving the coil over the scalp to find the location where TMS produced the largest MEP from the target muscle during muscle activation. The hot spot was then marked on the scalp. Subsequently, we decreased the intensity in a stepwise manner while stimulating the hotspot. The resting motor threshold (RMT), which was defined as the lowest stimulus intensity to produce MEPs of at least 50 μV in at least 5 of the 10 consecutive trials, of the contralateral abductor pollicis brevis muscle was measured over the M1 of the unaffected hemisphere (Rossini et al., 2015). The active motor threshold (AMT) was defined as the lowest intensity required to evoke MEPs of greater than 200 μV in at least five out of ten trials while the subject performed a 10% of maximum voluntary contraction using visual feedback from a dynamometer (Terao et al., 1998). The AMT was only assessed once before the cerebellar stimulation to determinate the stimulation intensity of each patient.



Interventions

Cerebellar iTBS was performed using a CCY-I magnetic stimulator (YIRUIDE medical, Wuhan, China) with a standard 70 mm diameter figure-of-eight flat coil. The stimulus intensity was set at 80% of the AMT. Each session of iTBS consisted of bursts of three pulses at 50 Hz applied at a rate of 5 Hz, with 20 trains of 10 bursts delivered at 8-s intervals, achieving 600 pulses in total. iTBS was applied over the contralesional cerebellum, 1 cm inferior to and 3 cm lateral to the inion (Del Olmo et al., 2007). Cerebellar iTBS was performed daily for 10 consecutive weekdays. The coil was positioned tangentially to the scalp, with the handle pointing upward (Pinto and Chen, 2001). Sham iTBS was delivered with the coil applied perpendicular to the scalp (Shin et al., 2019). The parameters, including noise, time, and frequency, of the sham iTBS were the same as those of the real iTBS to minimize current flow into the skull (Machado et al., 2008). After receiving cerebellar iTBS, all participants received conventional physical therapy, including motor function, transfer, balance, and ambulation training, during admission for 50 min per day. Interventions were initiated on the weekday following the pretest and were performed daily for 10 consecutive weekdays. iTBS and conventional physical therapy were conducted and supervised by well-trained and qualified physical therapist.



Outcomes

The primary outcome measure was the Fugl–Meyer Assessment–Lower Extremity (FMA-LE), which was reported to have good reliability for evaluating lower extremity motor control in stroke patients (Sanford et al., 1993). It was scored on a 3-point ordinal scale (0–2), with a maximum score of 34. Higher scores indicated better control of the lower extremities. Secondary outcome measures included walking performance and corticospinal excitability. The assessment was performed at treatment sites before the intervention (T0), after 1 week of the intervention (T1) and after 2 weeks of the intervention (T2) by physical therapist who was unaware of the intervention assignment. Any adverse effects or discomfort reported during the iTBS sessions were investigated and recorded. The baseline assessment of stroke severity was conducted using the National Institutes of Health Stroke Scale (NIHSS) (Gandhi and Sharma, 2020).


Walking Performance

The ten-meter walking test (10 MWT) is a valid and reliable measure of walking ability in stroke patients (van Bloemendaal et al., 2012) that assesses the time it takes for subjects to walk 10 m at a self-selected speed and maximum speed with or without a gait aid. The Timed Up and Go test (TUG) evaluates dynamic balance and mobility function, and is reported to have excellent test-retest reliability and to correlate well with other measures of gait and balance in stroke patients (Lin et al., 2004; Flansbjer et al., 2005). TUG assesses the time taken to complete a series of actions, including standing up from a chair, walking forward three meters, turning, and walking back to the chair. The functional ambulation category scale (FAC) is a quick and cost-effective visual measurement of walking (Wade, 1992), that correlates the walking speed with the step length. The FAC has been proven to possess excellent reliability, predictive validity, and good responsiveness in stroke patients (Mehrholz et al., 2007).



Corticospinal Excitability

The peak-peak amplitude of MEPs were recorded by delivering a pulse at an intensity of 120% of the RMT through a figure-of-eight coil placed on the contralateral motor cortex. The average RMT, MEP amplitude were used to measure corticospinal excitability (Boylan and Sackeim, 2000). MEP measurement is a sensitive approach for detecting residual corticospinal function and is predictive of motor recovery after stroke (Peinemann et al., 2004).



Statistical Analyses

The sample size calculation was based on data from Koch et al. (2018) showing an estimated effect size of 0.28 on the Fugl–Meyer Assessment score when comparing cerebellar iTBS with sham stimulation. To detect a significant increase from the baseline in the primary outcome measure after the 2-week iTBS intervention, it was estimated that at least 15 patients per group were needed to ensure a statistical power of 0.90 and a two-sided α significance level of 0.05. The dropout rate was expected to be 20%, on the basis of clinical experience during the study design period, so 18 patients were enrolled in each group.

The intention-to-treat population, which included all randomized patients who received at least 1 day of therapy, was used to analyze the primary and secondary outcomes. Missing outcomes data were imputed using the last observation carried forward approach. The means [standard deviation (SD)] or medians [interquartile range (IQR)] of the outcome measures are reported as appropriate. For continuous measures, the normality of the data was tested using the D’Agostino-Pearson normality test. Parametric methods were used for normally distributed data. For nonparametric data, the Mann–Whitney U test was used for between-group comparisons and the Wilcoxon signed-rank test was used for pairwise intrasubject comparisons. The primary outcome was analyzed by two-way mixed measures analysis of variance (ANOVA) with a between-individual factor group (iTBS and sham iTBS), and a within-individual factor time (T0, T1, and T2). The Greenhouse-Geisser correction was used when necessary to correct for nonsphericity. Tukey’s post hoc multiple comparison test was applied to explore the significant interactions within the groups, and Student’s t-test was used to examine differences between the groups. The secondary outcomes were both evaluated by two-way mixed measures ANOVA. Statistical significance was maintained at p < 0.05, and 95% confidence intervals were calculated. All statistical analyses and graph generations were performed using SPSS version 22.0 and GraphPad Prism version 7.0 (GraphPad Inc., San Diego, CA, United States). This study was registered at ChiCTR, number ChiCTR1900026450.



RESULTS

A total of 36 patients [mean (SD) age, 53 (7.93) years; 10 women (28%)] were enrolled in the study between September 1, 2019, and August 31, 2020 and were randomly assigned to the intervention or control group at a 1:1 ratio. However, two patients (one from each group) withdrew for personal reasons after undergoing their first evaluation but before receiving treatment. Seventeen patients in the intervention group and 17 patients in the control group completed 2 weeks of treatment and had their outcomes evaluated (Figure 1). Among those 36 patients, 20 had suffered (59%) ischemic strokes, and most participants were 1 to 6 months poststroke. There were no significant differences in age, gender, disease duration, or lesion side between the intervention and control groups. The baseline characteristics of the participants did not differ between the two groups (Table 1) and the outcome measure did not exist difference before intervention (Table 2). The mean baseline NIHSS was 4.7, with no significant difference between groups. No participants reported any adverse events.
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FIGURE 1. Flow diagram of patients through the study.



TABLE 1. Baseline characteristics (n = 36).
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TABLE 2. Comparisons of outcome measures before intervention.
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FMA-LE

The FMA-LE scores slightly improved with time in both groups with no significant difference between the groups and over the time [mean (SD), intervention group, T0: 24.94 (5.98); T1: 26.94 (5.05); T2: 27.67 (4.69); control group, T0: 23.17 (4.99); T1: 25.06 (6.31); T2: 25.50 (6.22)]. The analysis of the Fugl–Meyer Assessment–Lower Extremity scores showed that there was nonsphericity, and therefore the Greenhouse-Geisser correction was employed to correct the degree of freedom. The corrected results revealed a significant difference over time (F2,68 = 31.1172, P < 0.0001, η2partial = 0.645, ε = 0.630), but no interaction between group and time (F2,68 = 0.1782, P = 0.7255, η2partial = 0.010, ε = 0.594). The improvement trend of the experimental group was consistent with that of the control group. There was no significant difference in the main effect between the groups (F = 1.1440, P = 0.2923, η2partial = 0.089) (Figure 2A).
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FIGURE 2. Fugl-Mayer Assessment–Lower Extremity (FMA-LE) (A), comfortable (B) and maximum walking time (C) measured by ten-meter walking test, Time up and go test (TUG) (D) mean scores and effectiveness for the cerebellar intermittent theta burst stimulation (iTBS) and sham iTBS group at baseline (T0), 1 week after intervention (T1), and 2 weeks after intervention (T2). Error bars represent standard error of the mean (SEM). **P < 0.05.




Walking Performance


10 MWT-Comfortable Walking Time

The comfortable walking time decreased in the intervention group [mean (SD), T0: 18.41 (9.81); T1: 15.33 (7.92); T2: 14.08 (7.63)] but not for the control group [mean (SD), T0: 19.90 (12.53); T1: 20.20 (12.03); T2: 19.18 (10.83)]. The two-way mixed measures ANOVA showed an effect for the time factors (F2,68 = 10.2376, P = 0.0010, η2partial = 0.378, ε = 0.719) and time × group (F2,68 = 6.5242, P = 0.0080, η2partial = 0.276, ε = 0.641) interaction but not for the groups (F = 1.2851, P = 0.2649, η2partial = 0.068).

The comfortable walking time decreased in the intervention group, but post hoc analysis revealed that the decrease within group did not reach statistical significance. The between-group comparisons revealed significant differences in the comfortable walking time at T1 (−3.37; 95% CI, −5.77 to −0.98; P = 0.0072) and T2 (−3.61; 95% CI, −6.42 to −0.80; P = 0.0133), compared to T0 (Figure 2B).



10 MWT-Maximum Walking Time

The maximum walking time decreased in the intervention group [mean (SD), T0: 13.64 (6.96); T1: 11.93 (6.04); T2: 11.28 (5.63)] and the control group [mean (SD), T0: 16.53 (10.95); T1: 16.24 (10.17); T2: 16.08 (10.42)]. The corrected results using the Greenhouse-Geisser correction revealed a significant difference over time (F2,68 = 11.6524, P = 0.0002, η2partial = 0.494) and interaction between group and time (F2,68 = 5.4354, P = 0.0115, η2partial = 0.198, ε = 0.734) (Figure 2C).

Post hoc analysis showed that the mean maximum walking time differed substantially between the groups at T1 [mean (SD), 11.93 (6.04) in the intervention group and 16.24 (10.17) in the control group; mean difference, −1.41; 95% CI, −2.62 to −0.21; P = 0.0227] and T2 [mean (SD), 11.28 (5.63) in the intervention group and 16.08 (10.42) in the control group; mean difference, −1.91; 95% CI, −3.38 to −0.43; P = 0.0127] (Figure 2C) but did not differ within the groups.



TUG

Both patients receiving real iTBS and sham iTBS showed an improvement on the TUG [mean (SD), intervention group, T0: 30.25 (18.17); T1: 25.23 (10.37); T2: 26.09 (11.01); control group, T0: 36.18 (24.73); T1: 31.54 (14.20); T2: 30.49 (12.95), F2,68 = 5.119, P = 0.034, η2partial = 0.231, ε = 0.532] (Figure 2D). However, the TUG did not display significant results time × group (F2,68 = 0.1593, P = 0.7163, η2partial = 0.009, ε = 0.567) interaction or between-group differences (F = 1.2692, P = 0.2678, η2partial = 0.078).



FAC

Mann–Whitney U-test displayed that the median FAC scores at T1 were 3 (IQR, 3 to 4) in the intervention group and 3 (IQR, 2 to 4) in the control group, but the difference between the groups was not statistically significant (0; 95% CI, −1 to 0; P = 0.5030). Furthermore, no significant between-group differences were found in FAC score when assessed at T2 (−1; 95% CI, −1 to 0; P = 0.3590). Similarly, there were no significant within-group differences.



Corticospinal Excitability

The results of RMT showed that there was no significant interaction between time and group (F2,68 = 2.1638, P = 0.1227, η2partial = 0.101). Over 2 weeks, the RMT in the intervention group improved from baseline in a repeated measures analysis of variance model [mean (SD), T0: 45.33 (11.23); T1: 41.83 (11.75); T2: 39.17 (11.79)], but was not statistically different compared to the control group (F = 0.0728, P = 0.7889, η2partial = 0.007). The time difference was statistically significant (F2,68 = 9.3479, P = 0.0003, η2partial = 0.387) (Figure 3A).
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FIGURE 3. Resting motor threshold (A) and motor evoked potential amplitude (B) cerebellar intermittent theta burst stimulation (iTBS) and sham iTBS group at baseline (T0), 1 week after intervention (T1), and 2 weeks after intervention (T2). Error bars represent standard error of the mean (SEM).


No increase in MEP amplitude and individual changes were found within the intervention or control group (F2,68 = 204.8659, P = 0.0106, η2partial = 0.218). Besides, none of the differences between the groups were statistically significant (F = 1.8745, P = 0.1799, η2partial = 0.129) (Figure 3B).



DISCUSSION

The results of this randomized, double-blind, sham-controlled clinical trial showed that in patients recovering from stroke, cerebellar intermittent theta burst stimulation plus physical therapy, compared to physical therapy alone, significantly improved walking performance, as reflected by the ten-meter walking test, comfortable walking time and maximum walking time after 1 and 2 weeks of stimulation.

These findings indicate that this 3 min cerebellar iTBS protocol, with a shorter treatment duration than the conventional rTMS protocol, improved walking function in stroke patients, a finding that is in accordance with the results of Koch et al. (2018). In our previous study, lower extremity motor function measured by FMA-LE did not improve, which was consistent with our result (Liao et al., 2021). Our research group also found that cerebellar iTBS could improve balance in subacute stroke patients (Liao et al., 2021). From a clinical perspective, cerebellar iTBS can be advantageous for designing rapid protocols for gait rehabilitation, as these improvements were achieved with a relatively short treatment duration.

Moreover, comfortable and maximum walking time decreased with cerebellar iTBS, confirming improved gait speed after intervention. Limited walking ability after stroke limits a patient’s independence in their home and community, and gait speed is the most accurate method for predicting walking classification (Perry et al., 1995). An increase in gait speed promotes a transition to improved walking, resulting in better function and quality of life, especially for those who can walk in the home (Schmid et al., 2007).

The results of the TUG revealed encouraging but nonsignificant findings suggesting better dynamic balance and mobility function following cerebellar iTBS stimulation. A study by Tramontano et al. (2020) indicated that patients receiving cerebellar iTBS showed a significant improvement in balance function. A potential explanation for the lack of positive effect on dynamic balance and mobility function in our study could be that cerebellar iTBS was applied for only 2 weeks during hospitalization.

The cerebellum is known to play a crucial role in movement execution and motor control (Manto et al., 2012). Anatomically, Purkinje cells in the cerebellar cortex inhibit the dentate nucleus, which regulates the motor cortex through the ventrolateral motor thalamus. Therefore, cerebellar brain inhibition (CBI) refers to an inhibition of the motor cortex due to activation of Purkinje cells (Ugawa et al., 1995; Daskalakis et al., 2004). It has been observed that cerebellar stimulation can modulate CBI by altering the activity of Purkinje cells, resulting in continuous and polarity-related bidirectional regulation of cerebellar excitability (Koch, 2010; Strzalkowski et al., 2019). Cerebellar iTBS could indirectly regulate the dentate nucleus by activating local low-threshold interneurons. Synapse transmission can be controlled using noninvasive brain stimulation, which results in lasting changes in synaptic connection strength. iTBS applied over the motor cortex is known to result in lasting MEP facilitation, termed long-term potentiation (LTP). The induction of LTP generates changes in activity in interconnected cortical motor networks (Koch et al., 2020).

There were no discernible differences in MEP amplitude following iTBS treatment. One possible explanation for these changes is that when the TMS-induced excitation phase is reached, that forced motor neuron excitation is more likely to result in subthreshold motor neuron discharges (Aminoff, 1986). Different intensities of 1 Hz rTMS applied over the motor cortex exert different effects (Berger et al., 2011). The MEP amplitude decreased significantly with low intensity stimulation, while high intensity stimulation increased the MEP amplitude. Additionally, an 80% motor threshold intensity resulted in less inhibition, although that decrease was not statistically significant, a finding that may also hold true in cerebellar iTBS given that no discernible differences in MEP amplitude were observed between groups.

There were several limitations to our study. First, the small sample size may affect the results of the outcome measures and did not allow for a more refined stratified analysis of the findings. Besides, only the excitability of unaffected hand M1 was assessed, which may be nonspecific for the changes. When eliminating difficulties in equipment testing, the cortical excitability of the affected hand M1, as well as the responses in the leg muscles would be more specific for the changes of corticospinal excitability. Another limitation is the lack of follow-up assessment, as we were not able to determine the long-term effects of cerebellar iTBS.



CONCLUSION

Importantly, this study revealed that applying iTBS over the contralesional cerebellum paired with physical therapy could improve walking performance in stroke patients, implying that cerebellar iTBS may be a cost-effective and noninvasive strategy to promote recovery of walking function in stroke patients. More high-quality studies are needed to examine changes in corticospinal excitability.
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Objective: Executive function refers to the conscious control of thinking and behavior in psychological process. Executive dysfunction widely exists in a variety of neuropsychiatric diseases, and is closely related to the decline of daily living ability and function. This study intends to explore the effect of low-frequency repetitive transcranial magnetic stimulation (rTMS) on executive function and its neural mechanism by using event-related potential (ERP), so as to provide basis for further study on the relationship between cerebral cortex and executive function.

Methods: Task switching paradigm was used to study the cognitive flexibility in executive function. Thirty-one healthy subjects were randomly assigned to receive rTMS stimulations (1 Hz rTMS or sham rTMS) to the left dorsolateral prefrontal cortex (DLPFC) twice. The switching task and the electroencephalography EEG recordings were performed before (pre-rTMS/pre-sham rTMS) and immediately after the end of the rTMS application (post-rTMS/post-sham rTMS).

Results: The analysis of RTs showed that the main effects of switching and time were statistically significant. Further analysis revealed that the RT of rTMS stimulation was longer than sham rTMS at post-stimulation. ERP analysis showed that there was a significant switching effect in frontal and central scalp location, and the P2 amplitude in switch trials was greater than that in non-switch trials. At post-stimulation, the N2 amplitude of rTMS is more negative than that of sham rTMS at non-switch trials, whereas no such difference was found at switch trials. The P3 amplitude and LPC amplitude are significantly reduced by rTMS at post-stimulation.

Conclusion: Low-frequency rTMS of the left DLPFC can cause decline of cognitive flexibility in executive function, resulting in the change of N2 amplitude and the decrease of P3 and LPC components during task switching, which is of positive significance for the evaluation and treatment of executive function.

Keywords: rTMS, executive function, DLPFC, P3, task switching, ERP


INTRODUCTION

Executive function refers to conscious control related to thinking and behavior in psychological process, including decision-making, planning, cognitive flexibility, attention, working memory, and other cognitive processes (Guo et al., 2017; Ozga et al., 2018). These important thinking abilities can help people adapt to the complex and changeable environment. When the executive function is impaired, patients cannot make plans and cannot adjust themselves according to the rules, which is a great obstacle for patients to return to society. Although the concept of executive function was first discovered and perfected in the study of frontal lobe syndrome (DeRight, 2019), it has been recognized that executive function involves the precise network of frontal cortex and other brain regions, including parietal cortex, basal ganglia, and colliculus. A previous study (Niendam et al., 2012) has shown that the frontal cingulate parietal subcortical cognitive control network supports a wide range of executive functions. Executive dysfunction is caused by the damage of white matter connection or neurotransmitter system in related brain regions (Rabinovici et al., 2015). Therefore, executive dysfunction widely exists in a variety of neurological, mental, and systemic diseases, and is closely related to the decline of daily living ability and function.

It is well known that the DLPFC plays an important role in various higher-order cognitive functions, such as executive control, planning, working memory, and so on. In elderly subjects, the regulatory effect of DLPFC-SAI (short-latency afferent inhibition) paradigm on N100 was related to the experimental executive function (Noda et al., 2017), and in schizophrenia, the decrease of N100 modulation of TMS-evoked potentials (TEPS) by DLPFC was significantly correlated with executive function (Noda et al., 2018). These studies indicate that DLPFC plays an important role in executive function, and executive function shows asymmetry in left and right DLPFC, showing obvious left hemisphere dominance. A study Ko et al. (2008) showed that continuous theta pulse stimulation (cTBS) was applied to left and right DLPFC, compared with cTBS at the vertex (control). Only cTBS of the left DLPFC impaired Montreal card sorting task (MCST) performance and striatal dopamine neurotransmission.

Cognitive flexibility is one of the core components of executive function and plays an important role in executive control. Task switching program is usually used to study cognitive flexibility, which requires participants to switch between two tasks with different rules (Vanderhasselt et al., 2006). When participants switch between tasks, they shift their attention between one task and another, and activate a new task set in working memory. This process is usually accompanied by an increase in reaction time (RT) and error rate (ER) (Bahlmann et al., 2015). Switching cost represents the performance difference between repeated tasks and switching tasks (Strobach et al., 2018). The behavioral research of task switching paradigm (Swainson et al., 2019) is very mature, but the research on its electrophysiology is limited.

TMS is a non-invasive, safe, and reliable method for cortical (and peripheral) stimulation (He et al., 2020). Because of its painless, non-invasive physical characteristics, it can achieve virtual damage of brain regions to explore brain function and advanced cognitive function. It enables researchers to infer the causal relationship between cortical function and potential cognitive and behavioral processes, while avoiding inconsistencies in the location, volume, and nature of brain damage in clinical models (Lowe and Hall, 2018). However, the physiological mechanism of rTMS induced action is not clear. At present, some studies have confirmed that stimulation of local blood flow and metabolism (Lin et al., 2018), upregulation of brain-derived nerve growth factor, improvement of synaptic plasticity, or change of cortical excitability may be the effective mechanisms of rTMS. So far, there are few studies on the mechanism of rTMS affecting executive function by using ERP.

Event-related potential is a technology with high temporal resolution, reaching the millisecond level, which can record, analyze, and characterize the dynamic electrophysiological activities of living brain (Raz et al., 2016). ERP makes up for the low time resolution of PET and fMRI methods, and has important value in the study of the relationship between cognitive function and neural process. As for task switching, three main ERP components are particularly relevant: P200, N200, and P300 (Massa et al., 2020). P200 is a positive waveform, which reaches its peak about 200 ms after stimulation, and its amplitude is the largest at the frontal electrode. In the paradigm of task switching, some literatures show that P200 is the first component to distinguish switching and non-switching trials. The second useful component of execution process is N200, which is a negative waveform and reaches its peak between 200 and 350 ms after stimulation. N200 is related to attention system and cognitive control, reflecting the cognition of conflict or suppression of dominant responses (Ruberry et al., 2017). P300 is a typical positive waveform in the time window of 250–800 ms after stimulation. P300 components are generated in the neural network composed of frontal lobe, anterior cingulate cortex, inferior temporal lobe, and parietal cortex. The distribution of P3b in parietal lobe is related to working memory and task cognitive resource allocation, and the decrease of P3b is related to lower task performance (Hawkes et al., 2014).

In this study, we intend to investigate the effects of low-frequency rTMS on the left DLPFC to explore the effect on executive function and its neural mechanism by using ERP. Through the operation of complex task switching paradigm, the ERP components related to executive function of midline frontal, central, and parietal channels were analyzed to provide basis for further study on the relationship between cerebral cortex and executive function. Assuming that the low-frequency rTMS on the left DLPFC could cause decline of executive function during task switching, we expected an increase of RTs and decline of accuracy following rTMS as compared to sham rTMS.



EXPERIMENTAL PROCEDURES


Participants

Thirty-one college students (mean age 23.84 ± 0.344 years old, 12 males and 19 females) were recruited. The subjects were healthy and right-handed with normal or corrected-to-normal vision. Exclusion criteria are as follows: people with metal or electronic device implantation, such as cochlear implant, pulse generator, and medical pump; color blindness or color weakness; organic or functional nervous system diseases; history of taking antipsychotics and drug abuse; and having contact with similar related experimenters. Before the experiment, subjects gave their informed consent. They were able to complete the tests intensively and conscientiously. All procedures complied with guidelines as described in the Declaration of Helsinki. The experiment was approved by the Ethical Committee of the Zhujang Hospital of Southern Medical University. The data from two females and one male were excluded from the analyses due to excessive electroencephalography EEG artifacts and baseline drifts that were difficult to correct. The remaining 28 participants (17 females, 23.89 ± 1.99 years old) were included in the analyses.



Switching Task

The task was performed with E-prime 3.0 software (Psychology Software Tools Inc., Pittsburgh, United States), using numbers between 1 and 9 (except 5) as stimulus. The stimuli were presented on a 21-inch CRT monitor (60-Hz refresh rate), with a white background at a distance of approximately 100 cm from the participant. The task included 216 trials; in half of the trials, the numbers were shown in black and the other half in blue. In each experiment, in the center of the computer screen, the fixation was presented for 1,000 ms, a single black or blue number was presented for 500 ms, and then a blank screen was presented for 2,000 ms. Participants switch between tasks based on the color of the number. When the screen shows black numbers, judge the size of the number, press the “Q” key when it is less than 5, and press the “P” key if it is larger than 5. When the blue number is displayed, judge whether the number is odd or even. Press “Q” for odd number and “P” for even number. Instruct participants to answer as quickly and accurately as possible. Participants pressed the button with their left or right index finger and response mapping was counter-balanced across them. The number presentation is random, and the number of switch and non-switch (repeated) trials is the same. The color of the number is the same as the previous experiment, which is a repeated experiment, while the color of the number is different from the previous experiment, which is a switch experiment. Record the RT and accuracy of switch and repeated test. There is a short exercise before the experiment, and the correct rate of reaction needs to reach 80% to enter the formal test.



Transcranial Magnetic Stimulation Parameters

rTMS pulses were delivered using a YRD CCY-I TMS stimulator (YRD, Wuhan, China) with a figure-of-eight focal coil (external diameter of each loop, 9 cm), which produced a maximum stimulator output (MSO) of 3.0 T. The subjects relaxed naturally and sat in a comfortable armchair. Stimulation was applied over the hand representation within primary motor cortex, and the EMG recording electrode was placed in the abdomen of the abductor pollicis brevis (APB) to record the motor-evoked potentials (MEPs). In the resting state, we localized the thumb area of the left motor cortex by eliciting a robust MEP, and then gradually decreased the output intensity to stimulate until the motor threshold (MT) is found, so that at least 5 out of 10 consecutive stimuli can trigger the right APB motion. The intensity of stimulation used for different subjects ranged between 44 and 75% (mean ± SD, 58.93 ± 8.42%) of maximal stimulator output with wearing EEG cap. TMS was then applied 20 min stimulus (1,040 impulses) at a frequency of 1 Hz and an amplitude of 90% of the MT at a distance of 5 cm anterior to the located left primary motor cortex. For 1 Hz stimulation, the stimulating coil was held tangentially to the skull with the coil handle pointing backward and laterally 45°away from the anterior–posterior axis, while for sham stimulation, the coil was placed vertically (at a 90° angle) to the scalp.



Procedure

The experiment was designed as a single-blind crossover design. The subjects sat in a comfortable chair and received 20 min of treatment with 1 Hz rTMS or sham rTMS on the left DLPFC. In each session, the switching task and the EEG recordings were performed before (pre-rTMS/pre-sham rTMS) and immediately after the end of the rTMS application (post-rTMS/post-sham rTMS), which lasted approximately 12 min, respectively. All subjects were wearing the 32-channel EEG cap during the whole session (Levit-Binnun et al., 2010). The interval between rTMS stimulation and task should be as short as possible (interval range 7–11 min). Each subject received two experiments (including 1 Hz rTMS and sham rTMS stimulation) with an average interval of 1 week to eliminate possible carry-over effects. The sequence of low-frequency and sham rTMS stimuli was balanced among participants to minimize possible sequence effects.



Electroencephalography Recording and Data Acquisition

The incorrect response trials were excluded from analysis. EEE was recorded with the 64-channel BIOSEMI Active Two system, which used an electrode cap with 32 Ag/AgCl electrodes mounted according to the international 10–20 system. We used the average value of bilateral mastoid as the reference when recoding EEG online. The sampling rate of EEG was 2,048 Hz, and the bandpass filtered from 0.1 to 100 Hz. The electrode impedance was kept below 5 kΩ.

We used EEGLAB (version 13_0_0b) for offline analysis of EEG data. EEGLAB is a MATLAB (R2013b, MathWorks, Natick, MA, United States) open source toolbox. Data were bandpass filtered at 0.1–50 Hz while notch filtering (49–51 Hz). Change the sampling rate to 500 Hz. EEG recordings were segmented into epochs from -100 to 800 ms relative to the onset of stimulus. A baseline correction (pre-stimulus interval) and automatic artifact rejection (±100 μV) were executed. Remove EOG and EMG activities using independent component analysis (ICA). We observed ERP waveforms and found that the basic characteristics of the ERP curve in the frontal channels (F3, Fz, F4) were consistent, as were the three electrodes in the central channels (C3, Cz, C4) and the parietal channels (P3, Pz, P4). According to previous studies (Küper et al., 2017; Pestalozzi et al., 2020) and the characteristics of this experiment, the average amplitudes of P2 (140–240 ms), N2 (260–340 ms), P3 (360–450 ms), and late components (500–800 ms) were measured across the three brain regions, including frontal (F3, Fz, F4), central (C3, Cz, C4), and parietal (P3, Pz, P4) electrodes.



Data Analysis

SPSS Statistics 22 (IBM Corp, Armonk, NY, United States) was implemented for statistical analysis. The statistical threshold was set at p < 0.05.

Data corresponding to correct responses were analyzed. Repeated measurement ANOVA of 2 (stimulation factors: low-frequency rTMS, sham rTMS) × 2 (time factors: pre-stimulation, post-stimulation) × 2 (switching factors: switch, non-switch) was performed with response time and accuracy as dependent variables.

Multiple channel ERP data were analyzed by repeated measurement ANOVA of 2 (stimulation factors: low-frequency rTMS, sham rTMS) × 2 (time factors: pre-stimulation, post-stimulation) × 2 (switching factors: switch, non-switch). Significant ANOVA effects were further analyzed with pairwise t-test comparisons.




RESULTS

The subjects did not report side effects during or after the experiment. All data were checked the Q-Q plots to meet the assumption of normality.


Behavioral Data

Results of RTs and accuracy rates on switch and non-switch conditions for different stimulation conditions are presented in Figure 1.
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FIGURE 1. Reaction times (A) and accuracy rates (B) on switch and non-switch conditions for different stimulation conditions. ∗ Significant difference between stimulation conditions, p < 0.05. Error bars represent SEM.


The results of ANOVA of response time showed that the main effects of switching [F(1, 27) = 58.819, p < 0.001] and time [F(1, 27) = 9.729, p = 0.004] were statistically significant. The main effect of stimulation was not significant [F(1, 27) = 2.169, p = 0.152]. The interaction “stimulation” × “time” was significant [F(1, 27) = 5.084, p = 0.032]. Further analysis revealed that the RT of rTMS stimulation was longer than sham rTMS at post-stimulation [F(1, 27) = 4.192, p = 0.05], whereas no significant difference was found at pre-stimulation [F(1, 27) = 0.009, p = 0.926]. The interactions stimulation × switching type, time × switching type, and stimulation × time × switching type were not significant [F(1, 27) = 1.408, p = 0.246; F(1, 27) = 3.87, p = 0.06; and F(1, 27) = 1.318, p = 0.261, respectively].

The results of ANOVA of the accuracy showed that the main effect of switching [F(1, 27) = 10.403, p = 0.003] was significant, whereas stimulation [F(1, 27) = 0.623, p = 0.437] and time [F(1, 27) = 0.101, p = 0.753] were not significant. The interactions stimulation × time, stimulation × switching, time × switching type, and stimulation × time × switching type were not significant [F(1, 27) = 2.448, p = 0.129; F(1, 27) = 1.513, p = 0.229; F(1, 27) = 0.612, p = 0.441; and F(1, 27) = 0.275, p = 0.604, respectively].



Event-Related Potential Data

Figure 2 depicts the grand averaged ERPs to switch and non-switch conditions at frontal, central, and parietal channels for 1 Hz rTMS and sham rTMS stimulations, including post-stimulation and pre-stimulation. Figure 3 presents voltage distribution of P2, N2, P3, and LPC to switch and non-switch conditions for 1 Hz rTMS and sham rTMS stimulations.
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FIGURE 2. Grand averaged ERPs to switch and non-switch conditions at frontal (A: average of channels 4, 27, and 31), central (B: average of channels 8, 23, and 32), and parietal channels (C: average of channels 12, 13, and 19) for 1 Hz rTMS and sham rTMS stimulations, including post-stimulation and pre-stimulation.
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FIGURE 3. Topographic maps of the voltage distribution of P2, N2, P3, and LPC to switch and non-switch conditions for 1 Hz rTMS and sham rTMS stimulations at post-stimulation.



P2 (140–240 ms Post-stimulus)

Analysis of the P2 component in the frontal channels revealed a significant main effect of time [F(1, 27) = 5.481, p = 0.027], indicating a larger P2 at post-stimulation (5.074 ± 0.573 μV) than at pre-stimulation (4.31 ± 0.604 μV). The main effect of switching type was also significant [F(1, 27) = 4.671, p = 0.04]. The amplitude of the switch trials (4.989 ± 0.56 μV) was greater than the non-switch trials (4.395 ± 0.604 μV). No other main effect or interaction effects were found [F(1, 27) = 0.531, p = 0.472; stimulation × time F(1, 27) = 0.826, p = 0.371; stimulation × switching F(1, 27) = 1.735, p = 0.199; time × switching F(1, 27) = 0.749, p = 0.395; and stimulation × time × switching F(1, 27) = 0.103, p = 0.751, respectively].

Analysis of the P2 component in the central channels revealed a marginally significant main effect of time [F(1, 27) = 4.075, p = 0.054], indicating a larger P2 at post-stimulation (4.779 ± 0.519 μV) than at pre-stimulation (4.148 ± 0.519 μV). The main effect of switching type was also significant [F(1, 27) = 7.196, p = 0.012]. The amplitude of the switch trials (4.736 ± 0.488 μV) was greater than the non-switch trials (4.191 ± 0.522 μV). No other main effect or interaction effects were found [F(1, 27) = 0.087, p = 0.771; stimulation × time F(1, 27) = 0.151, p = 0.701; stimulation × switching F(1, 27) = 0.712, p = 0.406; time × switching F(1, 27) = 1.022, p = 0.321; and stimulation × time × switching F(1, 27) = 0.129, p = 0.722, respectively]. There were no main effects or interactions in the parietal channels.



N2 (260–340 ms Post-stimulus)

Analysis of the N2 in the frontal channels revealed a marginally significant main effect of time [F(1, 27) = 2.992, p = 0.095]. There was a marginally significant interaction between stimulation × switching [F(1, 27) = 3.954, p = 0.057]. Through further analysis, we found a significant main effect of switching type [t(27) = –2.199, p = 0.037] with sham rTMS, whereas no such difference was found within rTMS stimulation [t(27) = 1.109, p = 0.277]. The N2 amplitude of switch trials (0.533 ± 0.628 μV) was more pronounced (more negative) than non-switch trials (1.031 ± 0.544 μV) with sham rTMS. The main effects of stimulation [F(1, 27) = 0.084, p = 0.774] and switching [F(1, 27) = 0.119, p = 0.733] were not significant. The interactions stimulation × time, time × switching, and stimulation × time × switching [F(1, 27) = 0.408, p = 0.528; F(1, 27) = 0.053, p = 0.819; F(1, 27) = 0.031, p = 0.862] were not significant.

Analysis of the N2 in the central channels revealed a marginally significant main effect of time [F(1, 27) = 3.121, p = 0.089]. The main effects of stimulation [F(1, 27) = 0.268, p = 0.609] and switching [F(1, 27) = 0.924, p = 0.345] were not significant. The interactions stimulation × time, stimulation × switching, time × switching, and stimulation × time × switching were not significant [F(1, 27) = 0.007, p = 0.936; F(1, 27) = 2.176, p = 0.152; F(1, 27) = 0.176, p = 0.678; F(1, 27) = 0.025, p = 0.876, respectively].

Analysis of the N2 in the parietal channels revealed a three-way interaction between stimulation × time × switching [F(1, 27) = 4.702, p = 0.039]. At non-switch trials, further analysis revealed that there was a significant main effect of stimulation [F(1, 27) = 4.62, p = 0.041]. The interaction between the stimulation × time was also significant [F(1, 27) = 11.974, p = 0.002]. Further analysis revealed a significant main effect of stimulation [t(27) = 3.08, p = 0.005] at post-stimulation, whereas no such difference was found at pre-stimulation [t(27) = –0.965, p = 0.343]. The N2 amplitude of rTMS (4.615 ± 0.681 μV) was more pronounced (more negative) than sham rTMS (6.006 ± 0.55 μV) at post-stimulation. There were no main effects or interaction effects at switch trials.



P3 (360–450 ms Post-stimulus)

There were no main effects or interactions in the frontal and central channels. Analysis of the P3 in the parietal channels revealed a significant main effect of stimulation [F(1, 27) = 7.876, p = 0.009], which revealed significant decreased P3 amplitude in rTMS (7.128 ± 0.588 μV) in contrast to sham rTMS (8.091 ± 0.694 μV). There was a significant interaction between stimulation × time [F(1, 27) = 6.736, p = 0.015]. Through further analysis, we found a significant main effect of stimulation [t(27) = 2.84, p = 0.008] at post-stimulation, whereas no such difference was found at pre-stimulation [t(27) = 0.562, p = 0.579]. There was a significant decreased P3 amplitude in rTMS (6.665 ± 0.649 μV) in contrast to sham rTMS (8.474 ± 0.707 μV) at post-stimulation. The main effects of time [F(1, 27) = 0.032, p = 0.86] and switching [F(1, 27) < 0.001, p = 0.985] were not significant. The interactions stimulation × switching, time × switching, and stimulation × time × switching [F(1, 27) = 0.822, p = 0.373; F(1, 27) = 0.793, p = 0.381; F(1, 27) = 1.601, p = 0.217, respectively] were not significant.



Late Positive Component (LPC, 500–800 ms Post-stimulus)

Analysis of the LPC in the frontal channels revealed a significant main effect of stimulation [F(1, 27) = 7.019, p = 0.013], which revealed significant decreased LPC amplitude in rTMS (1.999 ± 0.503 μV) in contrast to sham rTMS (3.316 ± 0.736 μV). There was a marginally significant interaction between stimulation × time [F(1, 27) = 4.136, p = 0.052]. Through further analysis, we found a significant main effect of stimulation [t(27) = 2.631, p = 0.014] at post-stimulation, whereas no such difference was found at pre-stimulation [t(27) = 0.648, p = 0.522]. There was a significant decreased LPC amplitude in rTMS (1.205 ± 0.643 μV) in contrast to sham rTMS (3.543 ± 0.736 μV) at post-stimulation. No other main effects or interaction effects were found.

Analysis of the LPC in the central channels revealed a significant main effect of stimulation [F(1, 27) = 7.436, p = 0.011], which revealed significant decreased LPC amplitude in rTMS (2.51 ± 0.398 μV) in contrast to sham rTMS (3.829 ± 0.622 μV). No other main effects or interaction effects were found.

Analysis of the LPC in the parietal channels revealed a significant main effect of stimulation [F(1, 27) = 14.767, p = 0.001], which revealed significant decreased LPC amplitude in rTMS (3.731 ± 0.449 μV) in contrast to sham rTMS (5.079 ± 0.667 μV). There was a significant interaction between stimulation × time [F(1, 27) = 9.804, p = 0.004]. Through further analysis, we found a significant main effect of stimulation [t(27) = 3.742, p = 0.001] at post-stimulation, whereas no such difference was found at pre-stimulation [t(27) = 0.848, p = 0.404]. There was a significant decreased LPC amplitude in rTMS (2.93 ± 0.443 μV) in contrast to sham rTMS (5.404 ± 0.714 μV) at post-stimulation. No other main effects or interaction effects were found.





DISCUSSION

We investigated behavioral and ERP results of executive function in healthy subjects with rTMS stimulation compared with sham rTMS. At the behavioral level, we found poorer performance of subjects with rTMS stimulation, resulting in longer RTs. The average response time of switch trials was significantly longer than that of non-switch trials. On an electrophysiological level, there is an obvious switching effect of P2 amplitude in frontal and central channels. At post-stimulation, the N2 amplitude of rTMS is more negative than that of sham rTMS at non-switch trials, whereas no such difference was found at switch trials. The P3 amplitude and LPC amplitude are significantly reduced by rTMS at post-stimulation, whereas no such difference was found at pre-stimulation. These results indicate that rTMS of the left DLPFC resulted in significant impairments in the task switching of executive function.

Many studies have found that the change of executive function is closely related to the changes of ERP components, which shows the substantial change of event-related brain electrical activities. For example, in the study of the executive function of dyslexic adolescents, it was found that (Horowitz-Kraus, 2012) in the implementation task of the Wisconsin Card Sorting Test (WCST), ERP differences were found under the condition of “target-locked,” and the ERP components (N100, P300) of dyslexics were lower than those of skilled readers.

In this study, for the P2 component, it is found that there is a significant switching effect in frontal and central scalp locations, and the P2 amplitude in switch trials was greater than that in non-switch trials. This shows that the impact of task switching on P2 component reflects the recruitment of processes related to the switch of task sets, which is consistent with other research results (Raz et al., 2016). An additional active reconfiguration process is supposed to be needed in switch trials in order to activate the task set of the current trial and to inhibit the task set of the previous trial (Fiedler et al., 2009). Higher cognitive control resources, reflected by larger P2 amplitude, are needed during switch trials (Massa et al., 2020). P2 is believed to originate from the visual association cortex and is related to the task relevance of evaluating stimuli. A study (Choi et al., 2014) has found that the increase of P200 amplitude of auditory oddball task after 3 weeks of rTMS treatment is related to the improvement of depression symptoms in drug-resistant depression patients, which may play a role by suppressing irrelevant features (negative stimuli) or enhancing related features (positive stimuli). In this study, rTMS stimulation had no effect on the switch effect of P2 components, indicating that rTMS stimulation of the left DLPFC had little effect on the early perception stage of task switching in healthy people.

In the parietal scalp locations, at post-stimulation, the N2 amplitude of rTMS is more negative than that of sham rTMS at non-switch trials, whereas no such difference was found at switch trials. N2 is considered to reflect the successful inhibition control, and its neural sources include frontal lobe and superior temporal cortex, as well as anterior cingulate cortex. The frontal cortex is a key area for sensory information integration, and also a key area for controlling and allocating attention resources (Nathou et al., 2018). Some results suggested that the difference between switch and repeat trials is due primarily to differences in the strength of responses within a statistically indistinguishable frontoparietal brain network, which indicated that the activity on switch trials is not qualitatively different from that on repeat trials (Wylie et al., 2009). The difference between switch and non-switch N2 suggests that during implementation of task sets (i.e., stimulus–response sets), interference from the currently irrelevant S–R set has to be overcome (inhibited) (Gajewski et al., 2018). However, the switch-N2 effect was not found in this study, which is consistent with another relevant study (Zhuo et al., 2021). The current study found that N2 was less sensitive to task switching, but more sensitive to rTMS stimulation. The N2 amplitude of rTMS stimulation was more negative than that of sham rTMS for non-switch trials at post-stimulation, which indicated that inhibition control of rTMS stimulation was more effective for non-switch trials. The low-frequency rTMS stimulation inhibited the cortical excitability, changing the N2 amplitude of task switching, which may reflect the active “top-down” suppression of dominant response.

Analysis of the P3 in the parietal channels showed a significant effect of rTMS stimulation at post-stimulation, whereas no such difference was found at pre-stimulation. The amplitude of P3 induced by low-frequency rTMS stimulation was smaller than that induced by sham stimulation. The study gave evidence that prefrontal areas of the left hemisphere play a major role in eliciting the P3 component (Evers et al., 2001). It seems to be a consensus that P3 has become a neurophysiological indicator for information processing and updating in working memory (Gu et al., 2019). In many studies, P3 amplitude is associated with the success of task performance, including attention and memory (Downes et al., 2017). Studies have found that the P3 amplitude was larger for those trials that responded faster (Jost et al., 2008). The amplitude of P300, MMN, and N400 increased after 10 Hz high-frequency rTMS stimulation in schizophrenic patients (Lin et al., 2018), which can be used as a valuable electrophysiological reference for evaluating the therapeutic effect of rTMS in schizophrenia. In this study, low-frequency rTMS stimulation of the left DLPFC reduced the amplitude of P3, which may damage the information processing and updating process in task switching, and this is consistent with our behavioral results of impaired performance. There were significant changes of P3 amplitude stimulated by rTMS in the parietal areas far away from the stimulation, which showed that rTMS could affect the function of the surrounding cortex in relatively distant areas (Nathou et al., 2018), and the affected areas were related to the functional state of the brain, which was also confirmed in the relevant fMRI experiment (van den Heuvel et al., 2013).

Analysis of the LPC in frontal and parietal channels showed that there was a significant effect of rTMS stimulation at post-stimulation, whereas no such difference was found at pre-stimulation. The amplitude of low-frequency rTMS stimulation was smaller than that of sham stimulation. In the previous task switching paradigm study, healthy controls induced a more positive posterior switch positivity (PSP) (Elchlepp et al., 2012) waveform under the switch cues than the non-switch cues, while the amyotrophic lateral sclerosis (ALS) patients lacked switch-related ERP modulations due to executive dysfunction (Lange et al., 2016). The reason why there is no PSP waveform in the results of this study may be the different switching paradigms used. In this study, there was no cue before the stimulus was presented, but the switch or non-switch stimulus was directly presented. Therefore, there was no process of identifying clues in advance and preparing for anticipation, and there were differences in cognitive processing. This component of time window of 500–800 ms is usually called the LPC, which is found to be related to the cognitive process of conflict resolution and self-monitoring in speech production in language switching study (Pestalozzi et al., 2020). The LPC was decreased in frontal and parietal channels, suggesting the involvement of the frontoparietal network in task-switch processes. The LPC may reflect the activity of a neural mechanism that supports processes of the task set reconfiguration involved in the task-switch processes (Bisiacchi et al., 2009). Low-frequency rTMS stimulation of the left DLPFC reduces the amplitude of LPC, which may indicate that the task set reconfiguration efficiency in the process of task execution is affected and the frontal lobe’s recruitment of cognitive resources is reduced.

In this study, the effect of low-frequency rTMS on behavior results is significant, which is consistent with some research results (Lowe et al., 2018). As there was no significant stimulation × time × switching interaction in behavior, it seems that rTMS did not cause behavioral changes in switching tasks; however, the significant interaction was found in ERP results, which indicates that the change of brain activity in these executive control areas following stimulation seems to be related to task switching. In healthy bilinguals who have a high level of attentional control, the effects of prefrontal cTBS stimulation on language control showed no behavioral changes, but ERP changes (Pestalozzi et al., 2020), which were different from patients with lesions in the DLPFC. Many studies have shown that ERP measurement may be more sensitive to the impact of rTMS than behavioral data. Gottesman and Gould (2003) and Grossheinrich et al. (2013) introduced the concept of endophenotype, that is, “measurable components that are invisible to the naked eye along the pathway between disease and distal genotype.” Compared with behavioral measures such as RT and accuracy, ERP measurement is an invisible component. The concept of endophenotype explains the interaction change in endogenous cognitive ERP components without behavioral changes.

There are still some deficiencies in this study. Firstly, the limitations of the sham rTMS approach used in this paper do exist. In recent years, new progress has been made in the study of TMS, and the research on sham TMS approaches has become more and more in-depth. Turning the coil on its side is not really and effective sham condition. It is rather difficult to determine whether or not there is residual brain stimulation in such cases (Duecker and Sack, 2015). Therefore, more appropriate TMS control conditions should be used in the future. Secondly, executive function includes multiple sub-components, including inhibitory control, working memory, and decision-making, but this study only studied one of them, cognitive flexibility through task switching. In the future, we plan to study other sub-components of executive function.



CONCLUSION

In conclusion, we present a novel investigation of cognitive function and associated brain mechanisms and dynamics in rTMS stimulation. Our results clearly indicate impairments in executive function in the rTMS condition, accompanied by significant alterations in neural activation. Low-frequency rTMS of the left DLPFC can cause decline of executive function, resulting in the change of N2 amplitude and the decrease of amplitude of P3 component and LPC component during the performance of task switching. Low-frequency rTMS has an effect on many stages of cognitive time course of executive function in healthy subjects. The influence of early perception stage is not significant, and the effect is obvious in parietal area, which has positive significance for the evaluation and treatment of executive function.



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 Ethical Committee of the Zhujang Hospital of Southern Medical University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XW contributed to the experimental operation and data processing. SL, JM, KW, ZW, JL, JC, HZ, and WW contributed to the experimental design. WW was helpful in the whole process of the experiment and the writing of the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Zhujiang Hospital of Southern Medical University. This study was also supported by the National Natural Science Foundation of China (No. 81772430).



REFERENCES

Bahlmann, J., Beckmann, I., Kuhlemann, I., Schweikard, A., and Münte, T. F. (2015). Transcranial magnetic stimulation reveals complex cognitive control representations in the rostral frontal cortex. Neuroscience 300, 425–431. doi: 10.1016/j.neuroscience.2015.05.058

Bisiacchi, P. S., Schiff, S., Ciccola, A., and Kliegel, M. (2009). The role of dual-task and task-switch in prospective memory: behavioural data and neural correlates. Neuropsychologia 47, 1362–1373. doi: 10.1016/j.neuropsychologia.2009.01.034

Choi, K. M., Jang, K. M., Jang, K. I., Um, Y. H., Kim, M. S., Kim, D. W., et al. (2014). The effects of 3 weeks of rTMS treatment on P200 amplitude in patients with depression. Neurosci. Lett. 577, 22–27.

DeRight, J. (2019). History of “Frontal” syndromes and executive dysfunction. Front. Neurol. Neurosci. 44:100–107. doi: 10.1159/000494957

Downes, M., Bathelt, J., and De Haan, M. (2017). Event-related potential measures of executive functioning from preschool to adolescence. Dev. Med. Child Neurol. 59, 581–590. doi: 10.1111/dmcn.13395

Duecker, F., and Sack, A. T. (2015). Rethinking the role of sham TMS. Front. Psychol. 6:210. doi: 10.3389/fpsyg.2015.00210

Elchlepp, H., Lavric, A., Mizon, G. A., and Monsell, S. (2012). A brain-potential study of preparation for and execution of a task-switch with stimuli that afford only the relevant task. Hum. Brain Mapp. 33, 1137–1154. doi: 10.1002/hbm.21277

Evers, S., Bockermann, I., and Nyhuis, P. W. (2001). The impact of transcranial magnetic stimulation on cognitive processing: an event-related potential study. Neuroreport 12, 2915–2918. doi: 10.1097/00001756-200109170-00032

Fiedler, A., Schröter, H., and Ulrich, R. (2009). No evidence for a late locus of task switch effects. Brain Res. 1253, 74–80. doi: 10.1016/j.brainres.2008.11.091

Gajewski, P. D., Ferdinand, N. K., Kray, J., and Falkenstein, M. (2018). Understanding sources of adult age differences in task switching: evidence from behavioral and ERP studies. Neurosci. Biobehav. Rev. 92, 255–275. doi: 10.1016/j.neubiorev.2018.05.029

Gottesman, I. I., and Gould, T. D. (2003). The endophenotype concept in psychiatry: etymology and strategic intentions. Am. J. Psychiatry 160, 636–645. doi: 10.1176/appi.ajp.160.4.636

Grossheinrich, N., Reinl, M., Pogarell, O., Karch, S., Mulert, C., Brueckl, M., et al. (2013). Effects of low frequency prefrontal repetitive transcranial magnetic stimulation on the N2 amplitude in a GoNogo task. PLoS One 8:e67136. doi: 10.1371/journal.pone.0067136

Gu, L., Chen, J., Gao, L., Shu, H., Wang, Z., Liu, D., et al. (2019). Deficits of visuospatial working memory and executive function in single- versus multiple-domain amnestic mild cognitive impairment: a combined ERP and sLORETA study. Clin. Neurophysiol. 130, 739–751. doi: 10.1016/j.clinph.2019.01.025

Guo, Q., Zhou, T., Li, W., Dong, L., Wang, S., and Zou, L. (2017). Single-trial EEG-informed fMRI analysis of emotional decision problems in hot executive function. Brain Behav. 7:e728. doi: 10.1002/brb3.728

Hawkes, T. D., Manselle, W., and Woollacott, M. H. (2014). Tai Chi and meditation-plus-exercise benefit neural substrates of executive function: a cross-sectional, controlled study. J Complement. Integr. Med. 11, 279–288. doi: 10.1515/jcim-2013-0031

He, R., Fan, J., Wang, H., Zhong, Y., and Ma, J. (2020). Differentiating responders and non-responders to rTMS treatment for disorder of consciousness using EEG after-effects. Front. Neurol. 11:583268. doi: 10.3389/fneur.2020.583268

Horowitz-Kraus, T. (2012). Pinpointing the deficit in executive functions in adolescents with dyslexia performing the wisconsin card sorting test. J. Learn. Disabil. 47, 208–223. doi: 10.1177/0022219412453084

Jost, K., Mayr, U., and Rosler, F. (2008). Is task switching nothing but cue priming? Evidence from ERPs. Cogn. Affect. Behav. Neurosci. 8, 74–84. doi: 10.3758/CABN.8.1.74

Ko, J. H., Monchi, O., Ptito, A., Bloomfield, P., Houle, S., and Strafella, A. P. (2008). Theta burst stimulation-induced inhibition of dorsolateral prefrontal cortex reveals hemispheric asymmetry in striatal dopamine release during a set-shifting task - a TMS-[(11)C]raclopride PET study. Eur. J. Neurosci. 28, 2147–2155. doi: 10.1111/j.1460-9568.2008.06501.x

Küper, K., Gajewski, P. D., Frieg, C., and Falkenstein, M. (2017). A randomized controlled ERP study on the effects of multi-domain cognitive training and task difficulty on task switching performance in older adults. Front. Hum. Neurosci. 11:184. doi: 10.3389/fnhum.2017.00184

Lange, F., Vogts, M., Seer, C., Fürkötter, S., Abdulla, S., Dengler, R., et al. (2016). Impaired set-shifting in amyotrophic lateral sclerosis: an event-related potential study of executive function. Neuropsychology 30, 120–134. doi: 10.1037/neu0000218

Levit-Binnun, N., Litvak, V., Pratt, H., Moses, E., Zaroor, M., and Peled, A. (2010). Differences in TMS-evoked responses between schizophrenia patients and healthy controls can be observed without a dedicated EEG system. Clin. Neurophysiol. 121, 332–339. doi: 10.1016/j.clinph.2009.10.035

Lin, X. D., Chen, X. S., Chen, C., Zhang, L. J., Xie, Z. L., Huang, Z. Y., et al. (2018). Effects of repetitive transcranial magnetic stimulation treatment on event - related potentials in Schizophrenia. Chin. Med. J. 131, 301–306. doi: 10.4103/0366

Lowe, C. J., and Hall, P. A. (2018). Reproducibility and sources of interindividual variability in the responsiveness to prefrontal continuous theta burst stimulation (cTBS). Neurosci. Lett. 687, 280–284. doi: 10.1016/j.neulet.2018.09.039

Lowe, C. J., Manocchio, F., Safati, A. B., and Hall, P. A. (2018). The effects of theta burst stimulation (TBS) targeting the prefrontal cortex on executive functioning: a systematic review and meta-analysis. Neuropsychologia 111, 344–359. doi: 10.1016/j.neuropsychologia.2018.02.004

Massa, E., Köpke, B., and El Yagoubi, R. (2020). Age-related effect on language control and executive control in bilingual and monolingual speakers: Behavioral and electrophysiological evidence. Neuropsychologia 138, 107336. doi: 10.1016/j.neuropsychologia.2020.107336

Nathou, C., Duprey, E., Simon, G., Razafimandimby, A., Razafimandimby, A., Dollfus, S., et al. (2018). Effects of low- and high-frequency repetitive transcranial magnetic stimulation on long-latency auditory evoked potentials. Neurosci. Lett. 686, 198–204.

Niendam, T. A., Laird, A. R., Ray, K. L., Dean, Y. M., Glahn, D. C., and Carter, C. S. (2012). Meta-analytic evidence for a superordinate cognitive control network subserving diverse executive functions. Cogn. Affect. Behav. Neurosci. 12, 241–268. doi: 10.3758/s13415-011-0083-5

Noda, Y., Barr, M. S., Zomorrodi, R., Cash, R. F. H., Rajji, T. K., Farzan, F., et al. (2018). Reduced short-latency afferent inhibition in prefrontal but not motor cortex and its association with executive function in schizophrenia: a combined TMS-EEG study. Schizophr. Bull. 44, 193–202. doi: 10.1093/schbul/sbx041

Noda, Y., Zomorrodi, R., Backhouse, F., Cash, R. F. H., Barr, M. S., Rajji, T. K., et al. (2017). Reduced prefrontal short—latency afferent inhibition in older adults and its relation to executive function: a TMS-EEG study. Front. Aging Neurosci. 9:119. doi: 10.3389/fnagi.2017.00119

Ozga, J. E., Povroznik, J. M., Engler-Chiurazzi, E. B., and Haar, C. V. (2018). Executive (dys)function after traumatic brain injury. Behav. Pharmacol. 29, 617–637. doi: 10.1097/FBP.0000000000000430

Pestalozzi, M. I., Annoni, J., Müri, R. M., and Jost, L. B. (2020). Effects of theta burst stimulation over the dorsolateral prefrontal cortex on language switching – a behavioral and ERP study. Brain Lang. 205:104775. doi: 10.1016/j.bandl.2020.104775

Rabinovici, G. D., Stephens, M. L., and Possin, K. L. (2015). Executive dysfunction. Continuum (Minneap Minn) 21, 646–659.

Raz, S., Koren, A., Dan, O., and Levin, C. (2016). Executive function and neural activation in adults with β-thalassemia major: an event-related potentials study. Ann. N. Y. Acad. Sci. 1386, 16–29. doi: 10.1111/nyas.13279

Ruberry, E. J., Lengua, L. J., Crocker, L. H., Bruce, J., Upshaw, M. B., and Sommerville, J. A. (2017). Income, neural executive processes, and preschool children’s executive control. Dev. Psychopathol. 29, 143–154. doi: 10.1017/S095457941600002X

Strobach, T., Wendt, M., and Janczyk, M. (2018). Editorial: multitasking: executive functioning in dual-task and task switching situations. Front. Psychol. 9:108. doi: 10.3389/fpsyg.2018.00108

Swainson, R., Prosser, L., Karavasilev, K., and Romanczuk, A. (2019). The effect of performing versus preparing a task on the subsequent switch cost. Psychol. Res. 85, 364–383.

van den Heuvel, O. A., Van Gorsel, H. C., Veltman, D. J., and Van Der Werf, Y. D. (2013). Impairment of executive performance after transcranial magnetic modulation of the left dorsal frontal-striatal circuit. Hum. Brain Mapp. 34, 347–355. doi: 10.1002/hbm.21443

Vanderhasselt, M., De Raedt, R., Baeken, C., Leyman, L., and D’haenen, H. (2006). The influence of rTMS over the right dorsolateral prefrontal cortex on intentional set switching. Exp. Brain Res. 172, 561–565. doi: 10.1007/s00221-006-0540-5

Wylie, G. R., Murray, M. M., Javitt, D. C., and Foxe, J. J. (2009). Distinct neurophysiological mechanisms mediate mixing costs and switch costs. J. Cogn. Neurosci. 21, 105–118. doi: 10.1162/jocn.2009.21009

Zhuo, B., Chen, Y., Zhu, M., Cao, B., and Li, F. (2021). Response variations can promote the efficiency of task switching: electrophysiological evidence. Neuropsychologia 156:107828. doi: 10.1016/j.neuropsychologia.2021.107828


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 © 2021 Liu, Wang, Ma, Wang, Wang, Li, Chen, Zhan and Wu. 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.











	
	SYSTEMATIC REVIEW
published: 15 November 2021
doi: 10.3389/fnins.2021.769848






[image: image2]

The Effect of Repetitive Transcranial Magnetic Stimulation on Dysphagia After Stroke: A Systematic Review and Meta-Analysis

Weiwei Yang1, Xiongbin Cao2, Xiaoyun Zhang1, Xuebing Wang1, Xiaowen Li1 and Yaping Huai1*


1Rehabilitation Department, Shenzhen Longhua District Central Hospital, Shenzhen, China

2Neurology Department, Shenzhen Longhua District Central Hospital, Shenzhen, China

Edited by:
Jinhua Zhang, Xi'an Jiaotong University, China

Reviewed by:
Giuseppe Lanza, University of Catania, Italy
 Taher Omari, Flinders University, Australia

*Correspondence: Yaping Huai, huaiyaping@163.com

Specialty section: This article was submitted to Neuroprosthetics, a section of the journal Frontiers in Neuroscience

Received: 02 September 2021
 Accepted: 07 October 2021
 Published: 15 November 2021

Citation: Yang W, Cao X, Zhang X, Wang X, Li X and Huai Y (2021) The Effect of Repetitive Transcranial Magnetic Stimulation on Dysphagia After Stroke: A Systematic Review and Meta-Analysis. Front. Neurosci. 15:769848. doi: 10.3389/fnins.2021.769848



Objective: The primary purpose of our study is to systemically evaluate the effect of repetitive transcranial magnetic stimulation (rTMS) on recovery of dysphagia after stroke.

Search Methods: We searched randomized controlled trials (RCTs) and non-RCTs published by PubMed, the Cochrane Library, ScienceDirect, MEDLINE, and Web of Science from inception until April 24, 2021. Language is limited to English. After screening and extracting the data, and evaluating the quality of the selected literature, we carried out the meta-analysis with software RevMan 5.3 and summarized available evidence from non-RCTs.

Results: Among 205 potentially relevant articles, 189 participants (from 10 RCTs) were recruited in the meta-analysis, and six non-RCTs were qualitatively described. The random-effects model analysis revealed a pooled effect size of SMD = 0.65 (95% CI = 0.04–1.26, p = 0.04), which indicated that rTMS therapy has a better effect than conventional therapy. However, the subgroup analysis showed that there was no significant difference between low-frequency and high-frequency groups. Even more surprisingly, there were no statistically significant differences between the two groups and the conventional training group in the subgroup analysis, but the combined effect was positive.

Conclusion: Our study suggests that rTMS might be effective in treating patients with dysphagia after stroke.

Keywords: deglutition disorders, transcranial magnetic stimulation, stroke, meta-analysis, systematic review


INTRODUCTION

Dysphagia is one of the common complications after stroke, with a high incidence of 37–78% (Cola et al., 2010). Dysphagia can cause malnutrition, pneumonia, dehydration, etc., which will significantly increase the death rate of patients. Edmiaston et al. (2010) found that the mortality rate of patients with dysphagia after stroke was three times as high as stroke patients with normal deglutitive function. Therefore, rehabilitation training for dysphagia after stroke is still an urgent problem to be solved in clinical practice.

At present, repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation method for use in treating post-stroke dysphagia. In general, rTMS can be divided into two primary treatment regimes: low-frequency rTMS (<1 Hz) and high-frequency rTMS (≥1 Hz) according to its stimulation frequencies. Low-frequency rTMS (LF-rTMS) inhibits cortical excitability, while high-frequency rTMS (HF-rTMS) activates cortical excitability. It can modulate human cortical and subcortical structures both at the site of stimulation and in remote areas (Bestmann et al., 2004; Valero-Cabré et al., 2017). The repeated electrical stimulation could produce a cumulative effect, which causes nerve cells to produce action potential, promote the release of neurotransmitters and regulation of synaptic plasticity to improve neurological outcome (Michou et al., 2014). Moreover, rTMS can modify excitability of the cerebral cortex at the stimulated site and also at remote areas along functional anatomical connections (Kobayashi and Pascual-Leone, 2003). Up to now, it has been recognized that rTMS can inhibit maladaptive cortical plasticity and improve adaptive cortical activity to promote neurological rehabilitation in stroke patients. According to the latest TMS guidelines (Rossini et al., 2015), rTMS has demonstrated level “A” efficacy in the rehabilitation of depression and neuropathic pain.

As a non-pharmacological strategy, rTMS could explore cortical circuits by the measurement of motor evoked potential and cortical silent period. On the other hand, it can search the related neurochemical pathways in neurological disorders and induce cortical plasticity to achieve the purpose of treatment (Bordet et al., 2017). Some experiments and reviews have shown that the mechanism of action of rTMS mainly depends on the long-term depression (LTD) and long-term potentiation (LTP) (Ziemann, 2004; Lanza and Ferri, 2019). Additionally, the change of synaptic plasticity and neurotransmitter release are also the way for therapeutic role (Ziemann, 2004; Lanza and Ferri, 2019).

In recent years, increasing number of clinical studies and reviews have shown that rTMS can be new diagnostic and therapeutic tools for assessment and rehabilitation in motor and cognitive impairments (Fisicaro et al., 2019; Di Lazzaro et al., 2021). However, since the nerve conduction pathways of dysphagia are complex, the effects of rTMS on the improvement of dysphagia after stroke varies according to the stimulation on site, frequency, time, and other parameters. Currently, there are no detailed uniform standards for the clinical practice of rTMS on post-stroke dysphagia. Therefore, we conducted qualitative systematic review and quantitative meta-analysis of relevant clinical trials, aiming to provide objective evidence-based medical evidence for the effect of rTMS on post-stroke dysphagia.



MATERIALS AND METHODS


Search Strategy

We systematically searched five databases including PubMed, Cochrane Library, ScienceDirect, MEDLINE, and Web of Science for relevant studies, which were published through April 24, 2021. The retrieval language was limited to English, and the search strategy was designed by the combination of MeSH words and free words. MeSH words include deglutition disorders, stroke, and transcranial magnetic stimulation, and free words include swallowing disorders, dysphagia, cerebrovascular accident, apoplexy, cerebrovascular apoplexy, repetitive transcranial magnetic stimulation, and rTMS.



Inclusion and Exclusion Criteria

Two reviewers (Weiwei Yang and Xiaoyun Zhang) independently screened the titles and abstracts by applying the same inclusion and exclusion criteria. Any disagreements were resolved by consensus with the third (Yaping Huai).


Inclusion Criteria

The inclusion criteria of this meta-analysis were as follows: (1) all patients with ischemic or hemorrhagic stroke displayed definitive radiographic evidence of relevant pathology on magnetic resonance imaging (MRI) or computed tomography (CT); (2) dysphagia symptoms were investigated in all patients; (3) no participants had other neurological diseases or other swallowing disorders; and (4) the experimental group received rTMS training, and the control group received routine rehabilitation training or other rehabilitation training.



Exclusion Criteria

Exclusion criteria were as follows: (1) patients with unstable tachyarrhythmia, fever, infection, seizures, and sedative use; (2) patients had severe cognitive impairment or aphasia; (3) non-English publications; (4) papers that do not provide data of interest; (5) reduplicated articles; and (6) reviews, abstracts, case reports, and non-clinical studies.




Data Extraction and Quality Assessment

After screening the titles and abstracts, two evaluators (Weiwei Yang and Xiaoyun Zhang) independently assessed eligibility for inclusion in the analysis and extracted the relevant material according to predefined inclusion and exclusion criteria. We retrieved full-text articles for references for which a decision on eligibility could not be made based on title and abstract alone. Another two researchers (Xiongbin Cao and Xuebing Wang) then performed quality evaluation of the selected articles according to the Cochrane Handbook for Systematic Reviews of Interventions 5.1.0. The criteria consist of seven parts: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other sources of bias. If the above quality standards are fully met, which indicates that the overall risk of bias is low and the study quality is high and the studies are rated as Grade A, while one or more of the standards are met, the risk of bias is moderate and the studies are defined as Grade B, and if the above standards are not met, the risk of bias is high and the quality of the studies is rated as Grade C. In cases of disagreement, a third person (Xiaowen Li) was consulted to reach a consensus.



Outcome Indicators

For the included RCTs, we calculated the mean scores (Mean) and standards deviations (SDs) before and after interventions according to guidance in the Cochrane Handbook for Systematic Reviews of Intervention. Outcome measures for the efficacy of therapy were as follows: (1) PAS (Penetration–Aspiration Scale) and (2) DD (Dysphagia Grade). The PAS is an eight-point scale that measures selected aspects such as penetration and inhalation, depth of invasion into the delivery airway, and whether substances entering the airway are expelled (Rosenbek et al., 1996; Borders and Brates, 2020). The DD is a four-level score for the swallowing function of patients according to their clinical manifestations; the higher the grade is, the worse the swallowing function of the patients is (Ertekin et al., 2000; Khedr and Abo-Elfetoh, 2010).



Statistical Analysis

Meta-analysis was performed using Review Manager version 5.3 and heterogeneity was investigated using I2. If p > 0.05 and I2 ≤ 50%, heterogeneity was not significant and a fixed-effects model was used; otherwise, a random-effects model was used. If heterogeneity existed, we conducted sensitivity analysis and subgroup analysis to find the source of heterogeneity. As for subgroup analysis (frequency), random-effects model was used. A pooled standardized mean difference (SMD) together with 95% confidence interval (CI) were calculated. p < 0.05 was regarded as statistically significant.




RESULTS


Literature Search Results

A total of 193 articles were retrieved from PubMed (65), Cochrane Library (32), Science Direct (25), MEDLINE (17), and Web of Science (54), and 12 were retrieved through references. After reading titles and abstracts, 81 duplicated studies and 68 irrelevant studies were excluded. After reading the full text, 30 articles without available full-text visions or outcomes data and 13 literature including complex experimental scheme were excluded. Finally, we included seven literature (Khedr et al., 2009; Khedr and Abo-Elfetoh, 2010; Kim et al., 2011; Park et al., 2013, 2017; Lim et al., 2014; Ünlüer et al., 2019), with a total of 186 participants from 14 groups of patients in our meta-analysis, and a qualitative systematic review of six studies (Verin and Leroi, 2009; Cheng et al., 2015, 2017; Du et al., 2016; Tarameshlu et al., 2019; Zhang et al., 2019). The literature screening process and detailed characteristics of included studies are shown in Figure 1 and Table 1.


[image: Figure 1]
FIGURE 1. Flow chart of study selection.



Table 1. Characteristics of the randomized controlled studies.
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Quality Assessment of the Included Studies

In our included literature, individual articles designed two experimental groups according to the lesion site, stimulation frequency, and other parameters. According to our audit, it was found that both two experimental groups in the same literature did not interfere with each other. Therefore, we treated each study in these three literatures (Khedr and Abo-Elfetoh, 2010; Kim et al., 2011; Park et al., 2017) as a randomized controlled experiment. So, we got 10 studies from seven articles. Two researchers evaluated the reporting quality of 10 included studies. The integrity of the data was guaranteed to a great extent, but the experimental scheme of Khedr and Abo-Elfetoh (2010), Kim et al. (2011), and Lim et al. (2014) had a risk of selection bias. Researches of Park et al. (2017) and Ünlüer et al. (2019) had an implementation bias (complete blindness of subjects was not achieved). Out of the 10 studies, 2 studies (Khedr et al., 2009; Park et al., 2013) were rated as Grade A, while others were rated as Grade B. The results were presented in Figures 2, 3 and Table 2.


[image: Figure 2]
FIGURE 2. Risk of bias graph.



[image: Figure 3]
FIGURE 3. Risk of bias summary.



Table 2. Methodological quality assessment of the controlled studies.
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Additionally, the outcome indicators in recruited articles were different; we have to use a random-effects model and SMD to reduce the inevitable heterogeneity. In future experiments and studies, we will try to select the same standard for unified data analysis of randomized controlled trials.



Results of Systematic Review

A total of six studies with a small sample size or non-randomized controlled trial studies (Verin and Leroi, 2009; Cheng et al., 2015, 2017; Du et al., 2016; Tarameshlu et al., 2019; Zhang et al., 2019) were included in the systematic review. They investigated the efficacy of rTMS on patients with dysphagia after stroke from different perspectives. Tarameshlu et al. (2019), Zhang et al. (2019), Du et al. (2016), and Verin and Leroi (2009) all supported that rTMS treatment over the tongue area of the motor cortex may facilitate the recovery of dysphagia after stroke. However, not all studies proved the efficacy of rTMS for the treatment of dysphagia. The research group of Cheng et al. published relevant studies of rTMS on swallowing disorders in chronic post-stroke patients in 2015 and 2017, respectively (Cheng et al., 2015, 2017). In the previous study, they pointed out that 5-Hz rTMS might improve swallowing flexibility and promote the recovery of swallowing function via improving tongue muscle function, but the latter study showed that the efficacy retention time of rTMS was relatively short, and the long-term therapeutic effect could not be observed. The two studies were conducted by the same authors and design, but the result was different, which probably resulted from the small sample size. It was found that the theoretical basis of these studies was based on the hypothesis of transcallosal imbalance for bilateral hemisphere, which also suggested that functional recovery of dysphagia after stroke critically depends on neural plasticity.



Results of Meta-Analysis


Effects on Deglutition Disorders

Ultimately, 10 studies involving 186 subjects were included in the meta-analysis. The pooled results indicated that rTMS had a significant effect on the improvement of swallowing function after stroke compared with the control group [SMD = 0.65, 95% CI (0.04, 1.26), p = 0.04, fixed-effects model]. However, there was great heterogeneity among studies (p = 0.0004, I2 = 74%). Due to the small number of included control groups, funnel plot analysis was deemed not useful and hence not conducted. We attempted to conduct sensitivity analysis to find out the main sources of heterogeneity, but none of the included studies could explain the main causes of heterogeneity after removing each study one by one. Therefore, we can only reduce the heterogeneity statistically using a random-effects model. The results showed that rTMS may significantly improve swallowing function [SMD = 0.65, 95% CI (0.04, 1.26), p = 0.04, random-effects model]. The results are presented in Figure 4.


[image: Figure 4]
FIGURE 4. The effects of rTMS on deglutition disorders.




Subgroup Analysis of the Effects of rTMS for Swallowing Function (Frequency)

In clinical practice, rTMS mainly acts on the brain in two modes of stimulation: LF-rTMS and HF-rTMS. Low-frequency cortical stimulation can inhibit cortical excitability and might play a role in long-term inhibition. However, high-frequency stimulation can increase the excitability of the site of stimulation and achieve long-term effect. In our study, subgroup analysis was conducted according to different frequencies. The combined results showed that rTMS was superior to conventional rehabilitation training in treating dysphagia after stroke. However, both the low-frequency stimulation group [SMD = 0.68, 95% CI (−0.28, 1.63), p = 0.16] and high-frequency stimulation group [SMD = 0.69, 95% CI (−0.15, 1.53), p = 0.11] had the same efficacy as conventional rehabilitation for dysphagia after stroke. The differences between the two subgroups were not statistically significant, which may stem from the fact that the number of studied patients was too small. Although the combined result generated positive outcomes, the dominant effect was not significant. Specific results are shown in Figure 5.


[image: Figure 5]
FIGURE 5. Subgroup analysis of the effects of rTMS for swallowing function (frequency).





Adverse Events

In our included studies, four studies reported that no adverse effects occurred after rTMS treatment, and eight studies showed no adverse effects during or after rTMS treatment. Only two studies (Lim et al., 2014; Ünlüer et al., 2019) reported mild noise sensation, headache, and dizziness during treatment, but the above sensations would disappear spontaneously shortly after treatment without further interventions. Although it has been reported that high-frequency stimulation may cause the occurrence of epilepsy, none of the participants in the included studies experienced epilepsy. However, for safety concerns, therapeutic protocols of rTMS to treat dysphagia should be developed to avoid various side effects.




DISCUSSION

Our study suggested that rTMS treatment may improve the swallowing function of patients with dysphagia after stroke, but the efficacy of either the LF-rTMS or HF-rTMS group was not significantly different from that of the conventional treatment group. This observation differed from what was reported by Liao et al. (2017). The possible reasons were speculated as follows. First of all, the number of included participants was small in our analysis, and the combination of LF-rTMS and HF-rTMS was with a slight advantage over conventional treatment for treating dysphagia. Thus, further subgroup analysis led to a smaller number of included patients and had an overall high risk of bias. Secondly, after careful observation of the studies by Khedr and Abo-Elfetoh (2010), and Khedr et al. (2009), it was found that the patients selected by their research group all had dysphagia caused by brain stem or medulla oblongata lesions, while other studies were dominated by cortical lesions. This leads us to speculate that rTMS has different results for different lesion sites, especially cortical and subcortical lesions. In a word, combined analysis confirmed the advantage of rTMS, which was consistent with the results of Yang et al. (2015) and Pisegna et al. (2016). Distinct from the analyses of Yang et al. (2015) and Pisegna et al. (2016) we evaluated the effect of rTMS as the only intervention methods for patients without using other non-invasive central stimulation techniques (rTMS and tDCS) concurrently to avoid the interference.

Review of the included studies found that most of the studies were based on the interhemispheric inhibition theory and investigated two kinds of treatment methods—LF-rTMS and HF-rTMS. LF-rTMS is supposed to suppress the cortical excitability of healthy hemisphere while HF-rTMS activates excitability of stroked hemisphere. The combination of two methods helps improve bilateral imbalance of the brain so as to improve patients' swallowing functions. Interhemispheric inhibition theory is now commonly used in clinic. However, a few studies (Park et al., 2013, 2017) used the hypothesis of compensatory model to explain the effect of high-frequency stimulation on healthy hemispheres for the improvement of deglutition. Hamdy et al. (1996, 1998) used TMS to study the mechanisms of post-stroke deglutition disorders and found that the swallowing muscle group represents asymmetrical cortical functional areas in bilateral hemispheres. Swallowing function requires the common input information from bilateral cortices. This means that the recovery of post-stroke deglutition may probably depend on functional compensation of the healthy hemisphere. Therefore, the compensation model is also a strong argument for the therapeutic effect of rTMS on swallowing function recovery. In recent years, researchers have further developed the “bimodal balance recovery model” (Di Pino et al., 2014; Sankarasubramanian et al., 2017), arguing that the previous two models are no longer opposite, but are integrated with each other to achieve brain neuroplasticity. So, maybe rTMS stimulated the plasticity involved in swallowing control by acting on different circuits (Cantone et al., 2021). The above assumptions attempt to explain the complex mechanisms of rTMS on dysphagia. The review of Cantone et al. has shown that rTMS could modify cortical excitability, plasticity, and connectivity interacting in the pathophysiology of the impairment (Cantone et al., 2020). Additionally, restoration of maladaptive plasticity is another mechanism for the effect of rTMS (Hulme et al., 2013; Cantone et al., 2018, 2020; Vinciguerra et al., 2020). All these can promote the plasticity of neurons in the brain and achieve functional recovery.

However, there are still certain limitations with our analyses. First of all, the main limitations of the review are the small number of studies and participants included in our review. Secondly, only subgroup analysis for frequency was performed in our paper, whereas heterogeneity was observed in both subgroups. The efficacy of rTMS could also be affected by other parameters such as stimulation sites and locations of lesions. Thirdly, we chose PAS and DD as evaluation criteria, but did not include other evaluation criteria, which also resulted in a certain bias in the inclusion process of the article. In order to better serve the clinical practice, we will sort out all commonly used clinical evaluation criteria and collect relevant literature for data analysis in the later stage. Further clinical controlled trials should be conducted to explore the influence factors on the efficacy and mechanism of rTMS in treating post-stroke dysphagia.



CONCLUSION

We conducted a systematic review and meta-analysis of rTMS for dysphagia after stroke, and the results showed that rTMS is more effective than conventional training for the recovery of dysphagia. However, subgroup analysis of HF-rTMS and LF-rTMS did not show significant efficacy for post-stroke dysphagia when compared with conventional rehabilitation, which was probably due to a small number of included studies. Thus, more large trials were needed for further study. Our study also found that both interhemispheric inhibition theory and compensatory model may play a role in the therapeutic effect of rTMS in treating dysphagia. More clinical studies are needed to help develop better treatment plans for these patients.
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Background: Studies on non-pharmacological strategies for improving gait performance and cognition in Parkinson’s disease (PD) are of great significance. We aimed to investigate the effect of and mechanism underlying enriched rehabilitation as a potentially effective strategy for improving gait performance and cognition in early-stage PD.

Methods: Forty participants with early-stage PD were randomly assigned to receive 12 weeks (2 h/day, 6 days/week) of enriched rehabilitation (ER; n = 20; mean age, 66.14 ± 4.15 years; 45% men) or conventional rehabilitation (CR; n = 20; mean age 65.32 ± 4.23 years; 50% men). In addition, 20 age-matched healthy volunteers were enrolled as a control (HC) group. We assessed the general motor function using the Unified PD Rating Scale—Part III (UPDRS-III) and gait performance during single-task (ST) and dual-task (DT) conditions pre- and post-intervention. Cognitive function assessments included the Montreal Cognitive Assessment (MoCA), the Symbol Digit Modalities Test (SDMT), and the Trail Making Test (TMT), which were conducted pre- and post-intervention. We also investigated alteration in positive resting-state functional connectivity (RSFC) of the left dorsolateral prefrontal cortex (DLPFC) in participants with PD, mediated by ER, using functional magnetic resonance imaging (fMRI).

Results: Compared with the HC group, PD participants in both ER and CR groups performed consistently poorer on cognitive and motor assessments. Significant improvements were observed in general motor function as assessed by the UPDRS-III in both ER and CR groups post-intervention. However, only the ER group showed improvements in gait parameters under ST and DT conditions post-intervention. Moreover, ER had a significant effect on cognition, which was reflected in increased MoCA, SDMT, and TMT scores post-intervention. MoCA, SDMT, and TMT scores were significantly different between ER and CR groups post-intervention. The RSFC analysis showed strengthened positive functional connectivity between the left DLPFC and other brain areas including the left insula and left inferior frontal gyrus (LIFG) post-ER.

Conclusion: Our findings indicated that ER could serve as a potentially effective therapy for early-stage PD for improving gait performance and cognitive function. The underlying mechanism based on fMRI involved strengthened RSFC between the left DLPFC and other brain areas (e.g., the left insula and LIFG).

Keywords: enriched rehabilitation, cognitive function, gait disorder, Parkinson’s disease, left dorsolateral prefrontal cortex


INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder in older adults, which is typically characterized by motor and non-motor impairments that lead to increasingly serious physical disability (Homayoun, 2018; Armstrong and Okun, 2020). Gait impairments remain the most common motor symptoms and are characterized by abnormal spatiotemporal variables, such as gait speed, stride length, and cadence (Creaby and Cole, 2018; Islam et al., 2020). Furthermore, cognitive deficits are prominently exhibited non-motor symptoms as the disease progresses (Goldman et al., 2018). However, the early onset of cognitive deficits can exacerbate gait disorder because cognition is vital for controlling both bilateral coordination and dynamic posture during walking (Lord et al., 2014; Morris et al., 2019). Clinical evidence has shown that gait deficits in PD patients are more obvious during dual-task (DT) conditions, which are more cognitively demanding owing to the simultaneous performance of cognitive and motor tasks, than during single-task (ST) conditions (Salazar et al., 2017). Despite emerging clinical targets for enhancing motor and cognitive functions simultaneously, pharmacological strategies, such as dopamine replacement therapy, usually only resolve motor symptoms while barely improving cognitive function (Armstrong and Okun, 2020). Therefore, research on non-pharmacological strategies for improving motor and cognitive outcomes in PD is highly warranted (Petzinger et al., 2013; Dagan et al., 2018; Ni et al., 2018).

Environmental enrichment is a viable non-pharmacological strategy in which participants are permitted to explore and interact with each other in a multistimuli environment to participate in highly social, physical, and cognitive activities simultaneously. Clinical and animal studies have shown that environmental enrichment has the potential to improve functional outcomes by triggering neuroplasticity in participants with neurological diseases, such as stroke and traumatic brain injury (Bondi et al., 2014; Wang et al., 2016, 2020). Although cognitive deficits have been shown to attenuate, motor impairments do not always show improvement by simple immersion in an enriched environment (McDonald et al., 2018). Therefore, conducting comprehensive training batteries is vital to synergistically improve behavioral outcomes in patients with neurological diseases (Schuch et al., 2016). A more effective paradigm that could dramatically promote overall function is enriched rehabilitation (ER), which is an integrated strategy that combines environmental enrichment with task-oriented training (Schuch et al., 2016; Vive et al., 2020). Evidence from animal studies has demonstrated that ER restores limb function better than does environment enrichment alone in patients with stroke (Schuch et al., 2016). Moreover, a recent clinical study reported a marked improvement in motor and cognitive function mediated by ER in chronic stroke patients (Vive et al., 2020). However, few studies have explored the effect of ER on PD gait disorders and cognitive function (Shah et al., 2016; Fujiwara et al., 2019). Furthermore, the specific mechanism by which ER enhances cognitive function remains unclear.

Resting-state functional magnetic resonance imaging (rs-fMRI) is an extensively used method for exploring neuro-rehabilitation mechanisms by detecting changes in blood oxygenation level-dependent intensity (Lv et al., 2018). To date, resting-state functional connectivity (RSFC) assessed by rs-fMRI has enabled the identification of the functional interaction between brain regions to understand the pathophysiological mechanisms underlying PD (Chen et al., 2020). Rs-fMRI studies have demonstrated that the left dorsolateral prefrontal cortex (DLPFC), one of the vital regions in the central executive network (CEN) that mediates cognitive function, has decreased functional connectivity with other brain areas in PD compared with healthy controls (Prodoehl et al., 2014; Caspers et al., 2017). Furthermore, studies on global connectivity have shown that improved cognition is related to stronger functional connectivity of the DLPFC with specific brain areas, such as the frontal, parietal, occipital, and limbic regions (Trujillo et al., 2015). Thus, we hypothesized that ER would improve gait disorder and cognitive function in early-stage PD patients by inducing neuroplasticity in the form of brain network changes. Therefore, the current study explored the effect of and mechanisms underlying ER in early-stage PD patients with gait disorder to assess its viability as a non-pharmacological strategy for PD rehabilitation.



MATERIALS AND METHODS


Study Population

All participants were enrolled from the outpatient center at the Clinical College of Yangzhou University between September 2019 and October 2020. Participants with PD were recruited from the Department of Neurology and Rehabilitation. Inclusion criteria were as follows: (1) aged 50–75 years; (2) met diagnostic criteria for PD based on the United Kingdom Parkinson’s Disease Society Brain Bank, with confirmation made by two neurologists; (3) able to walk independently for at least 6 min (with rest intervals) without an assistive device; (4) an educational level higher than junior high school and a Montreal Cognitive Assessment (MoCA) score between 20 and 25 points; (5) severity of PD between grade 1 and 2 as assessed by the revised Hoehn–Yahr scale; (6) on a stable drug regimen for more than 2 weeks; and (7) volunteered to accept rehabilitative training. Exclusion criteria were as follows: (1) secondary or acquired parkinsonism; (2) other neurological disorders, such as stroke or previous traumatic brain injury; (3) severe cognitive impairment based on a MoCA score of < 20 points; (4) alcohol or drug abuse; (5) poor compliance with prescribed treatment; and (6) medical complications, such as severe lung and heart disease based on clinical symptoms and medical history. Based on these inclusion and exclusion criteria, 40 participants with PD were enrolled and randomly assigned into the enrichment rehabilitation (ER; n = 20) or conventional rehabilitation (CR; n = 20) group. In addition, 20 age-matched healthy volunteers were recruited from the Department of Physical Examination Center as the healthy control (HC) group. This study was approved by the Ethical Review Board of the Clinical Medical College in Yangzhou University, China (No. 2019070). All participants provided informed consent preintervention. Figure 1 describes the process of the study.


[image: image]

FIGURE 1. Flowchart illustrating the process for the study. MoCA, montreal cognitive assessment.




Intervention

Participants in the ER and CR groups (i.e., PD groups) received ER and CR for 2 h/day, 6 days/week, for 12 consecutive weeks. Rehabilitative activities in the ER and CR groups were implemented by the same physical therapy team without knowing the aim of the study. A total of 65 therapists participated in the study. All rehabilitative activities were in mild to moderate intensity monitored by a wristwatch (Apple Watch Series 5) during the rehabilitation sessions, which induced a target heart rate below 65–70% of the maximum heart rate (Garber et al., 2011; Marusiak et al., 2019). Participants in the HC group received no intervention. We stopped other additional rehabilitation to avoid interferences with the treatment effect from the interventions used in this study.

Enriched rehabilitation was conceived and developed by combining environmental enrichment with repetitive and meaningful individual functional training during everyday tasks (Bondi et al., 2014; Vive et al., 2020). Participants in the ER group were unaware that the ER was not CR. The ER group was exposed to an enriched environment with easy access to both communal and individual equipment and activities for individual intensive rehabilitation (Vive et al., 2020). The rehabilitation training contents focused on three key areas, which are summarized below:


1. Enriched sensorimotor environmental stimulation paired with different types of sensory and motor exercises: to simulate the effect of an enriched environment, ER was carried out in a space with periodically changing light, sound, aroma, and lawn using multimedia equipment (Supplementary Figure 1). In addition, varied tactile textures and diverse thermal, visual, and auditory stimulation were provided as previous studies reported (Janssen et al., 2014). Integrated sensory and balance training was provided through playing games in virtual reality scenarios during 10-min exercise sessions to improve balance and coordination. Dynamic cycling training under different intensities and rhythms of music was also provided to improve motor function. Detailed information is listed in Supplementary Table 1.

2. Cognition-related activities integrated with specific tasks: participants were able to access interesting web pages by using an internet-connected computer and summarize the content in the ER area. Participants were also encouraged to read and recite their favorite books or articles in the electronic library. Simple board games and recreational activities (i.e., bingo) were made available throughout the intervention period, which need only single-player experiences on the tabletop to improve cognition. We provided individual enrichment by including music, audiobooks, and number puzzles.

3. Social interactions and therapeutic rehabilitation support: participants were encouraged to communicate with their family members about a particular topic with the guidance therapists. Participants in the ER group also interacted socially by participating in different activities together, such as playing board games (i.e., mahjong) and table tennis, which were cooperative and competitive activities to improve cognition and social skills in the meanwhile.



Participants in the CR group participated in standard physical therapy, which included balance and gait training (Ni et al., 2018). Balance training referred to usual static and dynamic balance activities, such as standing with one leg on stable or unstable surfaces and tilting the body in different directions to maximum angles in a seated or standing position. Gait training included bearing weight on the affected leg, walking on a treadmill, stepping onto a step, and walking on various types of surfaces. Detailed information on CR is provided in Supplementary Table 2.



Outcomes and Measurement Procedures

Detailed demographic and medical characteristics, including age, sex, length of lower limbs, Hoehn–Yahr stage, symptom-dominant side, daily levodopa dosage, and disease duration, were recorded. For the PD groups, general motor function, gait performance, and cognition were assessed at two time points: (1) 72 h before the first rehabilitation training (pre-intervention) and (2) 24 h after the 12-week rehabilitation process (post-intervention). General motor function of participants with PD was assessed using the Unified PD Rating Scale—Part III (UPDRS-III; no disability 0, severe disability 108) and Hoehn–Yahr stage (minimal functional disability, confinement to wheelchair/bed) (Opara et al., 2017). To evaluate cognitive function, we administered the validated Chinese versions of the following scales: (1) the MoCA, which is used to assess general cognitive function, (2) the Symbol Digit Modalities Test (SDMT) to evaluate processing speed and attention, and (3) the Trail Making Test (TMT), which assesses the executive function (Federico et al., 2015). Motor and cognitive functions of the HC group were assessed within 24 h of enrollment. All assessments were carried out by a trained neuropsychologist who was blinded to patient group assignment.

Gait analysis of all participants was examined under ST and DT conditions. For both ST and DT, participants walked the length of a 20-m straight corridor that was free of obstacles at their preferred speed. In the DT condition, participants continuously performed a serial seven-subtraction task (i.e., 100−7 = 93, 93−7 = 86) while walking at their usual pace. Spatiotemporal gait parameters were acquired using wearable sensors of inertial measurement units (GYENNO Science, Shenzhen, China) (Brognara et al., 2019). Each participant was equipped with 10 sensors on the lower back, chest, bilateral feet, ankles, thighs, and wrists using elastic belts, which recorded the overall gait posture during walking (Cao et al., 2020). Each sensor collected real-time spatial and temporal gait information of the participants while walking, and the information was transmitted to a host computer via a Bluetooth link for further processing and storage. Gait parameters, including speed and stride length, were recorded. For each walking condition, repetitions were performed to ensure that three complete 10-s walking processes were recorded; the average values of the gait parameters were used for subsequent analyses. The first and last meters of the walking process were not included in the analysis of gait parameters to eliminate the effects of the acceleration and deceleration phases (Stuck et al., 2020).



Magnetic Resonance Imaging Data Acquisition

To compare changes in functional connectivity mediated by ER, each patient in the ER group underwent brain magnetic resonance imaging (MRI), which included T1-weighted and rs-fMRI acquisitions, within 24 h pre- and post-intervention. T1-weighted images were used for reconstructing individual structural brain anatomy and were acquired using the following parameters: pulse repetition time/echo time = 1,900 ms/3.39 ms, field of view (FOV) = 240 × 176 mm, matrix = 256 × 176, slice thickness = 0.9375 mm, flip angle = 7°, reverse time = 1,100 ms, scan time = 4 min, and number of layers = 32. T2∗-weighted rs-fMRI volumes were used for functional connectivity analyses and were acquired using the following parameters: echo-planar imaging sequence = 31 slices, pulse repetition time/echo time = 2,000/30 ms, slice thickness = 4 mm, matrix = 64 × 64 mm, FOV = 240 × 240 mm, flip angle = 90°, number of layers = 31, and scanning time = 8 min. Each patient was asked to keep their eyes closed and stay as still as possible during the scan.



Functional Connectivity Analysis

To qualitatively and quantitatively compare left DLPFC functional connectivity between post- and pre-ER, we preprocessed data using the Statistical Parametric Mapping 8 (SPM8) software (Wellcome Centre for Human Neuroimaging, London, United Kingdom) in MATLAB to prepare the rs-fMRI data. To exclude motion-related signals from the data, images with a maximum displacement of 3.0 mm in the x-, y-, or z-direction or 3° in any angle direction were discarded. All images were time shifted so that the slices were temporally aligned before slices were segmented into gray and white matter by co-registering with anatomical images. The Montreal Neurological Institute (MNI) template was applied to normalize the anatomical images, and the normalized parameters were used for the functional images. The linear trend was removed, and a temporal band-pass filter (0.01–0.08 Hz) was applied for regional homogeneity.

For the RSFC analysis, the Resting-state fMRI Data Analysis Toolkit was used for processing. Functional connectivity was measured using the seed-based correlation method using the CONN-fMRI functional connectivity toolbox. We measured the connectivity between the left DLPFC (MNI coordinates: x = −42, y = 33, z = 21) and each voxel of the brain. Correlations maps were calculated for each subject by extracting the mean signal time course from the seed and computing Pearson’s correlations coefficients with the time courses of all other voxels of the brain. These correlation coefficients were converted into normally distributed z-scores using the Fisher transformation to allow for linear model analyses.



Statistical Analysis

Statistical analysis was performed using SPSS 22.0 (IBM Corp., Armonk, NY, United States). Data were described as means ± standard deviations (SDs). As coefficients of variation (CV) was considered a better indicator of gait performance, we calculated CV of gait performance for analysis as follows: CV = (standard deviation/mean) × 100%. A chi-square test was used to analyze the between-group differences for categorical variables, such as gender and symptom-dominant side. A one-way repeated-measures analysis of variance was performed to detect between-group differences (ER, CR, and HC groups) for continuous variables, which included motor and cognitive performance, and a least significant difference test was performed for multiple comparison correction. Independent t-test was conducted to compare the between-group differences post-intervention (ER and CR group) in continuous variables including motor and cognitive performance. Paired t-tests were used to detect within-group differences (pre- vs. post-intervention in the PD groups) for motor and cognitive performance. A statistical significance was set at p < 0.05.

Group-level statistical analyses of the fMRI data were performed using a random-effects model in SPM8. A two-sample t-test between groups (pre- vs. post-ER) was applied to the individual z-maps of the two groups, using small volume correction for the one-sample results masks. Multiple comparison correction was implemented using Monte Carlo simulation1. Significant between-group differences met the criteria of an uncorrected p < 0.01 at the voxel level and a cluster size of > 17 voxels, which corresponded to a corrected p < 0.05. To examine differences in alterations in functional connectivity, one-sample t-tests were used to compare individual within-group peak voxel z-maps, using a significance criterion of p < 0.05 in the SPSS 22.0 software package. Dissociable anomalies in functional connectivity patterns between groups (pre- vs. post-ER) were explored in the whole brain using a criterion of corrected p < 0.05 at the voxel level and a cluster size of > 228 voxels. The alpha for all significant results was two-tailed, except where noted.



RESULTS


Demographics

There were no significant differences in baseline characteristics between the HC group and the PD groups, including age, sex, and length of lower limbs (Table 1, p > 0.05). Demographic characteristics, including age, gender, length of lower limbs, Hoehn–Yahr stage, symptom-dominant side, daily levodopa dosage, and disease duration were comparable between the ER and CR groups (Table 1, p > 0.05).


TABLE 1. Characteristics of the patients in the study groups.
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Behavioral Performance


Gait Parameters in the Single-Task and Dual-Task Conditions

As shown in Table 2, there were no significant differences in gait speed or stride length between the PD groups and the HC group pre-intervention under the ST condition (p > 0.05), whereas CVs of gait speed and stride length were significantly different (p < 0.05). Before the intervention, there were no significant differences in gait parameters between the PD groups under the ST condition (p > 0.05). The CVs of gait speed and stride length significantly improved in the ER group post-intervention (p < 0.05). In addition, significant differences were observed in the CVs of gait speed and stride length between the ER and CR groups in the ST condition post-intervention (p < 0.05).


TABLE 2. Gait characteristics for all participants pre- and post-intervention.
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As indicated in Table 2, under the DT condition, gait parameters of the ER and CR groups were significantly different from those of the HC group pre-intervention (p < 0.05). There were no significant differences in gait parameters between the PD groups pre-intervention under the DT condition (p > 0.05). No significant changes in gait parameters were observed in the CR group post-intervention (p > 0.05). However, the gait parameters of gait speed, stride length, CV of gait speed, and CV of stride length under the DT condition of the ER group improved post-intervention (p < 0.05). Moreover, significant differences were observed in gait parameters under the DT condition between the ER and CR groups post-intervention (p < 0.05).



Motor and Cognitive Outcomes

There was a significant change from pre- to post-intervention in both PD groups for UPDRS-III scores (Table 3; p < 0.05), which indicated that the PD groups performed consistently better overall during motor assessments following the interventions. There was no significant difference in UPDRS-III score between the PD groups post-intervention (p > 0.05), which indicated that there were no differential effects of the interventions on general motor function.


TABLE 3. Motor and cognitive assessments for all participants pre- and post-intervention.
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The cognitive assessment results of each PD group pre- and post-intervention are summarized in Table 3. Cognitive function scores of the MoCA, SDMT, and TMT were significantly different between the PD groups and HC group pre-intervention (p < 0.05); however, they did not differ significantly between the PD groups (p > 0.05), which indicated that PD participants performed consistently poorer on the cognitive assessments than did the HC group at baseline. No changes were observed in cognitive scores from pre- to post-intervention in the CR group (p > 0.05), which indicated that CR had no effect on cognition. In contrast, there was a significant therapeutic effect of ER on cognition, which was shown by increased MoCA, SDMT, and TMT scores from pre- to post-intervention (p < 0.05). Moreover, these cognitive function scores were significantly different between the PD groups post-intervention (p < 0.05).



Functional Connectivity Analysis

As shown in Figure 2A and Supplementary Table 5, the left inferior temporal gyrus, bilateral middle frontal gyrus, right lenticular putamen, and right precentral gyrus showed positive functional connectivity with the left DLPFC pre-ER (p < 0.05, cluster size > 228 voxels). Supplementary Table 6 and Figure 2B show that the left inferior temporal gyrus, left middle frontal gyrus, right triangular inferior frontal gyrus (IFG), left parietal inferior marginal angular gyrus, and right superior marginal gyrus exhibited positive RSFC with the left DLPFC post-ER (p < 0.05, cluster size > 228 voxels). As shown in Figure 2C and Table 4, RSFC between the left DLPFC and deep brain regions, including the left insula and left IFG (LIFG), was stronger post-ER compared with pre-ER (p < 0.05, Alphasim corrected, cluster size > 228 voxels).
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FIGURE 2. (A) Positive resting-state functional connectivity with left DLPFC pre-ER intervention in PD patients. (B) Positive resting-state functional connectivity with left DLPFC post-ER intervention in PD patients. (C) Differential positive resting-state functional connectivity with left DLPFC between pre- and post-ER intervention in PD patients (p < 0.05, Alphasim corrected, cluster size > 228 voxels). Abbreviation: ER, enriched rehabilitation.



TABLE 4. Strengthened positive resting-state functional connectivity (RSFC) of left DLPFC post- compared with pre-ER intervention in PD patients.
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DISCUSSION

In this study, we investigated the effect of ER on gait performance and cognitive function in patients with PD. We compared the differentially positive RSFC of the left DLPFC before and after ER. The study yielded three main results: first, ER induced significant improvements in motor and walking function, as indexed by gait parameters in the ST and DT conditions. Second, ER training led to an improvement in cognitive function, which was shown by increases in MoCA, SDMT, and TMT scores following the intervention. ER had obvious advantage to improve cognition compared with CR. Third, we found a strengthened positive RSFC between the left DLPFC and the left insula and LIFG after ER, which suggested that ER induced neuroplasticity to restore cognitive and walking function in early-stage PD.

Walking is a complex task, whereby gait performance relies on the interplay between motor control and cognition (Forte et al., 2019; Wollesen et al., 2019). However, both motor and cognitive function are impaired even in the early stages of PD due to dopaminergic neuronal loss in the basal ganglia (San Martín Valenzuela et al., 2020). Consistent with previous studies, the PD groups in our study performed consistently poorer on cognitive and motor assessments than did the HC group (Opara et al., 2017; Szeto et al., 2020). The early onset of cognitive deficits exacerbates gait impairments in PD because attention and executive function are indispensable for maintaining gait performance, which includes bilateral coordination and dynamic posture (Ehgoetz Martens et al., 2018). Deleterious changes in the gait parameters of speed, stride width, and gait variability have been reported in DT studies of PD (Penko et al., 2018). As expected, lower gait speed and stride length were observed in the PD groups than in the HC group during the DT condition. However, no significant differences were seen in gait speed and stride length between the PD groups and the HC group during the ST condition. Previous studies have shown that the increased CV of gait parameters was related with a decrease in postural control ability, which is a strong predictor of fall (Hausdorff, 2009). Notably, we observed greater gait variability, including CV of gait speed and stride length, in the PD groups compared with that of the HC during ST and DT conditions. CV is likely more sensitive than gait speed and stride length for detecting gait disorder in relatively early stages of PD (Noh et al., 2020).

Neurorehabilitation is a potent intervention for improving motor function in patients with PD (Ekker et al., 2016; Ferrazzoli et al., 2020). A few studies have reported the potential of CR for PD, which include exercise and physical therapy, to alleviate motor deficits in muscle strength, balance, and endurance by targeting neuroplasticity (Mak et al., 2017; van der Kolk et al., 2019). It is also encouraging that rehabilitation (both the ER and CR groups) showed consistent improvement in general motor function as assessed by the UPDRS-III. However, our gait analysis showed that CR did not improve walking function in early-stage PD, especially during the DT condition, which is likely due to its lack of impact on cognitive function and, in turn, the lack of interaction between gait and cognition. Few studies have focused on rehabilitation strategies to simultaneously improve cognitive and motor functions, which would offer a better treatment protocol for PD patients in early-stage PD.

Environmental rehabilitation is a novel strategy to simultaneously ameliorate motor and cognitive deficits by combining environmental enrichment with task-specific therapy (Vive et al., 2020). Studies have confirmed the effect of ER on the improvement of motor-cognitive function in patients with stroke and neonatal hypoxia–ischemia (Schuch et al., 2016; Vive et al., 2020). In the present study, significant improvement was observed in walking function as assessed by gait parameters, accompanied by enhanced cognition post-ER in early-stage PD patients. Moreover, we revealed that ER was favorable over CR for improving walking function, especially under the DT condition, which was primarily related to the significant effect of ER on cognition. This conclusion is consistent with previous evidence, which reported a possible mechanism whereby brain cognitive framework changes caused by ER mediates neuroplasticity. We speculated that task-oriented exercise training in ER requires the activation of motor control and the attention-executive network simultaneously, which could strengthen the integration of motor and cognitive resources in turn. Besides, attention-executive function of PD patients was also enhanced by activities in ER including multisensory and social interactive stimulations, such as supermarket shopping and chess. However, the specific mechanism by which ER enhances cognitive function remains to be elucidated.

Our rs-fMRI analysis provided a quantitative metric of RSFC, which reflects the neural activity and functional integrity of the brain frameworks related to cognition (Lv et al., 2018). The left DLPFC is one of the vital regions within the CEN that mediates cognitive function including attention, working memory, and decision-making (Dong et al., 2020). Neuroimaging studies in participants with early-stage PD have demonstrated that the left DLPFC has decreased connectivity with the left insula (de Bondt et al., 2016), which is a vital regulatory brain area required for performing cognitive tasks (Fu et al., 2021). The involvement of the insula in cognitive tasks is primarily reflected in the flexible switching of attention, the regulation of goal-directed behavior, and the inhibition of irrelevant stimuli (Varjačić et al., 2018). Our data confirmed a strengthened positive RSFC between the left DLPFC and left insula in participants with PD, which was brought about by an enriched sensorimotor environmental stimulation paired with different types of sensory and motor exercises, alongside cognition-related activities and social interaction. In addition, the left IFG is pivotal for successfully exercising inhibitory control over motor responses (Leite et al., 2018). Studies showed that DLPFC and IFG play a complementary and dissociable role in the settlement of decision conflict (Mitchell et al., 2009). Moreover, our FC analysis demonstrated a strengthened positive FC between the left DLPFC and IFG after ER. We inferred from these findings that ER induces neuroplasticity in participants with early-stage PD through strengthening the FC between the left DLPFC and deep brain regions, including the left insular cortex and IFG, which resulted in a positive executive functional network to improve cognitive and walking function. Our findings demonstrated that ER has potential in the improvement of motor function and cognition in early-stage PD patients.

This study has several strengths. We analyzed gait parameters in both the ST and DT walking conditions in early-stage PD patients. Additionally, we investigated RSFC between the left DLPFC and other brain areas pre- and post-ER. However, there are also several limitations. First, the sample size in our study was small, and participants were recruited from only one hospital, which may have introduced bias. In addition, we did not stratify participants based on different clinical classifications of PD, which would likely impact the effect of ER. Furthermore, we only observed the RSFC alteration of PD patients induced by ER; the differential functional connectivity induced by ER and CR would be explored in our future study.



CONCLUSION

Our findings indicated that ER has potential as a potent therapy for participants with early-stage PD for improving cognitive function and gait disorder. The underlying mechanism deduced from rs-fMRI was related to the intervention-induced neuroplasticity whereby the functional connectivity between the left DLPFC and the left insula and IFG was strengthened.
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Background/Objective: Multiple system atrophy (MSA) refers to a progressive neurodegenerative disease characterized by autonomic dysfunction, parkinsonism, cerebellar ataxia, as well as cognitive deficits. Non-invasive brain stimulation (NIBS) has recently served as a therapeutic technique for MSA by personalized stimulation. The primary aim of this systematic review is to assess the effects of NIBS on two subtypes of MSA: parkinsonian-type MSA (MSA-P) and cerebellar-type MSA (MSA-C).

Methods: A literature search for English articles was conducted from PubMed, Embase, Web of Science, Cochrane Library, CENTRAL, CINAHL, and PsycINFO up to August 2021. Original articles investigating the therapeutics application of NIBS in MSA were screened and analyzed by two independent reviewers. Moreover, a customized form was adopted to extract data, and the quality of articles was assessed based on the PEDro scale for clinical articles.

Results: On the whole, nine articles were included, i.e., five for repetitive transcranial magnetic stimulation (rTMS), two for transcranial direct current stimulation (tDCS), one for paired associative stimulation, with 123 patients recruited. The mentioned articles comprised three randomized controlled trials, two controlled trials, two non-controlled trials, and two case reports which assessed NIBS effects on motor function, cognitive function, and brain modulatory effects. The majority of articles demonstrated significant motor symptoms improvement and increased cerebellar activation in the short term after active rTMS. Furthermore, short-term and long-term effects on improvement of motor performance were significant for tDCS. As opposed to the mentioned, no significant change of motor cortical excitability was reported after paired associative stimulation.

Conclusion: NIBS can serve as a useful neurorehabilitation strategy to improve motor and cognitive function in MSA-P and MSA-C patients. However, further high-quality articles are required to examine the underlying mechanisms and standardized protocol of rTMS as well as its long-term effect. Furthermore, the effects of other NIBS subtypes on MSA still need further investigation.

Keywords: non-invasive brain stimulation (NIBS), repetitive transcranial magnetic stimulation, transcranial direct current stimulation, multiple system atrophy, motor function, cognitive function


BACKGROUND

Multiple system atrophy (MSA) refers to an adult-onset, fatal, progressive neurodegenerative disease characterized by autonomics dysfunction, parkinsonism, cerebellar ataxia, as well as cognitive deficits (Gilman et al., 2008; Fanciulli et al., 2019). The significant neuropathology characteristics exhibited by MSA contain degeneration of striatonigral and olivopontocerebellar structures, accompanied by distinctive glial cytoplasmic inclusions formed by fibrillated a-synuclein proteins (Koga and Dickson, 2018; Schweighauser et al., 2020).

MSA can fall into two main types either with parkinsonian-type MSA (MSA-P) or cerebellar-type MSA (MSA-C) based on the predominant clinical phenotype during assessment, and the predominant characteristic can vary over time (Gilman et al., 2008). MSA-P patients exhibit more parkinsonian signs (e.g., bradykinesia with rigidity, postural instability, tremor, and freezing of gait). In addition, the mentioned parkinsonian symptoms are observed in most MSA-C patients (Köllensperger et al., 2010; Low et al., 2015). The most frequent cerebellar characteristics in MSA-C patients are gait ataxia, accompanied by ataxic dysarthria and limb ataxia. The mentioned cerebellar signs are also present in around half of MSA-P patients (Köllensperger et al., 2010; Low et al., 2015).

Beyond the core clinical phenotype, autonomic failure (e.g., orthostatic hypotension, neurogenic lower urinary tract dysfunction, and constipation) and rapid eye movement sleep behavior disorder (RBD) are common pre-motor characteristics of MSA (Ito et al., 2006; Iodice et al., 2012; Figueroa et al., 2014; Lin et al., 2020). Besides, ~30% of MSA patients were diagnosed with several cognitive deficits, primarily as executive functions and verbal memory (Eschlböck et al., 2020).

However, there have been no effective treatments for MSA thus far. Existing pharmacological treatment of MSA is purely symptomatic (Rohrer et al., 2018; Mészáros et al., 2020). Only 30% of MSA patients benefit from levodopa therapy targeting parkinsonism, whereas the efficacy is limited and usually diminishes over time (Rohrer et al., 2018). Furthermore, long-term use of the mentioned medications often exerts adverse effects (e.g., hypotension, cognitive impairments, and hypersomnia) (Meissner et al., 2020).

Non-pharmacological approaches including physiotherapy and occupational therapy aim at improving symptoms and patient's quality of life. However, the evidence regarding physiotherapy or occupational therapy in MSA patients is limited (Jain et al., 2004; Raccagni et al., 2019; Coon and Ahlskog, 2021). Thus, non-invasive brain stimulation (NIBS) has recently become an alternative non-pharmacological therapeutic technique for MSA by personalized stimulation (Liu et al., 2018; Alexoudi et al., 2020). Transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) have been two extensively applied NIBS techniques.

TMS is a non-invasive, well-tolerated neurophysiological technique based on electro- magnetic induction. TMS has played a prominent role in the functional evaluation to characterize distinctive pattern of change at the final motor output stage between Parkinson's disease (PD) and atypical parkinsonian syndromes (e.g., MSA, progressive supranuclear palsy, and as well as corticobasal-ganglionic degeneration) (Kuhn et al., 2004). MSA patients showed abnormal motor cortex excitability upon TMS, with the reduction of short interval intracortical inhibition (SICI) following the increased motor thresholds and prolongation of ipsilateral and contralateral silent periods (Kuhn et al., 2004; Morita et al., 2008; Suppa et al., 2014). Moreover, inter-hemispheric inhibition measured by TMS could act as a possible neurophysiological correlate of cognitive dysfunction among MSA patients, since abnormal inter-hemispheric inhibition was correlated with cognitive impairment in MSA (Hara et al., 2018). Although the pathophysiological processes can be complex, the TMS articles suggest that dysfunction within the corticobasal ganglia-thalamocortical circuits form an important pathogenic basis for MSA. Additionally, intracortical facilitation and SICI have been shown significantly decreased in patients with RBD which suggests that through identifying subtle changes in the pathophysiology of the motor cortex, TMS can be a useful tool in the detection of very early stages of MSA (Lanza et al., 2020).

Several articles investigated the use of repetitive TMS (rTMS) for treating movement disorder [e.g., Parkinson's disease (PD), Tourette syndrome, dystonia, as well as essential tremor] (Lefaucheur et al., 2017; Tschöpe et al., 2021). The published data suggest that rTMS may mitigate motor symptoms in PD, whereas the evidence in other movement disorders remains unclear.

tDCS refers to another safe, cost-effective NIBS method, offering promise in mitigating motor impairment and improving cognitive and executive function in advanced PD (Lattari et al., 2017; Dagan et al., 2018; Lau et al., 2019). Given the possible regulatory effects of tDCS on cortical excitability, there have been numerous articles over the last decade applying tDCS technique for promoting cognitive and executive function (Doruk et al., 2014; Broeder et al., 2015; Manenti et al., 2018). Besides, existing articles have highlighted the therapeutic potential of tDCS in patients with cerebellar ataxias and the MSA-C (Ferrucci et al., 2016; Barretto et al., 2019; Chen et al., 2021).

There have been several systematic review and meta-analyses that investigating the effect of NIBS in Parkinson's disease and cerebellar ataxia (Goodwill et al., 2017; Kim et al., 2019; Chen et al., 2021). In the mentioned articles, MSA was regarded as one of atypical parkinsonism or degenerative ataxia. Up to present, there is no review has systematically assessed the effect of NIBS on MSA-P and MSA-C. This review hypothesized that NIBS can improve motor function and cognitive function in patients with MSA, and it can serve as an effective adjuvant therapy in MSA treatment. As a consequence, this systematic review aimed to summarize current interventions of NIBS in MSA-P and MSA-C and to examine the effects and safety of NIBS technique applied in the management of MSA-P and MSA-C.



METHODS


Search Strategy

Seven electronic databases (e.g., PubMed, Embase, Cochrane Library, PsycINFO, CINAHL, CENTRAL, and Web of Science) were searched from inception to August 2021. The search strategy below was applied: (multiple system atrophy OR MSA-P OR MSA-C OR MSA) AND (transcranial magnetic stimulation OR TMS OR transcranial direct current stimulation OR tDCS OR transcranial alternating current stimulation OR tACS OR theta burst stimulation OR TBS OR non-invasive brain stimulation OR NIBS). Related systematic reviews and meta-analyses were identified, and the reference lists of them were checked. Two authors (MZ and TH) identified the potential articles independently by complying with the uniform screening criteria and any disagreements were settled through discussion.



Eligibility Criteria

Articles meeting the criteria were included: adult participants diagnosed with MSA (e.g., probable MSA or possible MSA) in accordance with the clinically diagnostic criteria (Gilman et al., 2008); interventions were NIBS (e.g., TMS or tDCS), and NIBS was employed for therapeutic purposes; outcomes of interest consisted of symptoms, motor function, cognitive function and brain modulatory effects and others; controlled or exploratory articles; peer-reviewed articles and published in English. Articles were excluded if: NIBS was intended for assessing neurophysiological measures; conference papers, abstracts and other articles whose full text is not available; reviews, editorials, commentaries, and other non-clinical trials.



Study Selection

First, the Endnote software was adopted to remove duplications after completing the search process. Second, the author screened relevant articles through reading titles and abstracts. Third, the full-text of the remaining articles were read for in-depth screening.



Data Extraction and Methodological Quality Assessment

A customized form was adopted to collect data of the included articles. The data (i.e., study characteristics, characteristics of study subjects, intervention details, and outcome measures of included articles) were extracted. The Physiotherapy Evidence Database (PEDro) scale was used to assess the methodological quality of included articles (de Morton, 2009). By complying with this criterion, those with a score below three were classified as low quality, while those with a score between 4 and 6 were classified as moderate quality, and those with score above seven were classified as high quality. Two independent reviewers conducted the data extraction and quality assessment. Any discrepancies were resolved through face-to-face discussions.




RESULTS


Study Selection

The study selection is illustrated in Figure 1. Initially, 210 records were identified by searching electronic databases and hand searching. After removing duplications, 101 records were retained, of which 50 records were excluded after screening the titles and abstracts. Of the other 51 articles, 42 were removed after reading the full text. Lastly, 9 articles were eligible for qualitative analysis.


[image: Figure 1]
FIGURE 1. Study selection process.




Methodological Quality of Reviewed Articles

The results of methodological quality assessment of the included articles were presented in Table 1. Nine included articles were published between 2013 and 2020, of which three were randomized controlled trials (Benussi et al., 2015; Chou et al., 2015; Wang et al., 2016; Song et al., 2020), two were controlled trials (Kawashima et al., 2013; Yildiz et al., 2018), two were case report (Wang et al., 2017; Alexoudi et al., 2020) and one was non-controlled trial (Liu et al., 2018).


Table 1. The PEDro scale scores of included studies.
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Except for two case reports, only three articles were classified as high quality (Benussi et al., 2015; Chou et al., 2015; Song et al., 2020), and four were moderate quality (Kawashima et al., 2013; Wang et al., 2016; Liu et al., 2018; Yildiz et al., 2018). All articles did not describe allocation concealment, and only three articles (Benussi et al., 2015; Chou et al., 2015; Song et al., 2020) blinded subjects and therapists. Regarding the comparison on baseline characteristics, five articles (Kawashima et al., 2013; Benussi et al., 2015; Chou et al., 2015; Wang et al., 2016; Song et al., 2020) reported a comparable level between the intervention group and the control group. Besides, intention to treat analysis was performed in six articles (Kawashima et al., 2013; Benussi et al., 2015; Wang et al., 2016; Liu et al., 2018; Yildiz et al., 2018; Song et al., 2020).



Participants

The demographic characteristics of the included articles were presented in Table 2. The number of participants was 123 in total, and the number of sample sizes ranged from 1 to 50. The mean age of participants ranged from 52.71 (Wang et al., 2016) to 67.8 (Benussi et al., 2015) years. All articles, except for the two case reports, included participants of both genders, with a higher proportion of men overall. The mean duration of symptoms ranged from 2.18 (Wang et al., 2016) to 5.7 (Benussi et al., 2015) years. Only three articles (Chou et al., 2015; Wang et al., 2016; Alexoudi et al., 2020) used the Hoehn and Yahr scale (H&Y) to describe the severity of recruited samples, and the mean of H&Y scores ranged from 3.2 to 4.


Table 2. Clinical and demographic characteristics of the patients and technical aspects of the reviewed studies.
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Intervention Characteristics

The characteristics of interventions of the included studies were shown in Table 2.

Among the nine articles explored the therapeutic effect of NIBS on MSA, rTMS was applied in six articles (Chou et al., 2015; Wang et al., 2016, 2017; Liu et al., 2018; Yildiz et al., 2018; Song et al., 2020), and tDCS was applied in two studies (Benussi et al., 2015; Alexoudi et al., 2020), the paired associative stimulation (PAS) was used in the remaining one (Kawashima et al., 2013). Stimulation site was left primary motor cortex (M1) in four articles (Kawashima et al., 2013; Chou et al., 2015; Wang et al., 2016, 2017), cerebellum in two articles (Yildiz et al., 2018; Song et al., 2020), and one study simulated both cerebellum and bilateral M1 (Liu et al., 2018). High frequency stimulation ranged from 5 to 50 hz was performed in five articles (Chou et al., 2015; Wang et al., 2016, 2017; Liu et al., 2018; Song et al., 2020), and low frequency stimulation between 0.2 and 1 hz was performed in two articles (Kawashima et al., 2013; Yildiz et al., 2018). The duration of intervention varied from single session to 2 weeks. Only one study reported follow up period, which was 3 months after first stimulation (Alexoudi et al., 2020).



Outcomes

Description of outcomes of the included articles was grouped by complying with the NIBS employed and the subtypes of MSA.



NIBS in MSA-P

There were five articles explored the effects of NIBS in MSA-P patients.



rTMS Articles

Three articles employed rTMS in MSA-P. Chou et al. (2015) performed a randomized sham-controlled study on 19 MSA-P patients using 10 sessions of high frequency (5 hz) rTMS over the left M1 and reported a significant improvement of motor symptoms, as measured by UMSARS-II, in comparison with sham stimulation (Chou et al., 2015). The authors exploited functional magnetic resonance imaging (fMRI) to measure brain resting-state functional connectivity. They found that positive changes in functional connectivity of functional links involving the DMN, cerebellar network, and limbic network were only identified in the active rTMS group. Moreover, the amelioration of motor symptoms was correlated with positive changes in functional connectivity after active rTMS stimulation.

Wang et al. (2016, 2017) adopted an intervention protocol that was almost identical to Chou et al. (2015). The case report of Wang et al. (2017) showed a significant improvement in UPDRS-III and finger tapping, hand alternating, and heel tapping performance (Wang et al., 2017). Additionally, central motor conduct time of both sides were shortened after rTMS stimulation in comparison with baseline.

Likewise, Wang et al. (2016) conducted a randomized-sham controlled study on 15 MSA-P patients and reported improved motor function and promoted activation of bilateral cerebellum in the real rTMS group other than the sham one (Wang et al., 2016). However, different from the finding of Chou et al. (2015), no correlation was identified between improvement of motor function and increase of cerebellum activation.



PAS Article

Kawashima et al. (2013) employed a single session of low frequency (0.2 hz) TMS over left M1 and electrical stimulation in the right median nerve at the wrist in 10 MSA-P patients. The variations of motor-evoked potential (MEP) amplitudes were determined to reveal the effect of PAS on motor cortex excitability. Furthermore, no significant difference was reported in M1 function before and after stimulation (Kawashima et al., 2013).



tDCS Article

Alexoudi et al. (2020) employed 10 sessions (30 min per session) of anodal tDCS over motor and pre-motor cortices in a 66-year-old woman. Improvements were reported in motor function after tDCS, as well as in activities of daily living, visuomotor activity and processing speed, and working memory. Importantly, the treatment effect lasted for 3 months (Alexoudi et al., 2020).



NIBS in MSA-C

There were three articles explored the effects of NIBS in MSA-C patients.



rTMS Articles

In the randomized controlled trial conducted by Song et al. (2020), the effects of 10 sessions of high frequency (50 hz) intermittent theta-burst stimulation (iTBS) on bilateral cerebellum in 50 MSA-C patients were examined. According to the results, in the active iTBS group, a significant of improvement of motor imbalance and cerebello-frontal connectivity was reported, as revealed by the Scale for Assessment and Rating of Ataxia (SARA) scores and TMS-EEG, respectively. Furthermore, the SARA scores were significantly and negatively correlated with the neural activity of frontal connectivity from 80 to 100 ms after iTBS intervention (Song et al., 2020).

Different from the above articles, Yildiz et al. (2018) performed a controlled clinical trial using single session of low frequency (1 hz) rTMS stimulation over cerebellum in 12 MSA-C patients and found impaired short-latency afferent inhibition (SAI), attention and the spatial working memory, as measured by reaction time, were significantly improved, in comparison with baseline (Yildiz et al., 2018).



tDCS Article

Benussi et al. (2015) performed a randomized sham-controlled trial to examine the effect of a single session cerebellar anodal tDCS that lasts 20 min in six MSA-C patients. The authors reported significant improvement in severity of ataxia, finger dexterity and upper limb coordination, as assessed by SARA, International cooperative ataxia rating scale (ICARS) and the nine-hole peg test (9HPT), respectively, in real tDCS group, in comparison with sham one. However, no significant difference was identified in gait speed, as measured by the 8-Meter Walking Time (8MW), between the two groups (Benussi et al., 2015).



NIBS in MSA-P and MSA-C

Liu et al. (2018) performed a non-controlled trail to explore the effects of high-frequency rTMS over bilateral M1 and cerebellum in three MSA-P patients and six MSA-C patients. Although only five sessions stimulation were applied, the authors found a significant improvement in motor function and an increase in resting-state complexity within the motor network, as recorded by UMSARS-II and blood-oxygen-level dependency (BOLD) functional magnetic resonance imaging, separately. Consistent with previously achieved results, the improvement in motor function was positively correlated with the increase in motor network resting-state complexity. However, the authors did not report the efficacy of rTMS in MSA-P and MSA-C respectively by complying with disease types (Liu et al., 2018).




DISCUSSION

To the best of the author's knowledge, this review has been the first review that systematically investigated the existing evidence of the use of NIBS (e.g., rTMS, tDCS, and PAS) for treating MSA-P and MSA-C. The recruited articles were reported with significant heterogeneity and variability of study population, study designs and interventional protocols, thereby increasing difficulty in drawing a definite conclusion of the prospect of NIBS techniques. However, most of the included articles reported improving effects of NIBS on the motor function, cognitive function and cortical function of MSA patients. As impacted by the low number of included articles and the low quality of articles, there is no sufficient confidence in mentioned findings, and the estimates should be interpreted cautiously.

Over the past few years, the effects of NIBS on MSA have been increasingly studied, whereas the exact mechanisms remain unclear. rTMS uses repeated magnetic pulses via a stimulation coil placed over the scalp to generate electromagnetic fields that are capable of inducing action potential in the brain (Valero-Cabré et al., 2017). To be specific, cortical excitability is enhanced by high-frequency rTMS (≥5 Hz), while it is inhibited by low-frequency rTMS (≤1 Hz) (Pascual-Leone et al., 1994). tDCS delivers weak direct currents to the cortex via two electrodes attached to the scalp. The stimulation consists of two types, i.e., anodal stimulation excites neuronal activity and while cathodal stimulation can suppress neuronal activity. rTMS and tDCS regulate cortex excitability in different manners. Specifically, rTMS can induce direct and trans-synaptic neuronal activation, while tDCS can lead to subthreshold neuronal membrane polarization. However, the long-term potentiation or depression (LTP/LTD)-like synaptic plasticity was found to be induced by both methods (Nitsche et al., 2003; Esser et al., 2006; Monte-Silva et al., 2013).

According to all the included articles examining the role of NIBS in treating MSA-P, the targeted area of stimulation was the M1. Nevertheless, in the MSA-C articles, the cerebellum was selected for stimulation. Existing articles exploited theta-burst stimulation to examine M1 excitability in MSA and reported reduced short-interval intracortical facilitation in MSA-P and MSA-C patients, thereby demonstrating impaired M1 plasticity (Suppa et al., 2014). Moreover, in the longitudinal study conducted by Burciu et al. (2016), the authors reported decreased functional activity presented by task-related fMRI signal in M1, supplementary motor area and superior cerebellum in MSA over a 1-year period. All the mentioned revealed that the role of brain plasticity is of pivotal importance in the treatment of MSA.

Motor impairments in MSA are considered to be attributed to dysfunction of the cerebellum and the neural networks it connects to Lu et al. (2013). Through the cerebello-thalamo-cortical circuit, the cerebellum and the bilateral M1, a connected network of the cerebellum, are critical to motor control (Grimaldi et al., 2014). Pukinje cells within the cerebellum have physiological inhibitory effects on the M1 by inhibiting the dentate nucleus (Spampinato et al., 2020), which is termed cerebellar brain inhibition (CBI) (Galea et al., 2009) MSA impairs the regulation of the dentate nucleus and Purkinje cells, thereby decreasing the excitability of M1 and ultimately leading to motor control dysfunction (Yang et al., 2019a).

Liu et al. (2018) applied rTMS over cerebellum and bilateral M1, and the beneficial effect of rTMS might be correlated with the direct activation of M1 and the reduction of M1 inhibition by the cerebellum (Liu et al., 2018). Since the cerebellum and M1 are functionally connected, in-depth research should be conducted to verify whether stimulating the two regions is better than targeting either region separately.

In the included articles of high-frequency rTMS in MSA-P, its regulatory effect on the brain was found, which was manifested as the improved default mode network (DMN) plasticity and cerebellar activation. The underlying mechanisms of DMN modulation remain unclear, DMN plasticity may show sensitivity to rTMS treatment and facilitate the consolidation and maintenance of brain function via DMN plasticity (Fjell et al., 2014; Chou et al., 2015). Wang et al. (2016) hypothesized that the increase in cerebellar activation was correlated with the motor effect in MSA, which is probably attributed due to cerebellar loop compensation induced by high-frequency rTMS treatment. DMN is closely correlated with the cerebellar and limbic networks (Catani et al., 2013; Halko et al., 2014). DMN exhibits the maximal activation during rest, which is correlated with a high degree of neuroplasticity (Shulman et al., 1997; Fjell et al., 2014). Accordingly, it can be speculated that rTMS may change the excitability of the motor cortex by regulating the brain plasticity in MSA patients.

Furthermore, central motor conduction time (CMCT) was reported to be prolonged in MSA patients (Abbruzzese et al., 1997). CMCT is the time it takes for nerve impulses to reach the target muscles based on the central nervous system. Since the CMCT decreased after the high-frequency rTMS treatment, the improvement in trans-synaptic efficiency might be reflected (Wang et al., 2017).

Inconsistent with high-frequency rTMS, low-frequency rTMS can temporarily inhibit cortical excitability (Kobayashi and Pascual-Leone, 2003). Articles reported that low-frequency rTMS on the lateral cerebellum impacted the excitability of the motor cortex for 30 min (Chen et al., 1997; Heide et al., 2006). As indicated from articles, rTMS targeting the cerebellum could inhibit the excitability of Purkinje cells, thereby inhibiting the dentate nucleus and in turn the contralateral M1 (Ugawa et al., 1995). Besides, the possible mechanism underlying the therapeutic benefits of rTMS was found as the neuroprotective effect of rTMS. According to May et al. (2007), the gray matter volume at the left superior temporal gyrus increased significantly after 1 Hz rTMS was applied for 5 days in the identical site (May et al., 2007). Cerebral cortex and cerebellum atrophy is evident in MSA-P and MSA-C. Yang et al. (2019b) identified gray matter loss in anterior and posterior cerebellar lobes. Moreover, they found the negative correlation between the extent of atrophy involving left lobule IX and motor performance. Next, they observed a negative correlation between the extent of cerebellar volume loss and cognitive impairments (Yang et al., 2019b), and the mentioned findings comply with those of others (Kim et al., 2015). It can be therefore speculated that rTMS may increase gray matter of cerebellum, which can improve motor and cognitive function in MSA patients.

Likewise, the exact mechanisms of cognitive impairment in MSA remain unclear. As demonstrated from neuroimaging, neuropsychological and neuropathologic articles the cognitive decline in MSA may originate from the atrophy of the cerebral cortex (especially the frontal lobes), the subcortical structure, as well as the cerebellum (Stankovic et al., 2014; Lee et al., 2016; Barcelos et al., 2018; Santangelo et al., 2018; Caso et al., 2020). To be specific, the lesions of subcortical circuit loop (i.e., the cerebral cortex-basal gangliathalamus-cerebral cortex circuit and the cerebral cortex-pons-cerebellumthalamus-cerebral cortical circuit) may cause essential signals conduction impairment (Miyachi, 2009; Zhang et al., 2018).

Although cognitive deficits are significantly common in MSA patients, only one of the recruited articles examined the effects of rTMS on the treatment of cognitive impairment (Yildiz et al., 2018). The effects of rTMS on cognitive enhancement have been reported in mild cognitive impairment and Alzheimer's disease. Executive performance can be significantly improved by high-frequency rTMS over the right inferior frontal gyrus, and memory functions can be noticeably improved by low-frequency rTMS targeting on the left dorsolateral prefrontal cortex (DLPFC) (Chou et al., 2020). According to Minnerop et al., significant hypoperfusion was reported in the frontal and dorsolateral prefrontal cortex and in MSA-P patients and the severity of cognitive impairment correlated with hypoperfusion in the DLPFC. Compared with MSA-P, visuospatial cognitive and construction impairment was more significant in MSA-C patients, and it was correlated with hypoperfusion in the prefrontal and cerebellar cortex, thereby indicating the different mechanisms of cognitive impairments in two types of MSA (Minnerop et al., 2007). The underlying mechanisms of the effect of rTMS on cognitive function may consist of increasing LTP (Thickbroom, 2007), enhancing synaptic function (Shang et al., 2016), increasing hippocampal neurogenesis in the dentate gyrus (Ueyama et al., 2011) and leading to network level changes in brain function (Bangen et al., 2012). High-quality research should be further conducted to clarify whether rTMS can improve cognitive function in MSA patients and elucidate the underlying mechanisms.

Cerebellar tDCS were shown to modulate cerebellar excitability in polar-specific manners, as highlighted by the modulation of CBI. Cerebellar anodal stimulation was reported to improve the excitability of the cerebellar cortex, thereby promoting CBI, while cathodal stimulation could reduce excitability, thereby causing CBI to decrease (Galea et al., 2009). Cerebellar tDCS are suggested to work by polarizing Purkinje cells and alternating activity patterns in the deep cerebellar output nuclei (Galea et al., 2009; Grimaldi et al., 2016). Moreover, anodal cerebellar tDCS was reported to reduce the amplitudes of long-latency stretch reflexes in patients with ataxia by increasing the inhibitory effect exerted by the cerebellar cortex on the cerebellar nuclei (Grimaldi and Manto, 2013).

This systematic review shows the advantages that only peer-reviewed articles were recruited, and that the methodological quality was assessed. However, some limitations remain in this review. First, the total numbers of recruited articles and participants were small. In addition, some articles did not elaborate on the diagnosis of the enrolled subjects, so the authors have no way to distinguish whether the subjects belong to probable MSA or possible MSA. Therefore, the generalization of the conclusion of this review is limited. Second, because of the heterogeneity of interventional protocol and outcome measures among the mentioned articles and an insufficient number of articles in each subgroup, we did not conduct a meta-analysis. Third, gray literature was not searched, and only articles published in English were included, thereby probably causing published bias.



CONCLUSIONS

NIBS can be a useful neurorehabilitation strategy to improve motor and cognitive function in MSA-P and MSA-C patients. However, the effects of other NIBS subtypes on MSA should be investigated more specifically. Further high-quality articles are required to examine the underlying mechanisms of NIBS, to determine the long-term effects of NIBS on motor and cognitive function in MSA patients, as well as to clarify the optimal stimulation protocol (e.g., stimulation site, intensity, duration, and number of sessions).
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Jiamin Li1,2,3†, Cen Chen1†, Shenyu Zhu4†, Xiulian Niu1, Xidan Yu1, Jie Ren2 and Min Shen1,2*

1Shanghai YangZhi Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center), School of Medicine, Tongji University, Shanghai, China

2School of Rehabilitation Science, Shanghai University of Traditional Chinese Medicine, Shanghai, China

3Shanghai Taiping Rehabilitation Hospital, Shanghai, China

4Nuffield Department of Women’s & Reproductive Health, University of Oxford, Oxford, United Kingdom

Edited by:
Jinhua Zhang, Xi’an Jiaotong University, China

Reviewed by:
Jorge Hugo Villafañe, Fondazione Don Carlo Gnocchi Onlus, Scientific Institute for Research, Hospitalization and Healthcare (IRCCS), Italy
Marcello Romano, Azienda Ospedaliera Ospedali Riuniti Villa Sofia Cervello, Italy

*Correspondence: Min Shen, minshen223@tongji.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neuroprosthetics, a section of the journal Frontiers in Neuroscience

Received: 05 September 2021
Accepted: 03 November 2021
Published: 15 December 2021

Citation: Li J, Chen C, Zhu S, Niu X, Yu X, Ren J and Shen M (2021) Evaluating the Effects of 5-Hz Repetitive Transcranial Magnetic Stimulation With and Without Wrist-Ankle Acupuncture on Improving Spasticity and Motor Function in Children With Cerebral Palsy: A Randomized Controlled Trial. Front. Neurosci. 15:771064. doi: 10.3389/fnins.2021.771064

Objective: The goal of this study is to explore the effect of wrist-ankle acupuncture combined with 5-Hz repetitive transcranial magnetic stimulation (rTMS) on improving spastic state and motor function of children with spastic cerebral palsy by measuring electrophysiological parameters and behaviors.

Methods: Twenty-five children with spastic cerebral palsy were enrolled in a single-blind and randomized controlled trial. The control group received 20 sessions of 5-Hz rTMS over the affected hemisphere with 1,000 pulses. The experimental group was given wrist-ankle acupuncture on the basis of the control group. Gross motor function measure (GMFM-66), muscle tension, and electrophysiological parameters of the two groups were assessed at baseline and after intervention.

Results: After treatment, the GMFM-66 scores in the same groups were significantly improved (p < 0.001). Besides, the R-value of soleus, gastrocnemius, and hamstring muscle decreased (p < 0.05), and the results showed a trend of shortening MEP latency, increasing amplitude and duration (p < 0.05). Compared to the controlled group, the experimental group displayed more excellent changes in the GMFM-66 scores and motor evoked potential (MEP) latency. The statistical results showed that the increase of GMFM-66 score and the shortening of MEP latency in the experimental group were greater than that in the control group (p < 0.05). However, no significant differences were found in the assessment of muscle tension, amplitude, and duration of MEPs between two groups (p > 0.05).

Conclusion: Wrist-ankle acupuncture combined with 5-Hz rTMS is optimal to improve gross motor function and enhance the conductivity of corticospinal tract in children with cerebral palsy but cannot highlight its clinical superiority in improving spasticity.

Clinical Trial Registration: [http://www.chictr.org.cn/index.aspx], identifier [chictr2000039495].

Keywords: repetative transcranial magnetic stimulation, wrist-ankle acupuncture, corticospinal tract (CST), motor evoked potential (MEP), spasm


INTRODUCTION

Cerebral palsy (CP) is considered to be a group of persistent central and postural developmental disorders and activity limitation syndrome caused by non-progressive brain injury in fetus or infants, occurring in 1–3 per 1,000 live births (Sellier et al., 2016). Children with spastic CP mainly have motor dysfunction due to different degrees of increased muscle tension and persistent primitive reflex. It is generally believed that the higher central nervous system is damaged, which leads to the obstacle of the central nervous system in the regulation of spinal cord stretch reflex, making the stretch reflex stronger (Kesar et al., 2012). Traditional Chinese medicine believes that the etiology of infantile CP is mostly Yin deficiency, less fluid, and loss of nourishment of muscles, bones, muscles, and joints (Wang Xuefeng, 2005).

Wrist-ankle acupuncture refers to the method of selecting specific needle entry points at the wrist and ankle and using filiform needles to treat diseases by subcutaneous shallow needling along the longitudinal axis of the limb (Zhao et al., 2011). Compared with other acupuncture therapies, it has the characteristics of relative safety, convenient operation, and rapid pain relief and has the function of promoting Qi and blood circulation and mobilizing Wei Qi to regulate the metabolism of human body fluid. The study suggests (Qinghui, 2017) that one of the mechanisms of wrist-ankle acupuncture may be due to the existence of nerve conduction function activities. When the nerve endings are stimulated, it will trigger a series of nerve conduction activities of connecting nerves in the reflex arc and play a complex adjustment role.

Transcranial magnetic stimulation (TMS) is a non-invasive form of brain stimulation that assesses cortical excitability and corticospinal tract conduction through depolarization of corticospinal neurons (Rossini et al., 2015). In many psychiatric and neurological cases, such as depression, the use of 10-Hz frequency, 120% motor threshold, and 3,000 pulses can achieve therapeutic goals (Guse et al., 2010). Besides, it is a valuable supplementary treatment for motor dysfunction, by effectively activating cortical neurons, directly regulating the neurophysiological functions of cortical spinal cord and motor cortex, thus promoting the improvement of motor function (Kamble et al., 2014). According to different parameters, stimulation with frequency ≤ 1 Hz is called low-frequency TMS, whereas stimulation with frequency > 1 Hz is called high-frequency TMS (Kamble et al., 2014). Various studies have shown that high-frequency stimulation increases cortical excitability, whereas low-frequency stimulation suppresses cortical excitability (Marzbani et al., 2018). Children with spastic diplegia and quadriplegia often show bilateral and diffuse brain damage. According to the model of interhemispheric competition inhibition, high-frequency repetitive TMS (rTMS) is often used to increase cortical excitability at the M1 site of the ipsilateral cerebral hemisphere (Valle et al., 2007).

Besides, the security of TMS has been paid more attention (Valle et al., 2007). Krishnan et al. (2015) reviewed the literature on the use of TMS in people under 18 years of age to understand the safety and tolerance ability of non-invasive brain stimulation in children and adolescents, and data from 48 studies in 513 children and adolescents (2.5–17.8 years old) showed that the side effects of non-invasive brain stimulation were generally mild and transient. The side effects after TMS were headache (11.5%) and scalp discomfort (2.5%), convulsions (1.2%), mood changes (1.2%), fatigue (0.9%), tinnitus (0.6%), etc. There are few serious side effects (Krishnan et al., 2015).

In recent years, several studies (Ji et al., 2019) have confirmed that traditional acupuncture combined with rTMS can improve motor function, relieve spasticity and neurotransmitter indexes in children with CP, and promote the improvement of hemodynamics. It can be seen that acupuncture combined with rTMS can further enhance the clinical efficacy compared with a single treatment. Wrist-ankle acupuncture, as one of the means of acupuncture, is a more simplified version compared with traditional acupuncture therapy, and it has the merit of high tolerance for children. This study attempts to use peripheral-central integration model, to further strengthen the clinical effect of children with CP to provide a new way of treatment.



MATERIALS AND METHODS


Participants

Twenty-eight children with spastic CP who received treatment at Shanghai Yangzhi Rehabilitation Hospital between June 2020 and January 2021 were recruited into this trial by an attending physician. However, during the course of treatment and follow-up, there were three cases of rejection and abscission due to personal factors. Finally, 25 cases completed the clinical trial and included the results. The inclusion criteria are as follows: (1) Confirmed diagnosis of spastic CP; (2) aged 3–7 years old; (3) Gross Motor Function Classification System (GMFCS) of CP grading from I to III; and (4) sufficient understanding and cooperation to complete this trial. The exclusion criteria are as follows: (1) The absence of either hemisphere motor evoked potential (MEP); (2) children with organ dysfunction, history of severe epilepsy, cognitive impairment, and other serious diseases; (3) children with CP accompanied by involuntary movements, ataxia, or mixed type; (4) children with artificial pacemaker, cochlear implant, and metal implants; and (5) taken or injected with anti-spasmodic drugs in the past 6 months. The clinical characteristics of participants are shown in Table 1.


TABLE 1. Descriptive characteristics of participants.
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Study Design

This was a randomized, controlled, single-blind, and parallel-designed prospective clinical trial that was implemented comparing 5-Hz rTMS with and without wrist-ankle acupuncture on motor function and spastic state in children with CP. Ethical approval was obtained by the Medical Ethics Committee of Shanghai Yangzhi Rehabilitation Hospital (YZ2020-066). In addition, the project was registered in Chinese Clinical Trial Registry (no. ChiCTR20000039495). All parents or caregivers have signed informed consent and children verbally agreed to participate in the trial. Participants who met the criteria were randomly assigned (1:1) to two groups (Group A and Group B). The experimental group (Group A) received 20 daily sessions of 5-Hz rTMS over the affected hemisphere with 1,000 pulses. The control group (Group B) was given wrist-ankle acupuncture on the basis of the control group. Assessments were performed at T0 (baseline, 1 week before the intervention onset) and T1 (within 5 days after the intervention). A detailed description of the experimental design is shown in Figure 1.
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FIGURE 1. Study design flow chart.




Randomization

Randomization was performed by an independent researcher who is not involved in the recruitment procedure, intervention, or evaluation. Participants were randomly assigned into two groups using a random number table in accordance with the 1:1 ratio.



Sample Size

According to previous study report (Yan-fen, 2015), we selected the scores of GMFM-88 after intervention as a similar reference index. On the basis of the GMFM-88 scores, a margin of 0, an alpha-level of 0.025, a statistical power of 0.90, and a drop rate of 10%, 14 children per group were calculated as the minimum sample size by the formula (Wu et al., 2013; Zhang et al., 2016).



Blinding

Evaluators and statisticians were all blinded.



Intervention

The control and experimental groups were conducted in the process of routine rehabilitation, including routine stretch training and strength training. The control used the method of 5-Hz rTMS and the experimental group incorporated wrist-ankle acupuncture treatment in addition to the control. To reduce random error and contingency of the clinical result, wrist-ankle acupuncture was performed first followed by rTMS in the experimental group.



Repetitive Transcranial Magnetic Stimulation

We utilized TMS devices (made in Denmark with MCF-125 8-shaped coil, model: MagPro × 100) to perform rehabilitation therapy and utilized a neurological diagnosis system (made in Denmark, model: KEYPOINT) to monitor the MEP.


(1) Resting motor threshold (RMT) measurement: RMT refers to the minimum stimulation that induces target muscle, typically abductor pollicis brevis (APB) muscle to generate MEP over 50 μV in at least five of the 10 single-pulse stimulation (Groppa et al., 2012a; Rossini et al., 2015). Because of individual differences, RMT varies among populations. To monitor the real-time MEP of APB, the patient was placed recumbent or semi-recumbent position and was told to relax. The ground electrode was placed 2-cm proximal to the wrist crease of the forearm. The detection electrode and reference electrode were placed at the muscle belly and the tendon (base of the proximal side of the first phalanx) of APB, respectively. The coil was placed tangent to the surface of the skull and rotated 45° along the sagittal plane. Single-pulse TMS was used to stimulate the corresponding sites of M1 of the head. The output power was first set at 50–60%. If the MEP is not detected after three to five attempts at each site, then the output is increased by 5%. If it reaches 90% of maximum output power and no MEP is induced, then the coil is relocated 0.5 cm front, back, left, and right to the original position, and the same procedure is repeated. Thus, the best site to induce MEP is recorded, and the corresponding RMT is measured and recorded.




(2) Treatment parameters: Subjects were stimulated for 15 min at a frequency of 5-Hz, for a total of 20 sessions (5 days a week, for 4 weeks). The stimulation intensity was set at 90% relative to the observed RMT of the patient, with a stimulus train duration of 5 s and an inter-train interval of 5 s. A total of 40 successive stimulation and 1,000 pulses were performed every time. As the RMT maybe changeable during the whole trial, we would remeasure RMT before daily treatment.




(3) Stimulation site: According to the inter-hemispheric competition inhibition model, a high-frequency stimulation of 5 Hz was performed on the M1 site of the affected hemisphere. If there was no detection of MEP from the ipsilateral M1, the optimal stimulus site is the symmetrical location of the contralateral M1.




(4) Location of M1 (the primary motor cortex): C3 and C4 were located in line with the international 10–20 electroencephalogram (EEG) system on the corresponding sites of the primary motor cortices (Silva et al., 2020). First, the length from nasion to inion was measure and set as 100%. Then, the length between preauricular points was measured and set as 100%. The intersection of the two lines was the point Cz. Four points on the connecting line between the two preauricular points were labeled T3, T4, C3, and C4. T3 and T4 were 10% of the total length between the preauricular points, and the remaining points (including Cz) were all separated by 20% of the total length (Figure 2). Because of anatomical differences, the actual effective stimulation site may differ from the C3 and C4 points. Thus, the exact location of M1 can be determined by moving the coil slightly around the two electrode points to see if there are MEPs.
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FIGURE 2. International 10-20 EEG electrode location map.




Wrist-Ankle Acupuncture Treatment

(1) Acupuncture sites: As stated by Prof. Xinshu Zhang and his summary of acupuncture sites and treatment, the needle insertion points were determined at sections of upper 4, upper 5, lower 1, and lower 4 on the lesion side of the body (Yang et al., 2019).

(2) Method and parameters: Filiform acupuncture needles (Brand: HUATUO, 0.30 × 40 mm) were used. After routine skin disinfection, the site was selected by the criteria. Acupuncture was performed with subcutaneous superficial puncture to avoid feelings of swelling and pain. The insertion was 30° of angle and was performed with single-handed fast insertion and no needle twisting. Then, the needle tail was fixed with medical tape on the skin surface. The patient was told to stay at rest and reduce wrist and ankle movement. The needle insertion lasted for 30 min, once every day, for a total of 20 sessions (5 days a week, for 4 weeks).



Assessment


Gross Motor Function Measure-66

The GMFM-66 consists of 66 items; each item is scored 0–3 points. The final score value is converted by software. On the basis of the original GMFM-88, the GMFM-66 scale was modified and optimized to measure the gross motor function of children with CP in different postures and reflect their motor development level. Compared with GMFM-88, GMFM-66 showed good reliability, validity, and reactivity (Avery et al., 2013).



Modified Tardieu Scale—R-value

The scale has good reliability and validity in evaluating the degree of spasticity of upper and lower limbs in children with CP. First, move the joint slowly to the “point of sticking” and record the joint angle at this time as R2. Then, move the joint quickly to the “point of sticking” and record the joint angle at this time as R1. Calculate the difference between the two and mark it as R(R = R2-R1). The improvement of muscle spasm was evaluated by the change of R-value before and after treatment (Numanoğlu and Günel, 2012).



Latency of Motor Evoked Potentials (MEP LAT)

When the muscle is stimulated, an action potential will be generated, resulting in a negative wave (upward wave). The latency refers to the period from the beginning of the stimulation artifact to the departure of the negative wave from the baseline. It is usually expressed in milliseconds, which represents the excitability of motor cortex and the integrity of corticospinal tract pathway (Kowalski et al., 2019). We recorded the latency five times per subject and calculated the mean of the latency as the measurement of cortical excitability.



Amplitude of Motor Evoked Potentials (MEP AMP)

The amplitude refers to the distance between the negative wave peaks and the baseline. It is usually expressed in millivolts. The amplitude of MEP reflects the structural and functional integrity of the corticospinal tract and the excitability of the motor cortex (Van Den Bos et al., 2017).



Duration of Motor Evoked Potentials (MEP DUR)

Duration refers to the period from the beginning of the negative wave of action potential deviated from the baseline to returning to the baseline again. Usually, it is expressed in milliseconds. These data can indicate the level of discharge of a single muscle fiber at the same time.



Data and Statistical Analysis

Statistical analysis was performed using SPSS version 25.0 (Property of IBM Corp, New York, America) and completed by an independent researcher who is not involved in the recruitment procedure, intervention, or evaluation. If measurement data conforms to normal distribution, the Independent Sample T-test and Paired Samples T-test are used. If it does not conform to normal distribution, then non-parametric test is used. Pearson chi square test was used for counting data. Wilcoxon rank sum test was used for grading data. Continuous variables were presented as mean ± standard deviation, and p < 0.05 was considered statistically significant.





RESULTS

The subjects of this study were children with spastic CP who received rehabilitation treatment in the outpatient Department of Shanghai Sunshine Rehabilitation Center from June 2020 to January 2021. A total of 28 subjects were included and signed informed consent voluntarily after screening according to diagnosis and to inclusion and exclusion criteria. During the study, two cases were removed from the experimental group, and one case was removed from the control group. They are unable to continue to receive treatment in accordance with the regulations due to personal reasons, such as heavy homework and transfer to other hospitals. Therefore, a total of 25 patients completed the study and were included in the outcome index for statistical analysis, including 12 in the experimental group and 13 in the control group. The clinical characteristics of participants are shown in Table 1.

As can be seen from Table 1, before treatment, there was no statistical significance in gender, age, height, weight, CP classification, GMFCS, and other general data between the two groups (p > 0.05), and the data between the two groups were comparable.

As can be seen from Table 2, before treatment, GMFM-66 scores between the two groups were in line with normal distribution, and there was no statistically difference between two groups by independent-samples t-test (p>0.05), indicating that the data were comparable. At the same time, there was no significant difference in the R-values of hamstring muscle, gastrocnemius muscle, and soleus muscle tension between the two groups before treatment (p > 0.05). MEP LAT, MEP AMP, and MEP DUR were also compared between the experimental group and the control group before treatment, and there was no significant difference between the two groups (p > 0.05). Overall, the data of the two groups were comparable.


TABLE 2. Outcome scores at baseline (mean ±SD).
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As can be seen from Table 3, after treatment, there was significant difference in GMFM-66 scores between the two groups (p = 0.026), the increase of score in the experimental group was greater than that in the control group, however there was no significant difference in the R-values of hamstring muscle, gastrocnemius muscle, and soleus muscle tension between the two groups (p>0.05). Besides, there was significant difference in MEP LAT between experimental group and control group (p = 0.026), whereas there was no significance in MEP AMP and MEP DUR (p>0.05).


TABLE 3. Changes of outcome scores (mean ±SD).
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As can be seen from Figures 3–9, we can see a change trend of the value. After two courses of treatment, the GMFM-66 scores in the same group were significantly higher than that before, and the difference was statistically significant (pA<0.001, pB<0.001). The R-values of hamstring muscle, gastrocnemius muscle, and soleus muscle tension in the same group were lower than that before treatment, indicating significant difference (hamstring: pA = 0.005, pB = 0.002; gastrocnemius: pA = 0.027, pB = 0.039; soleus: pA = 0.011, pB = 0.027). The latency of MEP in the same group was significantly shorter than that before treatment (pA = 0.002, pB = 0.002). The amplitude of MEP in the same group was significantly higher than that before treatment (pA = 0.003, pB = 0.016). The duration of MEP in the same group was significantly increased compared with that before treatment (pA = 0.002, pB<0.001).
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FIGURE 3. Comparison of GMFM-66 scores. (A) Comparison of score value in the same group before and after treatment. (B) Comparison of differences between the two groups before and after treatment. * indicates intra-group p < 0.05, and # indicates inter-group p < 0.05.
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FIGURE 4. Comparison of R value of hamstring Muscle. * indicates intra-group p < 0.05.
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FIGURE 5. Comparison of R value of gastrocnemius muscle. * indicates intra-group p < 0.05.
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FIGURE 6. Comparison of R value of soleus muscle. * indicates intra-group p < 0.05.
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FIGURE 7. Comparison of latency of motor evoked potentials. * indicates intra-group p < 0.05, and # indicates inter-group p < 0.05.



[image: image]

FIGURE 8. Comparison of amplitude of motor evoked potentials. * indicates intra-group p < 0.05.
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FIGURE 9. Comparison of duration of motor evoked potentials. * indicates intra-group p < 0.05.




DISCUSSION

This study explored the superiority of wrist-ankle acupuncture combined with 5-Hz rTMS in improving motor function and spasticity in children with CP. From the statistical results, it was found that through the mode of peripheral-central combination, the scores of GMFM-66 and the conductivity of corticospinal tract could be improved. However, it cannot be proved that it has a significant effect on improving spasticity in children with CP in this study. Next, we further discuss the effect and mechanism of wrist-ankle acupuncture combined with 5-Hz rTMS according to previous research reports.


Effect on Corticospinal Conduction Tract

This study compared the changes of corticospinal tract conductivity between two groups before and after treatment by detecting the electrophysiological indexes such as MEP LAT, MEP AMP, and MEP DUR. The results showed that, after two courses of treatment, both experimental group and control group showed the trend of shortening MEP LAT, expanding MEP AMP and increasing MEP DUR. The difference was statistically significant (p < 0.05). At the same time, the decrease of latency in experimental group after treatment was significantly greater than that in control group (p < 0.05), but there was no significant statistical difference between two groups on MEP AMP and MEP DUR (p > 0.05). The results showed that the conductivity of corticospinal tract was improved in both groups after treatment, but the clinical effect of combined wrist-ankle acupuncture group was better than that of single 5-Hz rTMS group. It can be seen that wrist-ankle acupuncture, as a derivative of traditional acupuncture, plays a certain role and significance in improving neurophysiological function.

The corticospinal tract is the descending nerve conduction tract that controls the voluntary movement of skeletal muscles. The development of pyramidal tracts in bilateral cerebral hemispheres of children with CP is slower than that of normal children; it reflects the disruption of the myelination and axonal integrity of the pyramidal tract during perinatal period, which leads to the dysfunction of motor function (Papadelis et al., 2019). Through single-pulse TMS evaluation, corresponding neurophysiological indexes can be obtained, which can be used as functional biomarkers of brain neuroplasticity and potential therapeutic targets, and further reflect the changes of brain function after non-traumatic brain stimulation intervention (Kirton, 2017). The MEP detected by TMS can be used as a neurobiological marker for the early development of pyramidal tracts in perinatal stroke patients (Kowalski et al., 2019). There is a mechanism that suggests that the shortening of MEP LAT and the widening of amplitude are due to the excitability of α motor neurons and corticospinal tracts (Van Den Bos et al., 2017). The action mechanism of the increase of MEP DUR is explained through research (Brum et al., 2016). It is considered that, during the descending conduction of corticospinal tract, the I α inhibitory interneurons were activated, which further activated the excitatory activity of α motor neurons, and then, MEP DUR increased.

Although the action mechanism of wrist-ankle acupuncture combined with 5-Hz rTMS has not been further studied in this trial, literature studies have found that acupuncture is a bottom-up mode of regulation, specific activation of different brain regions, and there are potential neurochemical mechanisms. By using functional magnetic resonance imaging techniques, researcher found that acupuncture at “Taichong” can trigger increased or decreased signal intensity in several areas of the brain in children with CP (Wu et al., 2008). By exploring the effect of acupuncture on rats with hypoxic-ischemic brain injury, it is found that acupuncture may reduce the degree of neuronal injury after ischemia by inhibiting apoptosis and increasing the expression of glial cell derived neurotrophie factor (GDNF) and brain-derived neurotrophic factor (BDNF), further promote the growth and development, and improve the function of ethology (Zhang et al., 2015). When TMS is applied to the head, it induces action potentials in the cortical axons and spreads across synapses to other neurons, resulting in neuronal activation and spreading of excitation to the adjacent cortical and subcortical regions (Groppa et al., 2012b). At present, there is no specific literature report on the joint action mechanism of wrist-ankle acupuncture combined with 5-Hz rTMS at home and abroad, which can be used as an exploration direction in the future of this study to explore the superiority of the central peripheral closed-loop stimulation mode formed by the combination of the two treatment methods for improving neural electrophysiological function.



Effect on Spasticity

Through this trial, it is found, that after two courses of intervention, the R-value tends to decrease, and muscle tension of the subjects in both groups have been improved to a certain extent (p<0.05). It can be concluded that the treatment methods of the two groups have a positive effect on reducing the degree of spasm.

Animal studies have found that (Qi et al., 2014) acupuncture can inhibit the release of inflammatory cells after brain injury, reduce immune response, significantly reduce the muscle tension of spastic CP rats, and increase the activity of spastic limbs. At the same time, the clinical study also found that (Qianfang, 2018) the use of wrist-ankle acupuncture technology in the treatment of children with spastic CP can significantly reduce the muscle tension of the affected side of the upper limb and improve its grasping and visual motor integration ability, and the effect is better than that of traditional acupuncture. It is speculated that the good antispasmodic effect of wrist-ankle acupuncture may be closely related to its analgesic ability.

Pain is common in children with CP (Poirot et al., 2017). Long-term muscle spasticity and skeletal deformity caused by spasm often cause pain (Smith and Field, 2020). The analgesic effect of wrist-ankle acupuncture has been confirmed by many studies. Animal trials have shown that (Liu et al., 2015) wrist-ankle acupuncture can significantly increase the level of nitric oxide in rat tissues and inhibit the production of prostaglandin F2α that causes hyperalgesia and relieves pain. In addition, wrist-ankle acupuncture can activate an endogenous pain regulation mechanism that increases the secretion of β-endorphins and substance P to block the transmission of pain signals.

Besides, Rajak et al. (2019) treated children with spastic CP by rTMS with 10 Hz and 2,500 pulse sequences. The results showed that, after treatment, the degree of upper limb muscle spasm was significantly reduced (Rajak et al., 2019). However, the role of rTMS at different frequencies is also different. Valle et al. (2007) studied the therapeutic effects of low frequency and high frequency on spasticity in children with CP. The results showed that the 5-Hz group had more obvious relief of upper limb spasticity and significantly improved elbow movement than the 1-Hz and sham stimulation groups, and the safety evaluation showed that 1-Hz or 5-Hz stimulation did not cause any side effects in children.

However, there is no significant statistical difference between the experimental group and the control group before and after treatment (p>0.05), so the evidence does not support the assumptions that the effect of combined wrist-ankle acupuncture group on improving spasticity in children with CP is better than that in the single 5-Hz rTMS group. The small sample size or low treatment frequency might be the reason. Further experiments are still needed to verify whether this hypothesis is correct.



Effect on Motor Function

Recent years, acupuncture combined with rTMS were reported to have a more effective impact on motor function when compared to single rTMS (Yan-fen, 2015; Ji et al., 2019. In addition, our statistical results showed that the increase of GMFM-66 scores in the experimental group was greater than that in the control group (p<0.05), which revealed the evident superiority of rTMS and wrist-ankle acupuncture combination therapy during motor function recovery.

From the perspective of traditional Chinese medicine, the division of wrist-ankle acupuncture is similar to the 12 skin meridians. The 12 skin meridians are the distribution of the 12 meridians on the body surface. Some theoretical studies refer that the upper 4 areas belong to the hand Yangming large intestine meridian, the upper 5 areas belong to the hand Shaoyang Sanjiao meridian, the lower 1 area belongs to the foot Shaoyin kidney meridian, and the lower 4 areas belong to the Foot Yangming stomach meridian (Qinghui, 2017). The meridians scattered on the skin are adjusted through the selection of needle entry parts at the wrist and ankle, so as to achieve the goal of regulating the viscera, making the Qi and blood sufficient and nourishing the joints.

Several clinical studies investigating the efficacy of wrist-ankle acupuncture in children with spastic CP have reported a large improvement in motor function. These studies (Qianfang, 2018) have suggested that wrist-ankle acupuncture can effectively improve the fine motor ability of both hands of children with spastic CP, and the curative effect is better than traditional acupuncture. Besides, the research results found that (Wenjie, 2019) wrist-ankle acupuncture can significantly improve the pointy foot gait of children with spastic CP and increase the ankle range of motion.

At the same time, rTMS also has a positive effect on the treatment of children with CP. A large number of studies have proved that (Valle et al., 2007; Feng et al., 2013; Rajak et al., 2019) rTMS can improve motor dysfunction in children with CP. Studies showed that (Tan et al., 2014) rTMS can improve cerebral blood flow, improve the metabolic environment of brain cells, delay the cell death cycle, and promote the recovery of brain function. A randomized controlled trial (Feng et al., 2013) discussed the therapeutic effect of rTMS on children with spastic CP. The results showed that, after 1 month of treatment, the sitting ability was significantly improved. After 3 months of treatment, the gross motor functions, such as sitting, kneeling, and climbing, and the fine motor functions, such as range of motion, grasping, and operating objects of limb joints, were significantly improved compared with that in the control group.

This trial found that rTMS combined with wrist-ankle acupuncture has obvious advantages in improving motor function of children with cerebral palsy. In the future, we can also expand the sample size to further explore the persistence of its effect.




CONCLUSION

From a clinical point of view, 5-Hz rTMS alone or combined wrist-ankle acupuncture are both of positive significance in improving gross motor function, reducing tension of soleus, gastrocnemius, and hamstring muscles; shortening latency of MEP; increasing amplitude of MEP and prolonging duration of MEP in children with CP; and promoting recovery of motor function by regulating nerve function of corticospinal pathway. However, from a statistical point of view, it can be found that the clinical efficacy of high-frequency rTMS combined with wristankle acupuncture in improving gross motor function and enhancing the conductivity of corticospinal tract in children with CP is better than that of simple high-frequency rTMS, and there is no significant difference in the improvement of spasticity.



LIMITATIONS

Through the results of this study, it could be found that the clinical efficacy of 5-Hz rTMS combined with wrist-ankle acupuncture in improving gross motor function and enhancing the conductivity of corticospinal tract in children with CP was better than that of 5-Hz rTMS alone. In addition, there was no statistical difference in the improvement of spasticity, which may be related to insufficient sample size and low treatment frequency. However, the degree of spasticity was improved according to the change trend of clinical data. Because the influence of COVID-19, recruiting patients during this period was more difficult and time consuming. In the future, it is still necessary to further expand the sample size to increase the reliability of the conclusions. In addition, because the research object is children, there was a problem of compliance in the treatment process. It is necessary to further strengthen the communication with children and parents, so as to obtain better cooperation. At the same time, there is no research report on the joint action mechanism of wrist-ankle acupuncture combined with rTMS, which can be used as an exploration direction in the future to explore the superiority of the central peripheral closed-loop stimulation mode to improve the neurophysiological function. It can also be combined with functional MRI and other imaging methods to explore its mechanism.
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Synergistic Immediate Cortical Activation on Mirror Visual Feedback Combined With a Soft Robotic Bilateral Hand Rehabilitation System: A Functional Near Infrared Spectroscopy Study
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Background: Mirror visual feedback (MVF) has been widely used in neurological rehabilitation. Due to the potential gain effect of the MVF combination therapy, the related mechanisms still need be further analyzed.

Methods: Our self-controlled study recruited 20 healthy subjects (age 22.150 ± 2.661 years) were asked to perform four different visual feedback tasks with simultaneous functional near infrared spectroscopy (fNIRS) monitoring. The right hand of the subjects was set as the active hand (performing active movement), and the left hand was set as the observation hand (static or performing passive movement under soft robotic bilateral hand rehabilitation system). The four VF tasks were designed as RVF Task (real visual feedback task), MVF task (mirror visual feedback task), BRM task (bilateral robotic movement task), and MVF + BRM task (Mirror visual feedback combined with bilateral robotic movement task).

Results: The beta value of the right pre-motor cortex (PMC) of MVF task was significantly higher than the RVF task (RVF task: -0.015 ± 0.029, MVF task: 0.011 ± 0.033, P = 0.033). The beta value right primary sensorimotor cortex (SM1) in MVF + BRM task was significantly higher than MVF task (MVF task: 0.006 ± 0.040, MVF + BRM task: 0.037 ± 0.036, P = 0.016).

Conclusion: Our study used the synchronous fNIRS to compare the immediate hemodynamics cortical activation of four visual feedback tasks in healthy subjects. The results showed the synergistic gain effect on cortical activation from MVF combined with a soft robotic bilateral hand rehabilitation system for the first time, which could be used to guide the clinical application and the future studies.

Keywords: mirror visual feedback, soft robotic bilateral hand rehabilitation system, functional near infrared spectroscopy, cortical activation, synergistic gain effect


INTRODUCTION

Mirror therapy or mirror visual feedback (MVF) was first proposed by Ramachandran et al. (1995) and applied to the treatment of limb phantom pain. It was found that the input of a mirrored visual illusion could activate brain plasticity of the affected limb and thus inhibit the abnormal displacement of the central functional area of the brain and in turn alleviate pain (Ramachandran and Altschuler, 2009; Herrador Colmenero et al., 2018). Subsequently, MVF has been widely used in neurological rehabilitation. Thieme et al. (2018) meta-analysis found moderate quality of evidence that MVF was beneficial in improving motor dysfunction and activities of daily living. Until now, the relevant mechanistic hypotheses involved in MVF mainly include the following three aspects: MVF can activate the mirror neuron system, thus inducing or enhancing motor imagery (Grèzes and Decety, 2001); MVF might also conducive to the recruitment of ipsilateral cortical spinal cord bundles (Zheng and Hu, 2011) and can enhance attention in affected sides via a mirror illusion, thus activating the motor network in the brain region of the affected side (Deconinck et al., 2015). However, due to the small sample size and large heterogeneity of patients (including the locations and side of brain injury, motor and cognitive impairment levels, sensory function, and even age, etc.) (Luo et al., 2020), the clinical efficacy and related mechanisms of MVF still needs further analysis. More recently, the Central-Peripheral-Central closed-loop regulation mode, formed by the combination of MVF as a central intervention method with other peripheral interventions, has become a research hotspot to further improve the technique. In recent years, some MVF studies have combined it with electromyographic biofeedback (Kim and Lee, 2015; Liu et al., 2021), EMG-triggered electrical stimulation (Schick et al., 2017), electrical stimulation (Lee and Lee, 2019), robot-assisted therapy (Ji-feng et al., 2019), and other intervention methods. These results suggest that combination therapy has potential for improving moderate to severe upper limb dysfunction after stroke. In the past some studies simply superimposed MVF and other interventions in order [such as MVF combined with acupuncture (Yin et al., 2020), robot-assisted therapy (Thakkar et al., 2020; Rong et al., 2021)], and failed to form MVF synchronized with other peripheral interventions to achieve central-peripheral-central closed-loop measures. Additionally, although some studies (such as MVF synchronous electromyographic biofeedback, EMG-induced electrical stimulation) have achieved closed-loop intervention formally, the muscle electrical stimulation given by the electrode could not accurately induce hand movement resulting in a significant difference between the passive movement of the affected side and the mirror movement leading to the poor effect of the closed-loop regulation mode. Therefore, it is necessary to explore a better MVF synchronous intervention mode to further improve the effect of closed-loop regulation.

In our study we use a soft robotic bilateral hand rehabilitation system. The soft robotic bilateral hand rehabilitation system is a pneumatically driven soft robot based on bilateral hand movement intervention for patients with hand dysfunction after stroke. In this method, the unaffected hand is fitted with an inductive glove for normal hand movement, while the affected hand is fitted with an exoskeleton robotic glove for passive hand movement, imitating the unaffected hand. The principle is to have the inductive glove record normal hand movements of the unaffected hand and input data into the exoskeleton robotic glove to guide the affected hand to simulate movement. Therefore, it is also defined as robot – mediated bilateral therapy (Haghshenas-Jaryani et al., 2020). This intervention method may be related to three potential principles of nerve remodeling. First, soft robotic gloves can not only activate the primary motor cortex of the affected side by driving the affected hand through the unaffected hand, but also trigger the proprioceptive input by moving the affected hand, so as to activate the corresponding primary sensory cortex (Haghshenas-Jaryani et al., 2019), and establish effective “peripheral” stimulation feedback to “central.” Second, soft robotic gloves realize bilateral exercise training mode through the joint action of the unaffected hand, which is conducive to the normalization of inter-cortical inhibition between cerebral hemispheres. Previous studies have shown that the mechanism of bilateral movement pattern was that the simultaneous movement of the same muscle groups on both sides was beneficial to the activation of similar neural networks in bilateral hemispheres, thereby reducing inter-hemispheric inhibition and improving the functional performance of paralytic hand (Renner et al., 2020). Several studies showed that bilateral training was superior to neurodevelopment treatment and unilateral robot-assisted training in improving upper limb motor function after stroke (Chen et al., 2019; Straudi et al., 2020). Finally, the linkage device of the robotic glove make it easy to realize the repeated movement of the affected hand, which can continuously provide positive feedback to the central nervous system through the peripheral movement and strengthen the neuronal circuit (Mane et al., 2020), thus facilitating the neural remodeling of the brain on the affected side. Moderate-quality evidence showed a beneficial effect of high repetitive task practice is considered to be an effective intervention method (Pollock et al., 2014). Repeated exercise is considered to be the physiological basis for motor learning, and motor and sensory coupling contributes to the adaptation and recovery of neural pathways (French et al., 2007). Overall, soft robotic gloves can provide positive and effective “peripheral” stimulation, and MVF is based on the mechanism of motor imagery and mirror neurons to produce central regulation. If they are combined with synchronous intervention, a complete and strong “central-peripheral-central” closed-loop regulation can be theoretically formed. However, whether it can bring a better clinical effect and its mechanism remain unclear.

Previous studies on central nervous regulation based on MVF mostly used functional magnetic resonance imaging (fMRI) (Rjosk et al., 2017; Manuweera et al., 2018), electroencephalography (EEG) (Al-Wasity et al., 2019; Luo et al., 2020; Fong et al., 2021) and functional near infrared spectroscopy (fNIRS) (Inagaki et al., 2019; Bai et al., 2020), but these studies are limited by the high cost of fMRI examination, spatial limitations, and low spatial resolution of EEG. fNIRS is portable, environmentally friendly, and has relatively high spatial resolution. This study included healthy young subjects to minimize the differences between individuals, such as part of brain damage, degree of surviving motor function and cognitive function, and used synchronous fNIRS to determine whether MVF and a soft robotic bilateral hand rehabilitation system have synergistic effects on cortical activation. The results can guide future clinical treatments and mechanistic research.



MATERIALS AND METHODS


Participants

Our self-controlled study recruited 20 healthy subjects from Guangzhou Medical University who met the following criteria: (a) 18–35 years old; (b) right hand dominant according to the Edinburgh Handedness Inventory; (c) no previous affected vision field or vision diseases; (d) no central nervous system diseases; and (e) no upper limb fracture history and upper limb deformity. The study was approved by the Ethics Review Committee of the Fifth Affiliated Hospital of Guangzhou Medical University (No. GYWY-L2021-74). All subjects signed informed consent forms. This study was also approved by the China Clinical Registration Center (No. ChiCTR2100052042)1.



Procedure and Experimental Tasks

All recruited subjects were asked to perform four different visual feedback tasks with simultaneous fNIRS monitoring. The order of tasks was random and based on random computer software. The right hand of the subjects was set as the active hand (performing active movement), and the left hand was set as the observation hand (static or performing passive movement under soft robotic bilateral hand rehabilitation system). The active hand followed the preset sound prompt to grasp or extend at a frequency of 0.5 Hz.

Mirror visual feedback used a three-dimensional triangular mirror box with an area of 30 cm × 30 cm. The soft robotic bilateral hand rehabilitation system contains soft-robotic bilateral gloves (SY-HR06, Siyi Intelligent Technology Co., Ltd., Shanghai, China) including one for the motion-command glove on the right hand (active side) and the other for the motion-actuator glove on the left hand (slave side). Through this master-slave configuration, the motion trajectory of the active hand (right, master) provides input instructions for robotic glove that drive the passive limb (left, slave) to perform synchronous motion. All subjects were asked to wear soft-robotic bilateral gloves to maintain the same cortex activation from glove itself during four tasks. Before testing, the robotic gloves should be calibrated to confirm correct mirror motion.

According to whether the observed hand was in static or passive movement through linkage, the VF tasks could be divided into a non-linkage state (real visual feedback task, RVF task; mirror visual feedback task, MVF task) and linkage state (bilateral robotic movement, BRM task; MVF + BRM task). They could also be divided based whether the mirror image was involved: real visual feedback from the observed hand (real visual feedback task, RVF task; bilateral robotic movement, BRM task) and mirror visual feedback from active hand (mirror visual feedback task, MVF task; MVF + BRM task). The four VF tasks were designed as follows (Figure 1):


(1)RVF task: The active hand performed grasping/extension without mirror visual feedback; the observed hand remained static, and visual feedback was from the observed hand (Figure 1A).

(2)MVF task: The active hand performed grasping/extension with mirror visual feedback; the observed hand remained static, and visual feedback was from the mirror illusion of the active hand (Figure 1B).

(3)BRM task: The active hand performed grasping/extension without mirror visual feedback; the observed hand performed passive movement in the soft robotic bilateral hand rehabilitation system; visual feedback was from the observed hand (Figure 1C).

(4)MVF + BRM task: The active hand performed grasping/extension with mirror visual feedback; the observed hand performed passive movement under soft robotic bilateral hand rehabilitation system, and visual feedback was from the mirror illusion of the active hand (Figure 1D).




[image: image]

FIGURE 1. The diagram of visual feedback tasks. (A) RVF Task (real visual feedback task); (B) MVF task (mirror visual feedback task); (C) BRM task (bilateral robotic movement task); (D) MVF + BRM task (Mirror visual feedback combined with bilateral robotic movement task).




Functional Near Infrared Spectroscopy Measurement


Data Acquisition

Synchronized fNIRS (NirSmart, Danyang Huichuang Medical Equipment Co., Ltd., Beijing, China) was used to monitor hemodynamic responses during different visual feedback tasks. 12 source probes and 10 detectors were integrated into a custom head cap that was fixed on the subjects’ heads and adjusted according to size and shape. Two infrared wavelengths (730 and 850 nm) emitted by the transmitter were received by a pair of adjacent detectors with an interval of 30 mm, and were collected at a sampling rate of 10 Hz. The source probe and detector could form 24 channels according to the placement of the 10–20 systems (Chatrian et al., 1988; Oostenveld and Praamstra, 2001; Fornia et al., 2020a). The position of the source probe and detector in this study were shown in Figure 2. After subject preparation ready, a fNIRS gain quality check was performed before the test to ensure that the data acquisition was neither under-gained nor over-gained.


[image: image]

FIGURE 2. fNIRS 24-channel placement. SM1, primary sensorimotor cortex; PMC, pre-motor cortex; DLPFC, dorsolateral prefrontal cortex.


The fNIRS testing was divided into a baseline phase (240 s) and a random task phase (960 s). The random task phase contains four visual feedback tasks, and each task included one 60-s resting stage and three 60-s blocks (40 s for grasp and 20 s for rest over three blocks for a total of 1,200 s; Figure 3).


[image: image]

FIGURE 3. fNIRS testing procedure including baseline phase and visual feedback task phase. The order of four tasks were randomized. Each visual feedback task consists of three trials. RVF task, real visual feedback task; MVF task, mirror visual feedback task; BRM task, bilateral robotic movement task; MVF + BRM task, Mirror visual feedback combined with bilateral robotic movement task.


When the subjects performed different tasks, the corresponding cerebral cortex was activated. The increase in neuronal activity was accompanied by the increase in cerebral oxygen metabolism, and blood oxygen was consumed resulting in the changes in the concentrations of oxygenated hemoglobin (HbO2) and deoxygenated hemoglobin (HbR). The relative concentration change of the fNIRS data was calculated according to the modified Beer-Lambert law and then filtered by a Butterworth band-pass filter with a frequency band of 0.01-0.2 Hz. Previous studies have demonstrated that HbO2 was a reliable and sensitive indicator of movement-related changes in brain activation (Chen et al., 2020). Therefore, this study selected the concentration change of HbO2 (ΔHbO2) as the outcome measurement for analysis.



Regions of Interests

Regions of interest were set on bilateral primary sensorimotor cortex (SM1), pre-motor cortex (PMC), and dorsolateral prefrontal cortex (DLPFC) as shown in Figure 3. According to the results of MRIcro registration, the average value of all channels in the regions of interests greater than 50% was used as the activation value of the brain area (Ye et al., 2009; Wan et al., 2018). Performing the general linear model (GLM) and average beta values were obtained in the channel of the regions of interest (ROIs).




Statistical Analysis

SPSS 25.0 software was used for statistical analysis. The measurement data conform to normal distribution and were expressed as the mean ± standard deviation; enumeration data were expressed as the rate or composition ratio. One-way analysis of variance was used to compare to measurement data between multiple groups in line with normal distribution and homogeneity of variance, and the Least Significant Difference method was used for pairwise comparisons between groups. The Kruskal–Wallis H method was used to compare the measurement data among multiple groups that did not meet the application conditions.




RESULTS

Twenty healthy subjects included in our study (nine males and eleven females; age: 22.150 ± 2.661 years). The statistical results showed that compared with RVF task, the beta value of the right PMC of MVF task (RVF task: -0.015 ± 0.029, MVF task: 0.011 ± 0.033, P = 0.033) was higher, and the difference was statistically significant. Compared with BRM task, the beta value of left SM1 in RVF task was higher (RVF task: 0.023 ± 0.042, BRM task: -0.001 ± 0.049, P = 0.047), and the difference was statistically significant. Compared with MVF task, the beta value right SM1 in MVF + BRM task was higher (MVF task: 0.006 ± 0.040, MVF + BRM task: 0.037 ± 0.036, P = 0.016), and the difference was statistically significant. Compared with BRM task, the beta values of right DLPFC (BRM task: −0.031 ± 0.057, MVF + BRM task: 0.018 ± 0.057, P = 0.009), right PMC (BRM task: −0.018 ± 0.050, MVF + BRM task: 0.024 ± 0.036, P = 0.001), right SM1 (BRM task: −0.008 ± 0.049, MVF + BRM task: 0.037 ± 0.036, P = 0.001), left DLPFC (BRM task: −0.033 ± 0.067, MVF + BRM task: 0.014 ± 0.058, P = 0.029), left PMC (BRM task: −0.013 ± 0.038, MVF + BRM task: 0.021 ± 0.042, P = 0.012), and left SM1 (BRM task: −0.009 ± 0.049, MVF + BRM task: 0.028 ± 0.047, P = 0.021) in MVF + BRM task were higher, and the difference was statistically significant (Figures 4, 5).
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FIGURE 4. The comparisons of average beta values of ROIs in different four visual feedback tasks. (A) Right-SM1; (B) Left-SM1; (C) Right-PMC; (D) Left-PMC; (E) Right-DLPFC; (F) Left-DLPFC. Error bars represent standard error. *P < 0.05 and ***P < 0.001. RVF task, real visual feedback task; MVF task, mirror visual feedback task; BRM task, bilateral robotic movement task; MVF + BRM task, Mirror visual feedback combined with bilateral robotic movement task. SM1, primary sensorimotor cortex; PMC, pre-motor cortex; DLPFC, dorsolateral prefrontal cortex.



[image: image]

FIGURE 5. fNIRS activation maps for four visual feedback tasks. (A) RVF task; (B) MVF task; (C) BRM task; (D) RVF+MVF task. The beta values are indicated by color. RVF task, real visual feedback task; MVF task, mirror visual feedback task; BRM task, bilateral robotic movement task; MVF + BRM task, Mirror visual feedback combined with bilateral robotic movement task; SM1, primary sensorimotor cortex; PMC, pre-motor cortex; DLPFC, dorsolateral prefrontal cortex; L, left; R, right.




DISCUSSION

Our study used the synchronous fNIRS to compare the immediate hemodynamics cortical activation of four MVF tasks in healthy subjects. We explored the synergistic gain effect on cortical activation from MVF combined with a soft robotic bilateral hand rehabilitation system for the first time. Specifically, the combination of MVF and the robotic bilateral hand rehabilitation system was more conducive for cortical activation than either approach alone.

We first compared the RVF and MVF tasks. The results showed that MVF activated PMC on the mirror side. Its potential mechanism might be related to the key role of PMC in the mirror neuron network. MVF training is a rehabilitation method derived from the mirror neuron system (MNS) (Zhang et al., 2018). Mirror neurons both fire when an individual observes an action and when he/she performs a similar action (Ruggiero and Catmur, 2018).

Mirror visual feedback is a more vivid observation of movement mediated by mirrors. It promotes motor imagery and is further related to the rehabilitation of motor function (Ding et al., 2018). Meanwhile, the frontal-parietal MNS system is constructed by the parietal lobe, PMC, and the tail of the inferior frontal gyrus. It is an important neural network with mirror features (Rizzolatti and Craighero, 2004; Frenkel-Toledo et al., 2016). As one of the main components of the mirror neurons system, the activation of PMC could be seen both in action observation and action execution (Sun et al., 2018; Xu et al., 2019). Studies have shown that PMC is composed of interconnected regions in the primary motor cortex located in the frontal lobe of the brain (Fornia et al., 2020a). The upper motor neurons in the PMC can directly affect motor behavior via axons due to the extensive mutual connections with the primary motor cortex (Fornia et al., 2020b). Studies related to fMRI have also shown that motor imagery could enhance exercise preparation by increasing the activation of the premotor cortex (Bajaj et al., 2015a,b). Accordingly, MVF induced by a MVF task activated PMC through the components of motor imagery. These may be used as a key node in exercise preparation and can improve the neuroplasticity of the motor-related cortical areas on the mirror side.

The results also showed that the MVF + BRM task was more significantly activated in the SM1 region of mirror side than MVF task. The MVF + BRM task could significantly activate bilateral SM1, PMC, and DLPFC regions versus the BRM task. This suggests that MVF combined with BRM was more conducive to the activation of brain functional regions than MVF only or BRM only. The combination of these two strategies could lead to a synergistic gain effect. Previous studies showed that MVF induced the patient’s embodiment of the feedback limb images through mirror illusion (Ding et al., 2020). Combined visual and proprioception feedback could enhance the perception of embodiment (Wittkopf et al., 2017). MVF only emphasizes the embodied perception caused by visual feedback: The limited feedback on proprioception might limit the clinical utility of MVF (Feys et al., 2004). Thus, this study combined MVF and robotic bilateral hand movement to synchronize visual feedback and proprioceptive feedback, thus enhancing the overall embodied experience of the subjects. Moreover, about 40% of people with an acute right hemispheric and 20% of people with a left hemispheric stroke present a unilateral neglect (Ringman et al., 2004). In clinical applications, the increased attention of the affected limbs mediated by the illusion image from MVF may be beneficial to activate the movement network of the affected side.

Finally, we compared the RVF and BRM tasks. The results showed that robotic bilateral hand movement reduced activation of the left SM1. Clinical experiments also confirmed the effectiveness of bilateral training in improving upper limb motor function. Lee et al. (2017) included thirty stroke patients and found that the bilateral upper limb exercise training was more effective than conventional occupational therapy in improving upper limb function of stroke patients. Previous studies have also reported that MVF can be regarded as a special type of bilateral movement (Deconinck et al., 2015), however, compared with conventional bilateral exercise, MVF uses visual illusions to replace the actual movement of the affected side. The combination of MVF and robot linkage device just makes up for this shortcoming. The simultaneous movement of bilateral upper limbs generated by the robotic linkage device could reduce the interhemispheric inhibition, and the proprioceptive feedback of the affected side due to simultaneous movement of the bilateral upper limbs was also conducive to connections between motion control and primary motor cortex. This led to integration of interhemispheric sensory movements. This mechanism was critical for post-stroke patients especially for patients with moderate to severe upper limb motor dysfunction who might experience more brain activation inhibition from the healthy side.

Past meta-analysis of mirror therapy suggests that mirror therapy can be at least as an adjunct to conventional rehabilitation for post-stroke patients with upper limb motor dysfunction and activities of daily living (Thieme et al., 2018). However, there was lack of relevant mechanism research. In our study, the different tasks of the MVF combined robot glove showed a synergistic gain effect on the activation of the sensory motor zone. It might be a perfect combination with the bilateral movement caused by the linkage device of the robot glove and the MVF optical illusion to achieve the “central-peripheral-central” closed-loop central control is related. At the same time, the same direction bilateral upper limb movement under the linkage device can be used to improve the inhibition of the hemisphere after stroke, and the repetitive training of the contralateral side to drive the affected side is conducive to the remodeling of the cranial nerves. It is the “MVF combined with upper limb robot training” mediating the rehabilitation of upper limb motor function of patients after stroke and providing theoretical support, which can be further clinically studied in the future.


Limitation

This was a pilot study of healthy young subjects. The heterogeneity between subjects was carefully controlled. The differences in the results might largely be due to the different settings used for the experiments. Future work will test this in diseased subjects. Neuroimaging is also needed to study activation of the whole brain of MVF combined with other rehabilitation strategies.




CONCLUSION

Our study used the synchronous fNIRS to compare the immediate hemodynamics cortical activation of four visual feedback tasks in healthy subjects. The results showed the synergistic gain effect on cortical activation from MVF combined with a soft robotic bilateral hand rehabilitation system for the first time, which could be used to guide the clinical application and the future studies.
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Background: Upper limb motor dysfunction caused by stroke greatly affects the daily life of patients, significantly reduces their quality of life, and places serious burdens on society. As an emerging rehabilitation training method, brain–computer interface (BCI)–based training can provide closed-loop rehabilitation and is currently being applied to the restoration of upper limb function following stroke. However, because of the differences in the type of experimental clinical research, the quality of the literature varies greatly, and debate around the efficacy of BCI for the rehabilitation of upper limb dysfunction after stroke has continued.

Objective: We aimed to provide medical evidence-based support for BCI in the treatment of upper limb dysfunction after stroke by conducting a meta-analysis of relevant clinical studies.

Methods: The search terms used to retrieve related articles included “brain-computer interface,” “stroke,” and “upper extremity.” A total of 13 randomized controlled trials involving 258 participants were retrieved from five databases (PubMed, Cochrane Library, Science Direct, MEDLINE, and Web of Science), and RevMan 5.3 was used for data analysis.

Results: The total effect size for BCI training on upper limb motor function of post-stroke patients was 0.56 (95% CI: 0.29–0.83). Subgroup analysis indicated that the standard mean differences of BCI training on upper limb motor function of subacute stroke patients and chronic stroke patients were 1.10 (95% CI: 0.20–2.01) and 0.51 (95% CI: 0.09–0.92), respectively (p = 0.24).

Conclusion: Brain–computer interface training was shown to be effective in promoting upper limb motor function recovery in post-stroke patients, and the effect size was moderate.

Keywords: brain-computer interface, upper extremity, rehabilitation, stroke, meta-analysis


INTRODUCTION

Stroke is the leading cause of death and disability worldwide, and the 2016 Global Burden of Disease (GBD) study highlighted that Chinese people have a lifetime risk of stroke of up to 39.3%, which is the highest in the world (GBD 2016, 2018). Furthermore, persistent impairment of upper limb movement is one of the most common disabilities for patients following stroke, which seriously impact patients' daily lives (Broeks et al., 1999; Bhatnagar et al., 2020); two-thirds of patients have upper limb dysfunction 6 months after the onset of stroke (Dobkin, 2005).

To date, various rehabilitation techniques have been proposed for the rehabilitation of post-stroke patients, which include physical therapy, occupational therapy, constraint-induced motor therapy, neuromuscular electrical stimulation, and task-oriented training (Veerbeek et al., 2014; Lin et al., 2019). Most rehabilitation strategies focus mainly on behavioral training and not directly on the brain. Moreover, the effect of conventional rehabilitation on the sequelae of cerebral infarction, such as hypokinesia and poor coordination, is usually unsatisfactory. Therefore, strategies that allow direct stimulation of the brain, such as transcranial magnetic stimulation and transcranial direct current stimulation, show promise for achieving more effective outcomes.

Recent developments in the field of biomedical engineering and rehabilitation robots have led to the introduction of brain–computer interfaces (BCIs) for stroke rehabilitation. Typically, BCI systems allow the completion of specific actions independent of cerebral electricity outputs to peripheral nerves and skeletal muscles (Wolpaw et al., 2000). BCI training is composed of three modules: signal acquisition, signal processing, and interactive control. Through BCI training, patients can directly control external devices with their brain and produce corresponding movements. According to the signal source, common control modes of BCIs can be categorized into steady-state visual evoked potential, motor imagined rhythm signal, P300 potential, and mixed BCI (Yu, 2017). Furthermore, they can be classified into two general categories: auxiliary and rehabilitative BCI, depending on the forms of use. Auxiliary BCI is a commonly used paradigm in clinical work, which involves the application of BCIs to rehabilitation robots, artificial limbs, and other devices to help patients carry out daily living activities to improve their quality of life. In contrast, rehabilitative BCI acquires patients' neural signals in real time through the BCI and provides feedback training according to the signal processing results, which provides the closed-loop rehabilitation training mode from the central to the peripheral. In general, BCI training requires patients to maintain a high level of concentration during training, which enhances neural plasticity owing to the numerous repeated central stimulus feedback (Yulian and Sijie, 2020). Thus, BCI allows patients to engage in safe, standard, and repeatable rehabilitation training with maximum participation.

The clinical practice of neural rehabilitation is based on the hypothesis that motor learning promotes motor recovery after stroke (Kitago and Krakauer, 2013; Maier et al., 2019). BCI activates neural recovery through motor imagination and motion observation (da Silva et al., 2020) and ensures that patients' motor intention is well-matched with the auxiliary means during the training process to complete the “central-peripheral-central” closed-loop pathway and achieve an effective training effect (Mengya et al., 2019). Recently, several studies reported that BCI training is beneficial to the recovery of upper limb function after stroke (Baniqued et al., 2021). However, the results of these experiments vary and have limited significance for clinical applications. Therefore, we analyzed several randomized clinical trials (limited to clinical trials involving non-invasive BCI) to provide evidence-based support for BCI for the rehabilitation of upper limb dysfunction in post-stroke patients.



MATERIALS AND METHODS


Search Strategy

The review included randomized controlled trials (RCTs) that investigated the effect of BCI-based training on the rehabilitation of upper limb function in post-stroke patients. Search terms that included “upper extremity,” “stroke,” and “brain-computer interface” were used to query several databases, including PubMed, Cochrane Library, Science Direct, MEDLINE, and Web of Science to retrieve relevant articles. Only English articles published up until March 26, 2021, were included. We also checked the reference lists of the articles to retrieve additional relevant articles for the analysis.



Inclusion and Exclusion Criteria

The retrieved articles were independently screened by two researchers (WY and YH) by reviewing the titles and abstracts using the same inclusion and exclusion criteria. After eliminating repetitive articles using the Endnote software, we reviewed the titles and abstracts of each article to exclude review articles, non-English articles, case reports, conference minutes, and books. If we could not clearly understand the type of study by the abstract, we read the article in its entirety to avoid missing relevant research. Discrepancies were resolved by consensus with a third reviewer (CX).

The inclusion criteria for selecting the articles were as follows: (1) all stroke patients were diagnosed with confirmation by CT or MRI; (2) stroke patients had sequelae of upper limb dysfunctions; (3) control group also underwent evaluation of the effects of the BCI group and other routine rehabilitation; (4) none of the patients had cognitive impairment; (5) study design was an RCT.

The exclusion criteria were as follows: (1) studies that included patients with comorbidities of unstable tachyarrhythmia, fever, infection, seizures, or sedative use; (2) reviews, abstracts, case reports, or non-clinical studies; (3) studies that were not written in English; (4) insufficient data reported even after attempting to contact the corresponding author; (5) duplicated articles.



Data Extraction and Quality Assessment

The extracted information included first author name, publication year, number of participants, participant characteristics (age and sex), intervention received and time of intervention, and outcome indicators [Fugl–Meyer Assessment Scale of Upper Extremity (FMA-UE) and Modified Function Test (MFT)]. Articles that could not be classified according to the title and abstract alone were retrieved as full texts. If there were disagreements, the two authors (XZ and ZL) discussed the article with a third party (QZ) to reach a consensus. Because all the studies were RCTs, the Cochrane Handbook for Systematic Reviews of Interventions was used to assess the quality of the included studies. The criteria comprise seven elements: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other sources of bias. Two researchers (CX and QZ) independently read the full text of the article to assess the quality based on the seven elements. If the study met all of the conditions, it was considered “Grade A”; if it only met some of the conditions, it was classified as “Grade B”; if the study met none of the conditions, it was considered “Grade C.” If there was a conflict in grade, the quality of the article was decided following a discussion.



Outcome Indicators

Outcome indicators used in our study were FMA-UE and MFT. FMA-UE is now widely used in the clinical assessment of motor function. Previous studies have shown that FMA-UE is reliable, effective, and feasible for the evaluation of post-stroke upper limb function (Platz et al., 2005; Amano et al., 2018; Hijikata et al., 2020). However, several studies (Jang et al., 2016) used MFT as the primary evaluation standard instead of FMA-UE. Therefore, we used both the FMA-UE and MFT to calculate the pooled effect size.



Statistical Analysis

Data analysis was performed using the Review Manager software version 5.3 (a software from Cochrane Informatics and Knowledge Management Department). The data analyzed were the changes in patients from baseline to after treatment. For data collection, we calculated the mean differences between pre- and post-intervention for each study according to the Cochrane Handbook for Systematic Reviews of Interventions guidelines. The I2 statistic was used to test the heterogeneity of the studies. If p > 0.05 and I2 ≤ 50%, this indicated no heterogeneity among studies, and a fixed-effect model was selected for further analysis. If p ≤ 0.05 and I2 > 50%, this indicated significant heterogeneity among studies, and a random-effects model was used for statistical analysis. If heterogeneity could not be ignored, we conducted a sensitivity analysis to determine the source of the heterogeneity. In our study, all data were continuous variables; thus, we used the standard mean difference (SMD) method. Moreover, because the included studies used different evaluation criteria, we used random-effects models for the analysis. For the subgroup analysis of intervention time, we used a random-effects model. A p-value < 0.05 was considered statistically significant.




RESULTS


Search Results

A total of 384 articles were reviewed: 119 studies from PubMed, 36 studies from Cochrane Library, 22 studies from ScienceDirect, 53 studies from MEDLINE, 147 studies from Web of Science, and 7 studies from other sources. We eliminated 187 duplicate studies. The independent screening of titles and abstracts resulted in the exclusion of 18 review articles, two non-English studies, 16 case reports, and nine conference summaries or book chapters. Seventy-two studies were excluded because they compared BCI systems rather than investigating the clinical effect or were not BCI training interventions. Another 52 studies did not meet our requirements or included healthy subjects as controls. Some experiments included in the 23 articles were excluded because the data or full text could not be extracted or the study was a cross-control trial. In addition, two studies were excluded because they utilized the same data. Finally, 13 studies that comprised 258 patients were included in our meta-analysis based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol. The detailed literature retrieval process is shown in Figure 1 and Table 1 (Ramos-Murguialday et al., 2013; Ang et al., 2014, 2015; Li et al., 2014; Pichiorri et al., 2015; Jang et al., 2016; Biasiucci et al., 2018; Lin et al., 2018; Chen et al., 2020; Cheng et al., 2020; Lee et al., 2020; Miao et al., 2020; Wu et al., 2020).


[image: Figure 1]
FIGURE 1. Flow chart of study selection.



Table 1. Characteristics of the RCTs.
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Quality Assessment

The quality assessment of the included RCTs is shown in Table 2 and Figures 2, 3. A total of 130 BCI subjects and 128 patients receiving traditional treatments from 13 studies were included in the final analysis. Among the 13 studies, one was considered to have an evidence level of “Grade A,” and the other 12 studies were considered to have an evidence level of “Grade B.” The studies that were categorized as “Grade B” involved selective reporting, an unrigorous design, and a non-blind method. The study with the highest evidence level was that by Ramos-Murguialday et al. (2013), and the study with the lowest was by Pichiorri et al. (2015). Consistency analysis was conducted on the basic information of patients across all studies, and the differences were not significant.


Table 2. Methodological quality assessment of the RCTs.
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FIGURE 2. Risk of bias graph.



[image: Figure 3]
FIGURE 3. Risk of bias summary.




Efficacy of BCI
 
Efficacy of BCI on Upper Limb Motor Function

Most studies (Ramos-Murguialday et al., 2013; Ang et al., 2014, 2015; Li et al., 2014; Pichiorri et al., 2015; Biasiucci et al., 2018; Lin et al., 2018; Chen et al., 2020; Cheng et al., 2020; Lee et al., 2020; Miao et al., 2020; Wu et al., 2020) used FMA-UE as the outcome measure, and one study (Jang et al., 2016) used MFT as the outcome measure. Because MFT and FMA-UE are continuous variables, we used SMD with 95% CIs to evaluate the pooled results. Results showed that BCI training significantly improved upper limb motor function [SMD = 0.70, 95% CI (0.28, 1.11), p < 0.001, random-effects model] (Figure 4). In addition, the studies had significant heterogeneity (p < 0.001, I2 = 59%), and the funnel plot showed an asymmetric state (Figure 5). For the sensitivity analysis, the meta-analysis was conducted again after removing one study at a time to investigate whether the results changed. The sensitivity analysis revealed that the main source of heterogeneity was the study by Wu et al. (2020); after excluding this study, the heterogeneity was reduced significantly (I2 = 0%). The results of the fixed-effects model showed that BCI training significantly improves upper limb motor function [SMD = 0.56, 95% CI (0.29, 0.83), p < 0.001; Figure 6], and the funnel plot became more symmetrical (Figure 7).


[image: Figure 4]
FIGURE 4. Comparison of the effects of BCI interventions and control interventions on upper limb dysfunction before sensitivity analysis.
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FIGURE 5. Funnel plot of comparison of the effects of BCI interventions and control interventions on upper limb dysfunction before sensitivity analysis.
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FIGURE 6. Comparison of the effects of BCI interventions and control interventions on upper limb dysfunction before sensitivity analysis and after sensitivity analysis.
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FIGURE 7. Funnel plot of comparison of the effects of BCI interventions and control interventions on upper limb dysfunction after sensitivity analysis.




Subgroup Analysis of the Efficacy of BCI for Different Intervention Durations

For the subgroup analysis, we used acute or subacute stroke stage as the criterion. For the intervention period following stroke, the duration of onset was limited to 6 months; longer than 6 months was considered the chronic phase, and up to 6 months was considered the subacute phase. The studies by Li et al. (2014), Pichiorri et al. (2015), Jang et al. (2016), Chen et al. (2020), and Wu et al. (2020) were included in the subacute group, and the studies by Ramos-Murguialday et al. (2013), Ang et al. (2014, 2015), Biasiucci et al. (2018), Lin et al. (2018), Cheng et al. (2020), Lee et al. (2020), and Miao et al. (2020) were included in the chronic group. As shown in Figure 8, the results of the subgroup analysis revealed that both the subacute [SMD = 1.10, 95% CI (0.20, 2.01), p = 0.02] and chronic groups exhibited a superior effect of BCI on upper limb motor function than that of the control group [SMD = 0.51, 95% CI (0.09, 0.92), p = 0.02]. However, the difference between the two subgroups was not significant (p = 0.24).


[image: Figure 8]
FIGURE 8. A subgroup analysis of the effects of BCI on upper limb motor function in different intervention periods.






DISCUSSION

BCI training has recently emerged as a novel method to improve upper limb motor function in stroke patients. Here, we conducted a meta-analysis to investigate the efficacy of BCI training on the limb function of stroke patients.

Our meta-analysis included 258 stroke patients from 13 studies, and results showed that BCI training significantly promotes the recovery of upper limb motor function. Based on our evidence-based medical analysis of relevant studies, we found that BCI is beneficial to the recovery of upper limb function following stroke, which provides support for its clinical application. Our meta-analysis included additional studies to those conducted previously (Cervera et al., 2018; Bai et al., 2020). Because the evaluation time for limb motor function varied from 6 weeks (Ang et al., 2015) to 12–24 weeks (Cheng et al., 2020) across various studies, we investigated immediate evaluation shortly after training rather than follow-up evaluation. In addition to evaluation time, we considered intervention time as another influencing factor for treatment effects. The reviews by Cervera et al. (2018) and Bai et al. (2020) also showed that BCI training improves hand function in stroke patients. However, neither review stated whether intervention time affected efficacy. Here, we performed a subgroup analysis of intervention time, and the results suggested that both the subacute and chronic groups showed significant improvement in upper limb motor function, with the subacute group showing the greatest improvement.

The source of heterogeneity in our study came from the study conducted by Wu et al. (2020), which investigated the clinical efficacy of BCI training and the changes in brain functional networks. In contrast to other studies, patients in this study received more intense training with a total of 20 BCI training sessions (lasting for 1 h per day, 5 days per week, over 4 weeks) and shorter training time intervals between each session, which ensured that patients received sufficient treatment time. This study yielded the best efficacy.

Our findings clearly indicate that BCI training can improve patients' recovery. However, the use of external auxiliary equipment requires patients to focus and cooperate with therapists; the more that patients focus on the training, the greater the effectiveness. The BCI training system acquires, analyzes, and translates brain signals into control commands for output devices when the motor cortex of the brain sends signals indicating the intention to move (Wolpaw et al., 2002; Kim et al., 2016). The neural mechanism of BCI training is mainly attributed to changes in neuroplasticity, which may be reflected by changes in the functional connections and structure of the brain. The studies (Ramos-Murguialday et al., 2013; Li et al., 2014; Pichiorri et al., 2015; Biasiucci et al., 2018; Chen et al., 2020; Wu et al., 2020) included in our meta-analysis used electroencephalography and MRI to analyze the functional connections between hemispheres (including the temporal, parietal, occipital, and subcortical regions), which may partly explain the mechanisms. In addition to changes in brain structure, changes in the integrity of the corticospinal tract may be another contributor to the improvement in motor function. The study by Halder et al. (2013) used magnetic resonance diffusion tensor imaging to visualize structural changes and discovered that changes in the integrity (fractional anisotropy value) of the corticospinal tract of the regions of interest (e.g., the right cingulate, left fronto-occipital tract, corpus callosum, left cerebral infarction, and right posterior coronal radiation) were positively correlated with changes in motor function, which suggested that BCI training improves the integrity of the corticospinal tract to regulate neuroplasticity, and thus facilitates the improvement of motor function.

We chose FMA-UE as the evaluation indicator for motor function. FMA is a quantitative score of patient motor function based on Brunnstrom staging. In addition to FMA-UE, Modified Barthel Index (MBI) and the Modified Ashworth Scale (MAS) were also used as evaluation tools for post-stroke patients. A study conducted by Lee et al. found that MBI changed (7.07 ± 6.31) after BCI training (Lee et al., 2020), whereas another study showed no significant differences between the BCI and control groups (Jang et al., 2016) based on the MAS metric.

A limitation of our analysis is that the number of included patients was small, which may affect the quality of the review results. Because there are considerable variations in the model and implementation methods (especially treatment time) of BCI in clinical use, the efficacy of BCI training varies between individuals. Previous clinical trials seldom mention the follow-up efficacy of BCI training; thus, future studies may investigate the optimal training time to achieve favorable immediate and long-term improvements in hand function in post-stroke patients.



CONCLUSIONS

Our analysis revealed that BCI training significantly improves upper limb motor function in both subacute and chronic stroke patients. Existing studies revealed that the mechanisms of BCI are primarily related to improvements in the functional connectivity and structural integrity of the brain. Further studies are needed to explore optimal training and evaluation times for BCI training.
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Humans have long been fascinated by the opportunities afforded through motor augmentation provided by the supernumerary robotic fingers (SRFs) and limbs (SRLs). However, the neuroplasticity mechanism induced by the motor augmentation equipment still needs further investigation. This study focused on the resting-state brain functional reorganization during longitudinal brain–computer interface (BCI)-controlled SRF training in using the fractional amplitude of low-frequency fluctuation (fALFF), regional homogeneity (ReHo), and degree centrality (DC) metrics. Ten right-handed subjects were enrolled for 4 weeks of BCI-controlled SRF training. The behavioral data and the neurological changes were recorded at baseline, training for 2 weeks, training for 4 weeks immediately after, and 2 weeks after the end of training. One-way repeated-measure ANOVA was used to investigate long-term motor improvement [F(2.805,25.24) = 43.94, p < 0.0001] and neurological changes. The fALFF values were significantly modulated in Cerebelum_6_R and correlated with motor function improvement (r = 0.6887, p < 0.0402) from t0 to t2. Besides, Cerebelum_9_R and Vermis_3 were also significantly modulated and showed different trends in longitudinal SRF training in using ReHo metric. At the same time, ReHo values that changed from t0 to t1 in Vermis_3 was significantly correlated with motor function improvement (r = 0.7038, p < 0.0344). We conclude that the compensation and suppression mechanism of the cerebellum existed during BCI-controlled SRF training, and this current result provided evidence to the neuroplasticity mechanism brought by the BCI-controlled motor-augmentation devices.

Keywords: supernumerary robotic finger, resting-state fMRI, fALFF, ReHo, DC, neuroplasticity


INTRODUCTION

The hands and fingers are the important mediums for humans to interact with the outside world and have a well-established functional representation in the brain (Jones and Lederman, 2006; Dall’Orso et al., 2018; Arcaro et al., 2019). Scientists are currently focusing on the hand or arm motor augmentation device like the supernumerary robotic fingers (SRF) and even the entire limbs (SRL) (Llorens-Bonilla et al., 2012; Parietti and Asada, 2013; Parietti et al., 2014; Prattichizzo et al., 2014; Wu and Asada, 2015; Hussain et al., 2017a,b,c; Kieliba et al., 2021). These devices have changed the way our inherent limbs interact with the external environment and bring some effects on the brain and the corticospinal motor synergies (Kieliba et al., 2021; Rossi et al., 2021). However, despite motor augmentation caused by these devices can be clearly observed in behavioral experiments, little notice is given to the brain neuroplasticity mechanism. Here, we used the brain–computer interface (BCI)-controlled SRF system to investigate longitudinal neuroplasticity changes in 4 weeks by using resting-state fMRI (rs-fMRI) local metrics like ALFF, ReHo, and DC.

In the present research on the SRF, the motor augmentation effects were clearly investigated in behavior measurement. For normal people, the extra robotic finger can enhance manipulation dexterity and enlarge the workspace of humans, like grasping a larger-sized object using one hand or completing two-handed collaboration tasks using one hand (Prattichizzo et al., 2014; Wu and Asada, 2015; Kieliba et al., 2021). For patients, the extra robotic finger can compensate missing grasping abilities and help rehabilitation training, like assistance in grasping the cup or manipulation dexterity training for the paretic hand (Hussain et al., 2017a,b,c). However, there was only some preliminary research focus on the brain neuroplasticity effect caused by SRF. From task-based fMRI analysis, it was clearly found that the bilateral cingulate cortex, bilateral superior parietal lobule, left inferior parietal lobule, and right middle frontal gyrus have greater neural representation in the finger opposition task after 2 days of SRF training (Hussain et al., 2017b). The biological hand neural representation in the sensorimotor cortex will generate a shrinkage after 5 days of third thumb wearing training (Kieliba et al., 2021). In addition, healthy humans wearing the SRF will rapidly reshape the pattern of corticospinal outputs toward the forearm and hand muscles governing imagined grasping actions of different objects after a few minutes of training (Rossi et al., 2021) and suggesting that human beings are open to very quick welcoming emerging augmentative bioartificial corticospinal grasping strategies. However, these studies did not pay attention to the long duration training effect on the resting state neuroplasticity of the brain, and these results are affected by the control method of the SRF.

Different from the EMG control (Kieliba et al., 2021) or toe switch control (Hussain et al., 2017b) that required residual motor function, the brain–computer interface (BCI) has been developed to transmit autonomous control intentions to corresponding external execution devices such as robots, orthosis, and functional electrical stimulation (Yuan et al., 2020). A previous study has proven that the human brain has the ability to bear the load of the supernumerary finger from the research of polydactyly subjects (Mehring et al., 2019) and the six-finger illusory perception creation (Newport et al., 2016; Cadete and Longo, 2020). The motor imagery (MI) technology based on BCI has great advantages of transmitting human intentions into the control of the external devices proven in the research of the third arm (Penaloza and Nishio, 2018). From task-based fMRI analysis, MI consistently recruits the frontoparietal network and the subcortical and cerebellar regions (Hetu et al., 2013). As for the reason that MI possesses a similar activation of the motor area during the motor execution, it has been widely used in clinical rehabilitation (Eaves et al., 2014). Clinical studies have found that functional connectivity between sensorimotor regions was significantly modulated after motor imagery training of the own inherent inborn limbs of stroke patients (Zhang et al., 2016). In addition, the rehabilitation neuroplasticity effect has also been fully proved in combination with MI and rehabilitation equipment (Kim et al., 2016; Biasiucci et al., 2018; Wang et al., 2018; Yuan et al., 2021). A study has found that the MI-guided robot-hand training robot has significantly modulated the time variability of the sensory–motor areas, attention network, auditory network, and default mode network in stroke patients than the no MI-guided training group (Wang et al., 2018), and training promotes the recruitment of selected brain areas and facilitates neuroplasticity by providing feedback on the intended movement (Cervera et al., 2018). However, there is currently no neuroplasticity research on the MI-controlled supernumerary robotic limb training. Here, we used the BCI-controlled SRF system based on MI mechanism to investigate the resting state changes of the human brain.

Resting-state functional magnetic resonance imaging (rs-fMRI) is a promising tool to investigate functional alterations in the human brain, which takes into account the advantages of both spatial resolution and time resolution, and also has unique advantages in clinical conditions because it does not require participants to engage in cognitive activities (Biswal et al., 1995; Fox and Raichle, 2007). Although the majority of analytic techniques [functional connectivity (FC) (Friston, 1994), graph theory, independent component analysis (ICA), etc.] for rs-fMRI data characterize the function of the brain network, the local dynamics cannot be fully addressed with these approaches (Lv et al., 2019). Several methods have been proposed to characterize the local dynamic properties of the rs-fMRI signal: fractional amplitude of low-frequency fluctuation (fALFF) (Zou et al., 2008), regional homogeneity (ReHo) (Zang et al., 2004), and degree centrality (DC) (Buckner et al., 2009). The fALFF measures the relative predominance of low-frequency amplitude to the amplitude of all oscillations across the entire power spectrum (Zou et al., 2008). ReHo was proposed to measure the synchronization of the voxel time courses with the neighboring voxels based on the hypothesis that voxels within a functional brain area synchronize their metabolic activity depending on specific conditions (Zang et al., 2004). DC mapped the degree of intrinsic FC across the brain in order to reflect a stable property of cortical network architecture at the voxel level (Buckner et al., 2009). These three voxel-wise metrics define brain functional characteristics from different perspectives (single voxel, neighboring voxels, and whole brain) and present the progressive relationship (Lv et al., 2019).

This current study aims to fill this gap by investigating the functional reorganization of 4 weeks of BCI-controlled SRF training based on the new supernumerary robotic finger imagery paradigm. Specifically, we sought to determine how SRF training influence the local function by using three local metrics (fALFF, ReHo, and DC) and whether those local changes (if observed) are associated with behavioral performance of the participants. These findings in this study may bring some insights into the mechanism of neuroplasticity brought by the BCI-controlled augmentative device.



MATERIALS AND METHODS


Participants

Ten participants (4 females; aged 21.5 years; range 20–23 years) were recruited from Tianjin University. Participants were all right handed (laterality quotient 0.89 ± 0.09; range 0.60–1.0) as assessed by the Edinburgh Handedness questionnaire. Participants gave informed consent, and the study was approved by the Tianjin University Human Research Ethics Committee.



Training System and Intervention Protocols

A self-designed brain control supernumerary robotic finger (SRF) system was used in this training (Figure 1A; Liu et al., 2021a,b). The whole system contained six modules: EEG acquisition, EEG control, SRF control, SRF finger, TENS feedback, and status information module. The EEG acquisition module uses the module OPENBCI to collect the eight channels of EEG signals of FC1, FC2, FCZ, etc., with a sampling frequency of 250 Hz. Then the EEG signal is resampled, filtered (8- to 13-Hz bandpass, 50-Hz notch), re-referenced, ICA, and time-frequency features extracted. Finally, the preprocessed EEG signal is imported into the convolutional neural network (CNN) to obtain the training model. The CNN was formed by two convolutional layers, a pooling layer and two fully connected layers. The first layer of convolution kernel was to extract the time characteristics of each channel and frequency band of EEG signal. The second layer of convolution kernel was to integrate the eight channel features and extract the signal spatial features. Finally, the two fully connected layers were used to realize the training of the two-feature classification model of MI state and resting state (Dose et al., 2018). A novel “sixth-finger” motor imaginary (MI) paradigm is performed to provide the SRF natural control. Participants wear the SRF and imagined the SRF finger opposing with the inborn inherent finger from the first-person perspective. Based on the developed “sixth-finger” MI decoding algorithm, the difference between the MI and resting (rest) state of the EEG signal can be classified, and the training model of the MI state is used for online classification. The EEG characteristic investigation interrelated with the new MI paradigm is investigated in detail in another paper of our team (Liu et al., 2021b).
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FIGURE 1. Training system and intervention protocols. (A) The hardware design of the brain computer interface (BCI)-controlled supernumerary robotic finger (SRF) system and the signal transmission diagram (B). The display of the portable SRF and behavioral measure paradigm. (C) Scene of subjects wearing SRF training.


The SRF finger module is driven by a single actuator and has one DOF (degree of freedom) to perform the flexion and extension. When the system captures the MI signal, the SRF finger module will flex, and participants will move their inborn inherent finger to cooperate with the SRF finger. In the SRF fingertip, a capacitive sensor detects the finger force signal and give the feedback to the system to make the SRF finger extend. At the same time, the TENS feedback module will release a 0.2-s electrical stimulation (duty factor: 50%, frequency: 5 Hz, voltage: 10 V) to the median nerve of the forearm wearing the SRF.

The SRF finger was worn on the left hand, and the reason for using subdominant hands (left hand) instead of dominant (right hand) is the better anti-interference ability for daily life activities (Figure 1C). During the training, participants were asked to sit in front of a table to keep their bodies relaxed. All participants received a 20-session BCI-controlled SRF training in 4 weeks with an intensity of five sessions per week and 1 h per session. During each training session, the subject was required to imagine the MI paradigm. When the system completes one MI trigger, the SRF finger will bend four times and cooperate with the inherent four fingers to complete a round of SRF-finger opposition task. The training opposition sequence is little, middle, ring, index (Sale et al., 2017; Figure 1B), and the intermittent breaks every 10 repetitions were given to avoid fatigue.



Data Acquisition

Behavioral and rs-fMRI measures were obtained in four time periods: before training (t0), training for 2 weeks (t1), immediately after 4 weeks of training (t2), and 2 weeks after the intervention (t3).


Behavioral Measure

The performance of participants on the SRF-finger opposition tasks was evaluated by the number of correct sequences completed in 30 s. The performance was documented online with a handheld video camera and quantified offline. Participants performed both trained and control sequences (Sale et al., 2017) using their left hand with SRF, as shown in the opposition sequence figure of Figure 1B. The trained sequence (order: little, middle, ring, index) was used for every day training and collected in data acquisition periods. The control sequence (order: little, index, ring, middle) was only acquired in data acquisition periods to investigate whether training induced any spill-over of effects to a novel sequence. This method has been used in other finger training tasks (Sale et al., 2017). Furthermore, prior to the quantification of baseline performance of the sequences (before training), participants were given a brief period of time (two to three sequences) to practice the two sequences.



Image Data Acquisition

All participants were scanned with a 3T Siemens MAGNETOM Skyra scanner at Tianjin Huanhu Hospital (Department of Neurosurgery, Tianjin, China). Resting-state fMRI images were acquired using T2-weighted gradient-echo planner imaging (EPI) sequence (TR = 2,000 ms, TE = 30 ms, flip angle = 90°, FOV = 220 × 220 mm2, matrix = 64 × 64, slice thickness = 3 mm, gap = 0 mm, voxel size = 3.5 × 3.5 × 4 mm3, acquisition time = 8:06 min). During the scanning, participants were instructed to stay still and keep their eyes closed without falling asleep. In addition, a T1-weighted structural image was acquired for each participant using the MPRAGE sequence (TR = 2,000 ms, TE = 2.98 ms, flip angle = 9°, FOV = 256 × 256 mm2, matrix = 256 × 256, slice thickness = 1 mm, voxel size 1 × 1 × 1 mm3, acquisition time = 4:26 min).




Image Processing


Resting-State fMRI Data Preprocessing

Resting-state fMRI data were processed using SPM12 and RestPlus (Jia et al., 2019) including (1) removing the first 10 time points to make the longitudinal magnetization reach steady state and to let the participant get used to the scanning environment, (2) slice timing to correct the differences in image acquisition time between slices, (3) head motion correction, (4) spatial normalization to the Montreal Neurological Institute (MNI) space via the deformation fields derived from tissue segmentation of structural images (resampling voxel size = 3 mm × 3 mm × 3 mm), (5) spatial smoothing with an isotropic Gaussian kernel with a full width at half maximum (FWHM) of 6 mm, (6) removing linear trend of the time course, (7) regressing out the head motion effect (using Friston 24 parameter) from the fMRI data (Friston et al., 1996), and (8) band-pass filtering (0.01–0.08 Hz). One participant was excluded from further analysis due to large head motion (more than 3.0 mm of maximal translation in any direction of x, y, or z or 3.0° of maximal rotation throughout the course of scanning).



Fractional Amplitude of Low-Frequency Fluctuation Calculation

After data preprocessing (exclude preprocessing part 8: band-pass filtering), the time series for each voxel was transformed into the frequency domain using a fast Fourier transform, and the power spectrum was then obtained. The averaged square root was obtained across 0.01–0.08 Hz at each voxel, and this value was regarded as the power and then a ratio of the power of each frequency at the low-frequency range (0.01–0.08 Hz) to that of the entire frequency range (0–0.25 Hz) as the fALFF value (Zou et al., 2008).



Regional Homogeneity Calculation

After preprocessing (exclude preprocessing part 5: spatial smoothing), ReHo maps were produced by the Kendall’s coefficient of concordance (KCC) of the given voxel time series with its nearest 26 neighbors. The formula is as follows:
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where W is the KCC among the given voxels, ranging from 0 to 1; Ri is the sum rank of the ith time point; [image: image] = [(n+1)K]/2 is the mean of Ri′s; K is the number of the time series within a measured cluster (K = 7, 19, and 27, respectively. 27 in the current study); and n is the number of ranks. This method measures the local synchronization of the given time series (Zang et al., 2004).



Degree Centrality Calculation

Degree centrality is defined as the sum of weights from edges connecting to a node. After preprocessing (exclude preprocessing part 5: spatial smoothing), Pearson’s correlation of time series was performed between each voxel, and the correlation coefficients were summed up for each voxel after taking the threshold (r ≥ 0.25), and then a weighted DC was obtained for each voxel. The weighted DC of each voxel was further divided by the global mean weighted DC of each individual for group comparison (Zuo et al., 2012). This method is also called the function connectivity strength (FCS).




Statistical Analysis

The performance of SRF-finger opposition sequences was analyzed using one-way repeated measures ANOVA at time level (t0, t1, t2, and t3) and post-hoc analyses were performed using Bonferroni’s post-hoc test. At the same time, the correct number changes of the SRF-finger opposition sequences were counted and used to correlate with the MRI data. Statistical analyses were performed using SPSS 22 (IBM SPSS Statistics, NY, United States) with the significance level set at p < 0.05.

For longitudinal comparisons, one-way repeated-measure ANOVA and Bonferroni’s post-hoc test was used to explore the significance of differences in ALFF, ReHo, and DC changes among various time-related subgroups. In addition, multiple comparisons were corrected using the GRF correction (the voxel-wise, p < 0.005; the cluster-wise, p < 0.05) in the RestPlus toolbox. For any measure (fALFF, ReHo, and DC) showing training-related alterations, a Pearson correlation analysis was used to assess its associations with behavioral performance of the participant. The correlations were considered significant at a threshold of p < 0.05.




RESULTS


Behavioral Performance

Following training, there was a significant improvement in the number of sequences completed in the 30-s period [Figure 2A; F(2.805,25.24) = 43.94, p < 0.0001]. The number of correct sequences completed on the trained sequence significantly increased from t0 to t1 (effect of time p < 0.0001), reached to the maximum value at the period of t2, and decreased slightly at the period of t3. At the same time, the control sequence showed the same trend with the trained sequence [F(2.267,20.40) = 14.01, p < 0.0001].
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FIGURE 2. (A) Increase in performance of motor training tasks following 4 weeks of SRF training. Group data (n = 10) showing number of correct sequences (trained and control sequence) performed in 4 periods (t0, t1, t2, t3) of data collection. (B) Increase in performance of motor training tasks following 2 weeks of finger movement training. Group data (n = 9) showing number of correct sequences (trained and control sequence) performed in 2 periods (t0, t1) of data collection. Data represent mean ± SEM, * indicates a significant difference in the two groups. **p < 0.01, ***p < 0.005, ****p < 0.001.




Longitudinal Analysis Contains Fractional Amplitude of Low-Frequency Fluctuation, Regional Homogeneity, and Degree Centrality

In the result of fALFF, participants exhibited a significantly altered right cerebellum posterior lobe (Cerebelum_6_R) after the repeated-measure ANOVA test (GRF correction, voxel p < 0.005, cluster p < 0.05, cluster size > 31 voxels) (Figure 3 and Table 1). In addition, the fALFF values in Cerebelum_6_R significantly increased during the training period (t0 to t2), reached to the maximum at t2 period, and decreased significantly in the follow-up period (t3 to t4) (post-hoc Bonferroni test, all p < 0.01).
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FIGURE 3. The fractional amplitude of low-frequency fluctuation (fALFF) differences among different time-subgroups. (A) One-way repeated-measure ANOVA showed brain regions with fALFF differences among four subgroups in the Cerebelum_6_R. The color bar indicated the F scores. (B) Bar plots showed the fALFF values of the Cerebelum_6_R at four different time-subgroups. Cerebelum_6_R, right cerebellum posterior lobe VI; t0, t1, t2, and t3, different time subgroups; LH, left hemisphere; RH, right hemisphere, * indicates a significant difference in the two groups. *p < <0.05, **p < 0.01, ***p < 0.005.



TABLE 1. Brain regions with longitudinal fALFF and ReHo changes.

[image: Table 1]
In the result of ReHo, participants exhibited a significantly altered right cerebellum posterior lobe IX (Cerebelum_9_R) (GRF correction, voxel p < 0.005, cluster p < 0.05, cluster size > 39 voxels) and right cerebellum anterior lobe III (Vermis_3) (GRF correction, voxel p < 0.005, cluster p < 0.05, cluster size > 81 voxels) after the repeated-measure ANOVA test (Figure 4 and Table 1). In Cerebelum_9_R, the ReHo values showed a decreased trend during training (t0 to t2) and reached the minimum at t2 period. Then it increased (not significantly) in the follow-up period (t2 to t3) but still significantly lower than the baseline stage (t0) (post-hoc Bonferroni test, all p < 0.05). In Vermis_3, the ReHo values significantly increased to the maximum after 2 weeks of training (t0 to t1) and decreased in the next 2 training weeks thought not significantly. In the period of t3, the ReHo values in Vermis_3 kept steady with t2 but were significantly higher than the baseline stage (t0) (post-hoc Bonferroni test, all p < 0.05).
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FIGURE 4. Regional homogeneity (ReHo) differences among different time-subgroups. (A) One-way repeated-measure ANOVA showed brain regions with ReHo differences among four subgroups in the Cerebelum_9_R and Vermis_3. The color bar indicated the F scores. (B) Bar plots showed the ReHo values of the Cerebelum_9_R at four different time-subgroups. Cerebelum_9_R, right cerebellum posterior lobe IX; Vermis_3, cerebellum anterior lobe III; t0, t1, t2, and t3, different time subgroups; LH, left hemisphere; RH, right hemisphere, * indicates a significant difference in the two groups. *p < <0.05, **p < 0.01, ***p < 0.005.


No regions showed significant differences in DC after the repeated-measure ANOVA test between different time groups (GRF correction, voxel p < 0.005, cluster p < 0.05, cluster size > 28 voxels).



Correlation With Behavioral Function

The correlations between the metric changes and behavioral improvement are shown in Figure 5. We mainly compared the behavioral correlations corresponding to the time periods when the rs-fMRI results changed most significantly. We found a significantly positive correlation between fALFF values change in the Cerebelum_6_R and improvement in the behavioral performance (the change in correct finger opposition number) from t0 to t2 (r = 0.6887, p < 0.0402). The ReHo values of the Vermis_3 also showed a significantly positive correlation with the improvement in the behavioral performance from t0 to t1 (r = 0.7038, p < 0.0344).
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FIGURE 5. Correlations between fALFF values, ReHo values, and behavioral scores. (A) The participants showed a significantly positive correlation between the fALFF values increased in Cerebelum_6_R and the enhancement of behavioral performance (the changes of in correct finger opposition number) from t0 to t2. (B) Significantly positive correlation between the ReHo values increased in Vermis_3 and the enhancement of behavioral performance (the changes of in correct finger opposition number) from t0 to t1.





DISCUSSION

In this study, we investigated the long-term functional reorganization from the rs-fMRI perspective after BCI-controlled supernumerary robotic finger training. The brain regional changes could be identified sensitively from progressive perspectives using these three rs-fMRI analysis metrics: fALFF, ReHo, and DC. Significant changes were observed using fALFF and ReHo analysis, and no changes were found in the DC analysis. The fALFF analysis showed that Cerebelum_6_R was comparatively more active after training, and the fALFF values of Cerebelum_6_R were significantly correlated with motor function improvement. The ReHo analysis showed that Cerebelum_9_R and Vermis_3 were changed comparatively during training, and the ReHo values in Vermis_3 significantly correlated with motor function improvement. To the best of our knowledge, this is the first study to explore BCI-SRF training-induced neural modulation effect from resting state in a longitudinal manner.

Robot-assisted equipment has shown the potential to augment and restore the motor function after training whether in normal people or patients (Yuan et al., 2020; Kieliba et al., 2021). Our results also validated the long-term effect of BCI-controlled robot finger training on normal subjects. It can be clearly found that after 4 weeks of training, not only the operation ability of the training sequence was significantly increased but also the learning ability of the control sequence was significantly increased (as shown in Figure 2). Significant improvement in the control sequence may be related with the generalization of learning, which was correlated with the interaction with the primary visual or motor cortices encoding the stimuli or movement memories (Censor, 2013). However, the present study found no significant changes in the motor and visual cortex, which may be related with the closed loop control system, which has sensory feedback, which will reduce the dependence of the brain on visual resources (Kato et al., 2009). It may also be related with the simplicity of the training task. Future research should be detailed in this generalization phenomenon. This significant improvement of the behavioral results also indicated the effectiveness and acceptance of people to the whole SRF system, which integrated the neuroplasticity of the MI (Varkuti et al., 2013; Jeunet et al., 2019) and the effect of the close loop sensory feedback (Kato et al., 2009; van Dokkum et al., 2015).

Resting-state fMRI is widely used in clinical research because of its unique advantages, which require less participants to engage in cognitive activities (Fox and Raichle, 2007). The fALFF, ReHo, and DC, three voxel-wised metrics, define brain functional characteristics from different perspectives and present the progressive relationship (Zang et al., 2004; Zou et al., 2008; Buckner et al., 2009). For a single voxel, fALFF characterizes neural activity intensity of the single voxel, ReHo reveals the importance of this voxel among the nearest voxels, while DC portrays the importance of this voxel in the whole brain (Lv et al., 2019). In this study, fALFF and ReHo had significant results, which indicated that SRF training mainly modulated brain function from single-voxel level and local level. However, the DC metric had no significant results in the longitudinal ANOVA analysis. The reasonable explanation was that SRF training may not lead a certain brain area to take an important position, which has a significant correlation change with all voxels in the whole brain. In addition, we also speculated that some true positive brain regions may not survive the multiple comparison correction when using strict threshold to decrease false positive. In our longitudinal fALFF and ReHo investigation, the values of Cerebelum_6_R (right cerebellum posterior lobe VI) and Vermis_3 (cerebellum anterior lobe III) were significantly increased with the training time. Besides, Cerebelum_6_R and Vermis_3 test values changes were significantly correlated with motor function improvement. Therefore, we speculated that a strong compensatory mechanism existed between the using SRF and changing cerebellum. When the human body adds a supernumerary sixth finger, the brain will undertake greater load and will recruit more somatomotor and sensorimotor networks to participate. Cerebellar lobules IV–VI and VIII were proven to engage in motor processing and activated in the task-based fMRI analysis (Stoodley and Schmahmann, 2009; Stoodley et al., 2010; Keren-Happuch et al., 2014), and the anterior lobe was engaged in overt limb movements (Rijntjes et al., 1999; Bushara et al., 2001). The study of the cerebellum resting-state function connectivity found that cerebellar lobules I–VI have a high correlation with the sensorimotor area (Stoodley et al., 2016; Guell et al., 2018), and then the anterior lobe III was also correlated with the somatomotor networks (Buckner et al., 2011). Therefore, the increased activation in Cerebelum_6_R and Vermis_3 was used to compensate the extra brain load caused by the supernumerary robotic finger. However, activation showed different trends in the two brain areas with the change in training time. The activation in Cerebelum_6_R increased with training time and decreased in the follow-up period (t3), which indicated that the SRF training did not cause long-lasting effects (as shown in Figure 3B). This result shows that the compensation effect of the sensorimotor area mapped in the cerebellum will return to the baseline stage with the cessation of training, but in Vermis_3, the activation increased in the early training stage (t0 to t1), decreased in the post-training stage (t1 to t2), and kept steady in the follow-up period (as shown in Figure 4B). This result shows that the somatomotor network mapped in the cerebellum plays a compensation role in the early training stage (t0 to t1). With the SRF gradually accepted, the compensation effect decreased by degrees in the post-training stage (t1 to t2), but this effect still maintained a higher level than the baseline (t0) in the post-training stage (t2) and follow-up period (t3), which proved that SRF training generated long-lasting effects.

Compared with the increased activation of the cerebellum posterior lobe VI and anterior lobe III, the decreased ReHo values in Cerebelum_9_R (right cerebellum posterior lobe IX) was also a significant result in this research (as shown in Figure 4A). Resting-state fMRI found that lobule IX has a high correlation with the default mode network, which was suppressed during tasks that demand external attention and was active during remembering, envisioning the future, and making social inferences (Buckner et al., 2011; Buckner and DiNicola, 2019). Therefore, we speculated that the decreased activation in the default mode network mapped in the cerebellum may be related with the suppression mechanism during tasks that demand external attention. The SRF as the added finger needs additional attention resources of the human brain to control, and Cerebelum_9_R could be inhibited in this active task to achieve the control purpose. As for the suppression mechanism of the default network, the reliable explanation was the significant competition effect that existed between the extensive information processing modes, which were supported by different independent network groups (Stoodley and Schmahmann, 2009). In addition, this suppression mechanism in Cerebelum_9_R was enhanced with training time and recovered in the follow-up period (t3), which indicated that the SRF training did not cause long-lasting effects (as shown in Figure 4B).

After 4 weeks of brain-controlled SRF training, this study innovatively found that the changes in the resting state of the human brain were mainly on the cerebellum. Some factors should be taken into account for this innovative result. (1) The present study takes normal people as the subject who have full use of hands in daily life. Such an experimental arrangement can better explore the neuroplasticity effect in motor augmentation of SRF training in the daily lives of normal people. This experiment arrangement may be one of the reasons for this innovative result, which is different from others. (2) The different imaginary paradigm is also one of the reasons for this innovative result. This present paradigm focused on the device of SRF and was different from the previous imaginary paradigm, which mainly focused on inborn inherent limbs (IIL) (Varkuti et al., 2013). Using IIL as the imaginary paradigm has been proven to activate the limb execution network like the somatomotor and sensorimotor network (Hardwick et al., 2018). Besides, the body part involved in the movements and the nature of the MI tasks all seem to influence the consistency of activation within the general MI network (Hetu et al., 2013). However, different from motor imagery of the IIL, using the supernumerary robot limb device, imaginary as the paradigm, was also proven to modulate other brain areas (Penaloza and Nishio, 2018). Therefore, we speculated that the new motor imagery paradigm has the potential to activate the new targeted area of the brain. (3) Unlike motor imagery training, this study mainly explored the neuroplasticity effect of the whole SRF system integrated motor imagery, extra robotic finger, and electrical stimulation feedback. This mixed influence may be different from each effect.

The difference between training with SRF and pure finger movement training on the resting-state neuroplasticity is also a very interesting question. Therefore, we preliminary arranged 2 weeks of pure finger sequence moving training experiment of nine subjects, and the training dose was matched to the SRF group. Although the behavioral performance has a significant improvement (Figure 2B), we have not found any significant changes in this control group after paired t-test and GRF correction in the ALFF, ReHo, and DC metrics of resting state in the cerebellum. Therefore, we inferred that the results of the SRF group were produced by the joint effect of the SRF with our body, and pure finger movement training will not cause this similar result. The results of the control group were different from the previous study in Ref. (Sale et al., 2017), and this may be related with the different duration and intensity of training or the different data process methods. In view of the preliminary implementation of this control experiment, the detailed effect needs to be further explored in the future.

Several limitations need to be noted in this study. First of all, the sample size was not large, which may limit the generalization power. More participants should be recruited to validate and extend the findings of this study. Second, it would be better to differentiate the effect caused by the motor imagery and SRF finger training. In the current study, we cannot tell the key part contributing to the neurological changes and functional recovery under the joining of the two components. In further studies, a control group is needed. Third, the effect of different task paradigms and training duration need to be further investigated. Moreover, based on the present results of behavioral performance and cerebellar neuroplasticity, the BCI-controlled SRF can be applied to the rehabilitation of patients with cerebellar stroke or functional impairment in the future.



CONCLUSION

To the best of our knowledge, this is the first study to investigate brain alterations in long-term BCI-controlled supernumerary robotic finger training. Significant changes were found in Cerebelum_6_R, Cerebelum_9_R, and Vermis_3 using fALFF, ReHo, and DC metrics in longitudinal resting-state fMRI study. In addition, fALFF value changes in Cerebelum_6_R and ReHo value changes in Vermis_3 were significantly correlated with motor function improvement. We conclude that the compensation mechanism of the sensorimotor and somatomotor networks mapped in the cerebellum existed during BCI-controlled SRF training. At the same time, the suppression mechanism was also observed in the default mode network mapped in the cerebellum in this study. Our new findings supplement the literature on motor-augmentation neuroplasticity brought by BCI-controlled augmentative device training and may facilitate future research on SRF.
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Background: Intermittent theta burst stimulation (iTBS) is an effective stimulus for long-term potentiation (LTP)-like plasticity. However, iTBS-induced effects varied greatly between individuals. Ample evidence suggested that an initial decrease in local γ-aminobutyric acid (GABA) or enhancement in N-methyl-D-aspartate (NMDA) facilitation neurotransmission is of vital importance for allowing LTP-like plasticity to occur. Therefore, we aimed to investigate whether the individual level of GABA or NMDA receptor-mediated activity before stimulation is correlated with the after-effect in cortical excitability induced by iTBS.

Methods: Fifteen healthy volunteers were recruited for the present study. We measured short-interval intracortical inhibitory (SICI), long-interval intracortical inhibitory (LICI), and intracortical facilitation (ICF), which index GABAA receptor-, GABAB receptor-, and glutamate receptor-mediated activity, respectively, in the cortex before conducting iTBS. After iTBS intervention, the changes of motor-evoked potential (MEP) amplitude were taken as a measure for cortical excitability in response to iTBS protocol.

Results: There was a significant negative correlation between the amount of SICI measured before iTBS and the after-effect of iTBS-induced LTP-like plasticity at the time points of 5, 10, and 15 min after inducing iTBS. A multiple linear regression model indicated that SICI was a good predictor of the after-effect in cortical excitability induced by iTBS at 5, 10, and 15 min following stimulation.

Conclusion: The present study found that GABAA receptor-mediated activity measured before stimulation is negatively correlated with the after-effect of cortical excitability induced by iTBS. SICI, as the index of GABAA receptor-mediated activity measured before stimulation, might be a good predictor of iTBS-induced LTP-like plasticity for a period lasting 15 min following stimulation.
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INTRODUCTION

Long-term potentiation (LTP)-like plasticity, defined as the ability of neurons to activity-dependently modify the strength of synaptic transmission, is the most common form of synaptic plasticity (Hebb, 2005; Takeuchi et al., 2014; Llona et al., 2017; Mateos-Aparicio and Rodríguez-Moreno, 2019). It is significant in response to physiological degeneration or brain injury (Wieloch and Nikolich, 2006; Chen et al., 2010; Cramer et al., 2011). LTP has been found to be induced by repetitive electrical stimulation in animal experiments, but recently the introduction of transcranial magnetic stimulation (TMS) with protocols of repetitive TMS (rTMS) presented the possibility of delivering similar LTP-like plasticity in the human brain (Bliss and Lømo, 1973; Wang et al., 1996; Ziemann et al., 1998b; Siebner and Rothwell, 2003; Cooke, 2006). Therefore, these rTMS-induced synaptic changes might have significant implications for therapeutic opportunities after brain damage via mechanisms of cortical plasticity (Lefaucheur et al., 2020).

Intermittent theta burst stimulation (iTBS) is one such protocol that can result in increases of cortical excitability persisting beyond the period of stimulation (Huang et al., 2005; Di Lazzaro et al., 2008). Compared with traditional rTMS protocols, iTBS requires lower simulation intensity and less stimulation time for inducing similar after-effects (Todd et al., 2009). Although iTBS may be indicative of an appealing technique for modulating cortical plasticity for clinical or therapeutic applications, recent studies observed that the effect varies greatly between individuals (Hamada et al., 2013; Hinder et al., 2014; Schilberg et al., 2017). Ridding and Ziemann (2010) summarized that the interindividual variability may depend on several different factors such as age, genetics, pharmacological influences, and neural activity in the brain before conducting stimulation. Such variability at present limits the therapeutic effectiveness of iTBS for inducing plastic changes.

The present study aimed at testing one such important factor that contributes to the variation of iTBS-induced plastic changes. Accumulating evidence in animal studies suggested that susceptibility to cortical potential-like plasticity is influenced by the level of cortical NMDAergic excitability and GABAergic inhibition (Kano and Iino, 1991; Schwenkreis et al., 2003; Di Lazzaro et al., 2006; Bachtiar and Stagg, 2014). Hess et al. (1996) suggested that LTP was enhanced by blockade of GABAA receptors with antagonist bicuculline in the motor cortex; conversely, the N-methyl-D-aspartate (NMDA) antagonist 2-amino-5-phosphonovaleric acid blocked LTP induction. LTP has also been found to be induced through iTBS when GABAA and GABAB receptors were both blocked (Kotak et al., 2017).

In human studies, paired pulse transcranial magnetic stimulation (ppTMS) can be performed to evaluate the level of GABA or NMDA receptor-mediated activity (Kujirai et al., 1993; Ziemann et al., 1998a; Ilić et al., 2002; McDonnell et al., 2006; Rossini et al., 2015). Therefore, we wished to verify whether the after-effect in cortical excitability induced by iTBS is correlated with the level of GABA or NMDA receptor-mediated activity before stimulation. Here, ppTMS was performed to evaluate short-interval intracortical inhibitory (SICI), long-interval intracortical inhibitory (LICI), and intracortical facilitation (ICF), which index GABAA receptor-, GABAB receptor-, and glutamate receptor-mediated activity, respectively.



MATERIALS AND METHODS


Participants

Fifteen healthy volunteers (13 females) were recruited for the present study. Age ranges from 20 to 23 years (M = 21.07, SD = 1.06). All participants were right-handed (assessed by the Edinburgh Handedness Inventory; Oldfield, 1971) and had normal or correlated-with-normal vision. Exclusion criteria included a history of psychiatric or neurologic diseases, epilepsy, cardiovascular complications, taking any medication on a regular basis, and contraindications to TMS (e.g., taking epileptogenic drugs, implants in the brain, pregnant women). Informed consent was obtained from all participants. The study was performed according to the Declaration of Helsinki and approved by the Ethics Committee of Affiliated Jiangsu Shengze Hospital of Nanjing Medical University (JSSZYY-LLSC-202104). The study was registered with the China Clinical Trial Registration Center1 under the number ChiCTR2100046794.



Transcranial Magnetic Stimulation and Electromyography Recordings

Single monophasic TMS was performed over the hand region of the left primary motor cortex (LM1) using the Neuro-MS/D stimulator (Neurosoft Llc, Ivanovo, Russia) connected with a figure-of-eight coil (external loop diameters, 70 mm; peak magnetic field, 4 Tesla). The optimal coil position was determined by moving the coil in 1-cm steps around the presumed left M1 of hand until the point of the largest motor-evoked potential (MEP) amplitude of the relaxed abductor pollicis brevis (APB) muscle was reached. The stimulating coil was placed tangentially to the scalp with the handle pointing posteriorly and laterally 45° to the sagittal plane over the LM1 region. The stimulation intensity was determined in relation to the resting motor threshold (RMT) which was defined as the minimum TMS intensity eliciting a peak-to-peak MEP-amplitude of 50 μV or more in resting muscle, in at least 5 out or 10 trials (Groppa et al., 2012; Rossini et al., 2015). To assess the motor cortex excitability, motor-evoked potentials (MEPs) were recorded from the right APB muscle at rest (dominant hand in all participants) by use of silver/carbon-backed electrodes Skintact RT-34 (Fannin Ltd., Dublin, Ireland) with the size of 10.5 mm × 25 mm placed 2 cm apart in a belly-tendon montage (see Figure 1). The Neuro-MEP-Micro software was used to measure the amplitude of MEPs (Neurosoft Llc, Ivanovo, Russia).
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FIGURE 1. Experimental design. (A) Intermittent theta burst stimulation (iTBS) protocol consisted of bursts containing three pulses given at 50 Hz and repeated every 200 ms; a 2-s train of this stimulating pattern was repeated every 10 s for a total of 190 s (600 pulses). (B) Each subject was assessed motor-evoked potentials (MEPs) and short-interval intracortical inhibitory (SICI), long-interval intracortical inhibitory (LICI), and intracortical facilitation (ICF) successively before iTBS intervention. Following iTBS, MEPs were assessed at 5, 10, 15, and 30 min after stimulation. (C) Transcranial magnetic stimulation (TMS) was performed over the hand region of the left primary motor cortex (LM1) connected with a figure-of-eight coil. The stimulating coil was placed tangentially to the scalp with the handle pointing posteriorly and laterally 45° to the sagittal plane over the LM1 region. MEPs were recorded from the right abductor pollicis brevis (APB) muscle by use of silver/carbon-backed electrodes placed 2 cm apart in a belly-tendon montage to assess cortical excitability.




Intermittent Theta Burst Stimulation

iTBS was delivered over the hotspot of the LM1 using the Neuro-MS/D stimulator (Neurosoft Llc, Ivanovo, Russia). The stimulating protocol was conducted in accordance with the protocol originally described by Huang et al. (2005), which consisted of bursts containing three pulses given at 50 Hz and repeated every 200 ms (see Figure 1A). A 2-s train of this stimulating pattern was repeated every 10 s for a total of 190 s (600 pulses) (Huang et al., 2005). The stimulation intensity was set at 80% of RMT (Bulteau et al., 2017; Fujiki et al., 2020).



Experimental Procedure

Participants were seated in a comfortable chair with a neck support and were asked to relax their right arm entirely. They were also continually reminded to keep their eyes open and fixate forward on throughout each trial. Eyes open and muscle relaxation were observed by visual or electromyography (EMG) monitoring. A hotspot was marked as the optimal coil position where single-pulse TMS produced the largest MEP amplitude of the relaxed APB muscle by moving the coil around the presumed left M1 of hand (Rossini et al., 2015). Single-pulse TMS with intensity of 120% RMT was conducted to assess the excitability of the corticospinal system before and after iTBS. The peak-to-peak amplitude of MEPs evoked by a suprathreshold stimulus with an intensity of 120% RMT was used to probe the excitability of the motor cortex.

Before conducting iTBS, each participant received two sessions of single-pulse TMS with 20 consecutive pulses of each with an interval of 5 min at baseline to confirm intraindividual reliability of cortical excitability; the following trials could begin until the difference between average MEPs in two sessions of measurement was no more than 20% (Yu et al., 2020). To quantify the level of GABA or NMDA receptor-mediated activity before stimulation, we measured SICI, LICI, and ICF successively before conducting iTBS using a paired pulse paradigm at rest (Kujirai et al., 1993) (see Figure 1). SICI and ICF were delivered with an intensity of 90% RMT for the conditioning stimulus (CS) and 120% RMT for the testing stimulus (TS), with an interstimulus interval (ISI) of 2.5 and 12 ms, respectively, for 10 consecutive trials (Ozdemir et al., 2017; Tran et al., 2020). The CS and TS delivered in LICI were both set at 120% RMT, with an ISI of 150 ms for 10 consecutive trials (Mancheva et al., 2017). Paired pulse TMS results were based on 10 trials with single pulses (unconditioned) and 10 trials with paired pulses (conditioned) as previously recommended (Rossini et al., 2015).



Statistical Analysis

All analyses were performed using IBM SPSS version 22 (Armonk, NY, United States), and statistical significance was set at p < 0.05. Data were first tested to evaluate the normal distribution using the Shapiro–Wilk test. The MEPs were normalized to baseline MEP amplitude for each participant to calculate the after-effect of iTBS-induced LTP-like plasticity. Paired-pulse TMS protocols were expressed as the ratio of conditioned MEPs to unconditioned MEPs. A one-way within-subject ANOVA was conducted on the LTP-like after-effect induced by iTBS among different time points (baseline, 5, 10, 15, 30 min). The Mauchly test was used to verify the sphericity. A two-sided Pearson correlation test was used to examine relationships between SICI/LICI/ICF measured before stimulation and the after-effect of iTBS-induced LTP-like plasticity at 5, 10, 15, and 30 min after conducting iTBS, respectively. Multiple tests were corrected using the false discovery rate (FDR) method (Benjamini and Yekutieli, 2001) for ANOVA and Pearson correlation. To examine whether iTBS-induced plasticity can be predicted by SICI, LICI, or ICF, we also performed multiple regression analysis using the stepwise method. The multicollinearity test was performed based on the variance inflation factor (VIF) to examine whether our data met the assumption of collinearity.




RESULTS


Intermittent Theta Burst Stimulation-Induced Plasticity

Figure 2 shows an iTBS-induced increase in cortical excitability at different time points after inducing iTBS and individual participants’ responses to iTBS. Figure 2C shows representative changes in MEPs recorded at 5, 10, 15, and 30 min after stimulation. The data indicated that the MEP amplitude began to increase after conducting iTBS. A one-way within-subject ANOVA was conducted on the LTP-like after-effect induced by iTBS. There was a significant effect of the after-effect of iTBS-induced LTP-like plasticity among different time points (baseline, 5, 10, 15, 30 min): F(4,56) = 123.9, p < 0.001 (FDR corrected), ηp2 = 0.87.
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FIGURE 2. Intermittent theta burst stimulation (iTBS) induced increase in cortical excitability at different time points. (A) iTBS induced a mean increase in motor-evoked potential (MEP) amplitude at different time points after intervention. (B) Individual responses to iTBS after stimulation of each participant. (C) Representative traces in motor-evoked potentials (MEPs) recorded at 5, 10, 15, and 30 min after stimulation. The data indicated that the MEP amplitude began to increase after conducting iTBS.




After-Effect of Intermittent Theta Burst Stimulation-Induced Potential-Like Plasticity Correlates With the Level of Short-Interval Intracortical Inhibitory Before Stimulation

There was a significant negative correlation between the amount of SICI measured before iTBS and the after-effect of iTBS-induced LTP-like plasticity at the time points of 5 min (R2 = 0.44, p < 0.05, FDR corrected), 10 min (R2 = 0.43, p < 0.05, FDR corrected), and 15 min (R2 = 0.45, p < 0.05, FDR corrected) following conduction of iTBS (Figure 3). Post hoc power analysis indicated that the power to detect the observed effects at the 0.05 level was 0.742, 0.760, and 0.807 at the time points of 5, 10, and 15 min, respectively, while there is no significant correlation between SICI before stimulation and iTBS effect at 30 min (R2 = 0.08, p = 0.107, FDR corrected). No correlation between iTBS after-effect and the level of LICI was found at all time points 5, 10, 15, and 30 min after stimulation (Figure 4). Similarly, the iTBS after-effect was not correlated with the level of ICF measured before iTBS at all time points (Figure 5). Table 1 shows all R2 and p-values before and after applying the FDR correction.
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FIGURE 3. Correlation between short-interval intracortical inhibitory (SICI) and the after-effect of intermittent theta burst stimulation (iTBS)-induced long-term potentiation (LTP)-like plasticity. (A) There was a significant negative correlation between the amount of SICI measured before iTBS and the after-effect of iTBS-induced LTP-like plasticity at the time point of 5 min [R2 = 0.44, p < 0.05, false discovery rate (FDR) corrected]. (B) The correlation between the level of SICI before stimulation and iTBS-induced after-effects at 10 min after conducting iTBS was also significant (R2 = 0.43, p < 0.05, FDR corrected). (C) A significant negative correlation was also reported between the amount of SICI before stimulation and the iTBS-induced effects at 15 min after stimulation (R2 = 0.45, p < 0.05, FDR corrected). (D) There was no significant correlation between SICI before stimulation and iTBS effect at 30 min (R2 = 0.08, p = 0.107, FDR corrected).
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FIGURE 4. Correlation between long-interval intracortical inhibitory (LICI) and the after-effect of intermittent theta burst stimulation (iTBS)-induced long-term potentiation (LTP)-like plasticity. (A) No significant correlation was reported between the amount of LICI measured before iTBS and the iTBS after-effect at the time point of 5 min [R2 = 0.28, p = 0.170, false discovery rate (FDR) corrected]. (B) No significant correlation was also reported between the amount of LICI before stimulation and the iTBS-induced effects at 10 min after stimulation (R2 = 0.22, p = 0.170, FDR corrected). (C) The correlation between the level of LICI before stimulation and iTBS-induced after-effects at 15 min after conducting iTBS was also not significant (R2 = 0.18, p = 0.202, FDR corrected). (D) There was also no significant correlation between the level of LICI and the after-effect of iTBS-induced LTP-like plasticity at the time point of 30 min (R2 = 0.31, p = 0.476, FDR corrected).
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FIGURE 5. Correlation between intracortical facilitation (ICF) and the after-effect of intermittent theta burst stimulation (iTBS)-induced long-term potentiation (LTP)-like plasticity. (A) No significant correlation was reported between the amount of ICF measured before iTBS and the iTBS after-effect at the time point of 5 min [R2 < 0.01, p = 0.612, false discovery rate (FDR) corrected]. (B) There was also no significant correlation between the level of ICF and the after-effect of iTBS-induced LTP-like plasticity at the time point of 10 min (R2 = 0.05, p = 0.747, FDR corrected). (C) A non-significant correlation was also reported between the amount of ICF before stimulation and the iTBS-induced effects at 15 min after stimulation (R2 = 0.02, p = 0.978, FDR corrected). (D) There was no significant correlation between ICF before stimulation and iTBS-effect at 30 min (R2 < 0.01, p = 0.978, FDR corrected).



TABLE 1. Correlation between the level of short-interval intracortical inhibitory (SICI), long-interval intracortical inhibitory (LICI), and intracortical facilitation (ICF) measured before stimulation and the after-effect of intermittent theta burst stimulation (iTBS)-induced long-term potentiation (LTP)-like plasticity (all R2 and p-values before and after applying the FDR correction).
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Short-Interval Intracortical Inhibitory as a Good Predictor of Effectiveness of Intermittent Theta Burst Stimulation-Induced Cortical Plasticity

To assess predictive values for iTBS-induced cortical plasticity, we performed the multiple linear regression analysis with the levels of SICI, LICI, and ICF before iTBS as independent variables, and the dependent variable the after-effects of iTBS-induced cortical plasticity. Results from multicollinearity tests showed that the data met the assumption of collinearity with VIF = 1. Results from stepwise linear regression indicated that the model, with SICI as the only predictor, was significant at the time point of 5 min following iTBS conduction [F(1,13) = 10.144, p = 0.007, R2 = 0.40] and with beta coefficient = –0.4 for influence of SICI on the iTBS-induced cortical plasticity. In addition, SICI also remained as the only predictor in the models of 10 min [F(1,13) = 9.952, p = 0.008, R2 = 0.40] and 15 min [F(1,13) = 10.733, p = 0.006, R2 = 0.41] after conducting iTBS, with beta coefficients = –0.42 and –0.48 for influence of SICI on the iTBS-induced after-effect at 10 and 15 min after stimulation, respectively. Post hoc power analysis revealed that coefficients of –0.4, –0.42, and –0.48 could be detected at 0.05 at a power of greater than 0.90.




DISCUSSION

The current study aimed at providing a direct investigation of the relationship between LTP-like plasticity induced by iTBS in the human motor cortex and the level of GABA or NMDA receptor-mediated activity before stimulation. We used a series of paired-pulse TMS protocols including SICI, LICI, and ICF to assess GABAA receptor-, GABAB receptor-, and glutamate receptor-mediated activity, respectively. Our findings showed that (i) GABAA receptor-mediated activity assessed before stimulation was significantly negatively correlated with LTP-like plasticity induced by iTBS following 5, 10, and 15 min after conduction of stimulation; (ii) there was no significant correlation between LTP-like plasticity induced by iTBS and GABAB receptor- or glutamate receptor-mediated activity before stimulation as assessed by the TMS protocol of LICI and ICF; and (iii) SICI, as the index of GABAA receptor-mediated activity measured before stimulation, is a good predictor of iTBS-induced LTP-like plasticity for a period lasting 15 min following stimulation.

Cortical inhibition is essential for regulating neuronal excitability, and a decrease in local inhibitory signaling is necessary for LTP-like plasticity to occur. In the present study, we found that GABAA receptor-mediated activity before stimulation was significantly negatively correlated with LTP-like plasticity induced by iTBS. This is consistent with previous evidence indicating that reduced GABAergic inhibition can facilitate induction of LTP-like plasticity (Castro-Alamancos et al., 1995; Trepel and Racine, 2000; Chen et al., 2010; Bachtiar and Stagg, 2014). Similar findings have also been observed in patients during chronic stages of stroke recovery that GABAA receptor-mediated activity is reduced compared with healthy controls (Blicher et al., 2009). Furthermore, we also found that SICI measured before stimulation is a good predictor of iTBS-induced LTP-like plasticity for a period lasting 15 min. Our findings might add evidence to the suggestion that SICI in the early recovery phase can be a predictor of LTP-like plasticity in the later recovery stage for patients after stroke (McDonnell et al., 2007; Liuzzi et al., 2014).

In addition to GABAA receptors, GABAB receptors are also thought to have an important role in induction of LTP (Larson and Munkácsy, 2015). In the present study, GABAB receptor-mediated activity before stimulation as assessed by LICI was found not significantly correlated with the after-effects of LTP-like plasticity induced by iTBS. This suggested that the interplay between GABAB receptor-mediated inhibition and plasticity is complex. In addition, metabotropic GABAB receptors have been found to modulate inhibitory neural circuits by mediating long-lasting inhibitory postsynaptic potentials or involve presynaptic autoinhibition of interneurons through GABAA receptors to inhibit GABA release (McDonnell et al., 2006; McDonnell et al., 2007). The former postsynaptic inhibition hyperpolarizes target neurons and reduces LTP-like plasticity, whereas the latter one depolarizes target neurons and results in facilitation of LTP (Mott and Lewis, 1991; Stäubli et al., 1999). In the current study, LICI was used to measure GABAB receptor-mediated effects without distinguishing postsynaptic and presynaptic GABAB effects. On the other hand, McDonnell et al. (2006) and Cash et al. (2010) suggested that these two different GABAB effects should be measured using LICI protocol and induce SICI in the presence of LICI in the human motor cortex. Therefore, although no significant correlation between postsynaptic GABAB effects measured by LICI- and iTBS-induced LTP was found in the present study, future studies need to further investigate the relationship between presynaptic GABAB effects and LTP-like plasticity.

Further, it is not consistent with our expectation that no significant correlation was found between iTBS after-effects and NMDA receptor-mediated activity before iTBS as assessed by ICF. Plentiful studies have shown that the NMDA receptor plays an important role in the development of rapid cortical plastic changes and activation of NMDA receptors is necessary to induce LTP-like plasticity (Hunt and Castillo, 2012; Hasan et al., 2013), while this phenomenon was not confirmed by others (Liao et al., 1995; Selig et al., 1995). Besides, previous work indicated that although LTP is induced by activation of NMDA receptors at synapses, these mechanisms are mediated by AMPA receptors trafficking in postsynaptic neurons (Park et al., 2018; Sumi and Harada, 2020). Further studies need to explore the role the AMPA receptor plays in iTBS-induced LTP-like plasticity and how to separate the effect of the NMDA and AMPA receptors on iTBS-induced after-effects. In addition, it may also be due to the fact that ICF is not an ideal measurement of NMDA receptor-mediated activities as more than one possible neural circuit contribute to ICF (Hanajima et al., 1998). Recent studies combining TMS–MRS methods showed that there was no significant relationship between the ICF protocol with ISI of 12 ms and MRS-glutamate, which questioned ICF as an effective tool to measure the level of NMDA-type glutamate receptor-mediated activity (Stagg et al., 2011; Dyke et al., 2017).

In conclusion, the present study found that GABAA receptor-mediated activity measured before stimulation is negatively correlated with the after-effect of cortical excitability induced by iTBS. SICI, as an index of GABAA receptor-mediated activity measured before stimulation, is a good predictor of iTBS-induced LTP-like plasticity for a period lasting 15 min following stimulation. However, there are several limitations in our study. First, we measured cortical excitability only within 30 min following iTBS protocols; it is unclear what happens after 30 min. In addition, a limited number of TMS pulses were applied to LM1, with only 10 trials for each condition (i.e., SICI, ICF, and LICI). Although we have ensured intraindividual reliability of cortical excitability by performing two sessions of single-pulse TMS with an interval of 5 min, the optimal number of trials was required to reduce interindividual differences in order to make the results more reliable. Furthermore, as a pilot study, the sample size is small and the sex of participants was not very balanced. Although no previous work has reported a sex difference in the iTBS-induced after-effects, further studies are still required to investigate sex differences in iTBS-induced LTP-like plasticity to make our findings more generalized to the entire population.
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Several studies have shown the positive clinical effect of brain computer interface (BCI) training for stroke rehabilitation. This study investigated the efficacy of the sensorimotor rhythm (SMR)-based BCI with audio-cue, motor observation and multisensory feedback for post-stroke rehabilitation. Furthermore, we discussed the interaction between training intensity and training duration in BCI training. Twenty-four stroke patients with severe upper limb (UL) motor deficits were randomly assigned to two groups: 2-week SMR-BCI training combined with conventional treatment (BCI Group, BG, n = 12) and 2-week conventional treatment without SMR-BCI intervention (Control Group, CG, n = 12). Motor function was measured using clinical measurement scales, including Fugl-Meyer Assessment-Upper Extremities (FMA-UE; primary outcome measure), Wolf Motor Functional Test (WMFT), and Modified Barthel Index (MBI), at baseline (Week 0), post-intervention (Week 2), and follow-up week (Week 4). EEG data from patients allocated to the BG was recorded at Week 0 and Week 2 and quantified by mu suppression means event-related desynchronization (ERD) in mu rhythm (8–12 Hz). All functional assessment scores (FMA-UE, WMFT, and MBI) significantly improved at Week 2 for both groups (p < 0.05). The BG had significantly higher FMA-UE and WMFT improvement at Week 4 compared to the CG. The mu suppression of bilateral hemisphere both had a positive trend with the motor function scores at Week 2. This study proposes a new effective SMR-BCI system and demonstrates that the SMR-BCI training with audio-cue, motor observation and multisensory feedback, together with conventional therapy may promote long-lasting UL motor improvement.

Clinical Trial Registration: [http://www.chictr.org.cn], identifier [ChiCTR2000041119].

Keywords: stroke, motor imagery, brain computer interface, mu rhythm, rehabilitation


INTRODUCTION

Stroke is a leading cause of mortality and disability worldwide (Johnson et al., 2019; Zhou et al., 2019). Up to 66% of stroke survivors experience upper limb (UL) motor impairments, which result in functional limitations in activities of daily living and decreased life quality (Kwah et al., 2013; Morris et al., 2013).

Electroencephalography (EEG)-based sensorimotor rhythm (SMR) brain computer interface (BCI) is a novel technology that can enhance activity-dependent neuroplasticity and restore motor function for stroke survivors (Ang et al., 2014a; Lazarou et al., 2018; Jeunet et al., 2019). SMRs can be measured over the sensorimotor cortex and modulated by actual movement, motor intention, or motor imagery (MI; Frenkel-Toledo et al., 2014; Yuan and He, 2014). Task-related modulation in EEG-based SMRs is usually manifested as event-related desynchronization (ERD) or event-related synchronization (ERS) in low-frequency components [mu rhythm (8–12 Hz) and beta rhythm (13–26 Hz)] (Pfurtscheller and Lopes da Silva, 1999), which forms the basis of neural control in EEG-based SMR-BCI (Yuan and He, 2014). Furthermore, patients with stroke or spinal cord lesions can control physical or virtual devices via SMR-BCI (Prasad et al., 2010; Caria et al., 2011; Ang et al., 2014a,b; Dodakian et al., 2014; McCrimmon et al., 2014; Ono et al., 2014; Yuan and He, 2014; Ang and Guan, 2015; Bartur et al., 2015; Pichiorri et al., 2015; Zich et al., 2015; Shu et al., 2017, 2018; Barsotti et al., 2018; Biasiucci et al., 2018; Lazarou et al., 2018; Lee et al., 2018; Norman et al., 2018; Jeunet et al., 2019; Song and Kim, 2019; Chen et al., 2020; Foong et al., 2020), which raises the possibility of SMR-BCI training for stroke rehabilitation.

Several clinical studies have investigated the effect of SMR-BCI systems and demonstrated the significantly positive outcomes on motor function improvement for stroke patients (Ang and Guan, 2015). Ramos-Murguialday et al. (2013) and Ang et al. (2014a,b) stated the BCI training had better efficacy than sham-BCI for stroke rehabilitation. Besides, Cantillo-Negrete et al. (2021) investigated the clinical and physiological effects of SMR-BCI intervention and conventional therapy for upper limb stroke rehabilitation and a revealed similar positive impact of the two therapy methods. Thus, SMR-BCI training, together with conventional therapy, is a suitable therapy option for stroke recovery.

To improve the efficacy of SMR-BCI, various SMR-BCI systems combined with sensory stimulation, motor observation (MO) have been proposed. Shu et al. (2017, 2018) and Ren et al. (2020) improved the SMR-BCI performance via proprioceptive stimulation before the motor imagery (MI) task. Choi et al. (2019), Nagai and Tanaka (2019), and Fujiwara et al. (2021) found users’ ERD/ERS was enhanced when they performed MI task with motor observation. It is recognized that enhanced ERD/ERS of stroke patients, meaning enhanced motor-related cortical activation (Pfurtscheller and Lopes da Silva, 1999; Pfurtscheller et al., 2006b), can improve users’ engagement and decoding accuracy for BCI system, which could help maximize brain plasticity and restore motor and cognitive function for stroke patients (Bundy et al., 2017; Nagai and Tanaka, 2019). Furthermore, Velasco-Álvarez et al. (2013) designed an audio-cued SMR-BCI system and showed its availability.

Besides, various neuro-feedback has been added to make SMR-BCI system a closed loop for better effect on stroke recovery. Ramos-Murguialday et al. (2013) and Ang et al. (2014a,b, 2015) demonstrated that SMR-BCI with robotic feedback was the most popular feedback method and had positive efficacy for stroke rehabilitation. Pichiorri et al. (2015) and Foong et al. (2020) observed that SMR-BCI with visual feedback showed its excellence for stroke recovery. Auditory feedback may also improve SMR-BCI performance (Nijboer et al., 2008; McCreadie et al., 2013, 2014). Several researchers found the users’ ERD/ERS was improved via SMR-BCI with proprioceptive feedback (Vukelić and Gharabaghi, 2015; Barsotti et al., 2018).

For stroke patients, the ability to keep attention is weakened due to of brain damage. To enhance the ERD/ERS and maximize the efficacy of BCI training, we propose a new SMR-BCI system with audio-cue, MO, and multisensory (auditory, visual, and robotic) feedback and investigate the effectiveness of this system.

Another urgent investigation, which should be further explored, is optimal and safe exercise prescription (e.g., training intensity and duration) (Farrell et al., 2020; Luo et al., 2020). We used the definition of training intensity and duration in a review (Antje et al., 2020) as a reference: (1) training intensity (high: five times per week vs. moderate: 2–3 times per week), (2) training duration (short: 2–3 weeks vs. long: 4–8 weeks). Most of the SMR-BCI intervention proposed fell into the pattern of moderate training intensity with long training duration, involving 10 sessions (twice a week) (McCrimmon et al., 2014), 12 sessions (three times a week) (Ang et al., 2014a; Pichiorri et al., 2015; Chen et al., 2020), 18 sessions (three times a week) (Foong et al., 2020), 20 sessions (daily training exclude weekends) (Ramos-Murguialday et al., 2013; Wu et al., 2020) and 24 sessions (twice a week) (Sebastián-Romagosa et al., 2020), which have shown positive effects on stroke rehabilitation. Few studies have addressed the pattern of high training intensity with short training duration. One clinical trial involved 10 training sessions, but each session of BCI training lasted up to 40 min (Frolov et al., 2017). As our group suggests, motor function recovery and the brain networks of stroke patients could be improved significantly by 4-week SMR-BCI intervention combined with convention training compared to only conventional treatment (Wu et al., 2020), which leads us to ponder whether a high training intensity with short duration SMR-BCI intervention will get better influence. If that works, stroke patients will restore the ability to live independently faster.

As mentioned above, there are two purposes of this study. Firstly, to investigate the efficacy of non-invasive EEG-based SMR-BCI with audio-cue, MO, and multisensory (robotic, visual, and auditory) feedback, together with conventional therapy, for upper limb rehabilitation of stroke patients. Secondly, to discuss the influence of stroke rehabilitation after a high training intensity with short duration SMR-BCI intervention.



MATERIALS AND METHODS


Subjects

All patients were recruited from The Third Affiliated Hospital of Sun Yat-sen University.

The following inclusion criteria were applied: (1) age between 18 and 75 years; (2) hemiparesis resulting from a unilateral brain lesion, as confirmed by magnetic resonance imaging (MRI), with a time since stroke (TSS) of 6–24 weeks before study enrollment; (3) moderate to severe hand paralysis, as determined by a Brunnstrom score <IV; (4) sufficient cognition to follow simple instructions and understand the purpose of the study (Susanto et al., 2015).

The exclusion criteria were: (1) recurrent stroke; (2) other neurological, neuromuscular, orthopedic diseases; (3) shoulder or arm contracture/pain; (4) severe aphasia, dementia, psychotic symptoms, or a scalp deformity due to surgery, or those who could not undergo EEG recording for other reasons, such as involuntary movements; or (5) receiving other clinical central nervous system interventions (Susanto et al., 2015).

Based on experience, EEG acquisition devices used on women got poor signals because of their long hair, so we tried to select male patients.

From 79 potentially eligible patients, 24 stroke survivors were allocated to the intervention and received follow-up analysis (see Figure 1). Twenty-four patients were randomly assigned into one of the two groups: (1) the BCI therapy group (BCI Group, BG), and (2) the non-BCI group (Control Group, CG).
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FIGURE 1. CONSORT diagram: a flow from recruitment through follow-up and analysis. In all, 79 patients were screened to be eligible for the study, and 55 were excluded. 24 underwent intervention and were randomly assigned to two groups (BCI group, BG; control group, CG). All 24 recruited patients received follow-up analysis.




Study Design

All subjects were recruited to receive a total of 10 training sessions, lasting for 3 h per day, 5 days per week (excluding weekends). Each training session consisted of 1-h BCI therapy and 2-h conventional treatment for the BG, while only 3-h conventional treatment for the CG.

Each SMR-BCI intervention consisted of one calibration session and about ten BCI training sessions (1 h). Conventional treatment included physiotherapy and occupational therapy involving shoulder, elbow and hand training: neuromuscular electrical stimulation, passive joint activity, strength training, stretch and Activities of Daily Living (ADL) training. Specifically, for the patients who belonged to the BG, the hand training part in conventional treatment was excluded.

The clinical measure scales were measured at three time points: at baseline (Week 0), at post-intervention (Week 2), and at follow-up week (Week 4). Notably, the patients in both groups were still hospitalized after 2 weeks of intervention and received conventional therapy.



Sensorimotor Rhythm-Brain Computer Interface System Description

The SMR-BCI system is shown in Figure 2. Patients wore EEG caps with 16 active electrodes (g.Nautilus, g.tec medical engineering GmbH, Austria) and the affected hand wore an exoskeleton hand robot (RHB-III. Shenzhen Rehab Medical Technology Co., Ltd., China). The patients were advised to avoid blinking, coughing, chewing and minimize any body movements when performing tasks.
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FIGURE 2. The schematic diagram of the SMR-BCI system. According to audio-cue, subjects imagine “grabbing the object” or “putting the object down” accompanied by observing the video. BCI system calculates the mu suppression of subjects’ EEG data and recognizes patients’ intention via comparing the mu suppression value with the threshold. If the purpose is identified correctly, the system will give multisensory (robotic, auditory, and visual) feedback. On the contrary, the system will still provide corresponding auditory and visual feedback, but the robot will maintain the previous state.


After undergoing a calibration session, including only one trial (described in the section “Sensorimotor Rhythm-Brain Computer Interface Session”), subjects performed MI training sessions according to the audio-cue and observed the corresponding video on the monitor. If the mu suppression was detected in the motor intention classification area (yellow shading), the exoskeleton hand would assist the paretic hand in grasping or opening action according to the MI task cued on the video. Once the robot was triggered, it would complete the movement regardless of the mu suppression during the motion. Then, the system provided audiovisual feedback with a training score (see Figure 2). In contrast, the robot would maintain the previous state and the BCI system would give corresponding audiovisual feedback (see Figure 2) if the mu suppression didn’t reach the threshold (60%) and was in the rest area (blue area) within 12 s. During the time of performing MI task, the BCI system would detect the mu suppression of the subject three times, each time lasting 4 s. If the mu suppression was tested above the threshold in the first 4 s, the feedback meaning “successful” would be given. If not, the BCI system would monitor the mu suppression for the next 4 s, and so on, until 12 s.

The mu suppression (Oberman et al., 2008; Sun et al., 2017) of EEG SMR recorded by electrodes was used for a brain-controlled switch. EEG acquisition and processing details are described in section “Electroencephalography Acquisition, Processing, and Analysis.”



Sensorimotor Rhythm-Brain Computer Interface Session

Before conducting MI sessions, patients first performed a calibration trial, to get the “Idle-state Potential,” where subjects were instructed to keep still at resting state with eyes closed, called “idle task.” A calibration trial lasted about 60 s. Figure 3A shows the timing of a calibration trial.
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FIGURE 3. Experimental time course of the BCI intervention for stroke patients’ rehabilitation. (A) In the calibration trial, the patient gets an audio cue to keep still and eyes closed for 50 s and the EEG when performing the “Idle task” is collected. (B) In the training trial, the subject imagines, for instance, “grabbing the objects” according to the audio-cue and monitor from the first-person perspective, third-person perspective, or inverse first-person perspective in turn until his/her intention is recognized. Then, the system gives the corresponding auditory, visual and/or robotic feedback during the following 3 s. The MI task of “grabbing the object” and “putting the thing down” is cued alternatively if the intention is identified successfully, or it maintains the previous one.


Each MI training session completed approximately 10 runs, each consisting of 10 trials. A break of 3–5 min was given after each run. Figure 3B shows the timing of a training trial. Each trial lasted 30 s. Subjects performed the MI task according to audio-cue and the video on the monitor. In addition, the video of three perspectives (first-person perspective, third-person perspective, and inverse first-person perspective) was played in turn. Once the mu suppression of the patient exceeded the threshold, the system would give the corresponding robotic, auditory, and visual feedback.



Electroencephalography Acquisition, Processing, and Analysis

Electroencephalography was recorded using g.Nautilus headset (g.tec medical engineering GmbH, Austria), which provided 16 active electrodes placed in the international 10–20 system positioning: FP1, FP2, FC3, FZ, FC4, C1, C2, CZ, C3, C4, CP3, PZ, CP4, PO7, PO8, and POz. The reference electrode and ground electrode were located on the right mastoid and left mastoid, respectively. Impedances for all electrodes were maintained at <5 kΩ throughout the experiment. Raw EEG recordings were sampled at 256 Hz. Signals were also processed in real-time by the amplifier using an analog bandpass filter (0.5–60 Hz) and a notch filter (48–52 Hz) to remove artifacts and power line interference.

After preprocessing, the EEG of C3/C4 electrodes covered over the primary motor cortex was used for BCI control. The signals were processed by a bandpass filtered (4th order Butterworth filter) between mu rhythm (8–12 Hz) with a Hamming window. Mu suppression reflects an ERD of the EEG caused by an increase in neural activity (Sun et al., 2017), which is used for the value of recognition in this BCI system. The mu suppression score was calculated according to the following equation (Braadbaart et al., 2013):
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where muSupp represents the mu rhythm suppression value, muPtask represents the mu rhythm power of EEG while performing “MI task,” and muPidle is the mu rhythm power of EEG while performing “Idle task.”

In the offline analysis, the EEG recorded by channel C3 and channel C4 was analyzed. The segments containing gross artifacts (identified by visual inspection) were excluded for further analysis. These EEG processes were carried out in MATLAB (The MathWorks, Inc., Natick, MA, United States).

Firstly, we analyzed the mu suppression as the equation (1) and its correlation with motor function scores. The following method was used to compute the mu suppression value:


1.Bandpass filtering of 8–12 Hz on the EEG recorded during 2-week SMR-BCI training session. While the EEG on time segment 5–45 s (see Figure 3A) was analyzed for idle-state, the EEG when performing MI tasks at Week 0 and Week 2 (see Figure 3B) was investigated for MI-state.

2.Squaring the bandpass-filtered samples to obtain power samples.

3.Computing the power value when performing “Idle task” by averaging the idle-state power samples.

4.Computing the power value when performing “MI task” by averaging the MI-state power samples in one session.

5.Computing the mu suppression using the equation (1).





Outcome Measures

Fugl-Meyer Assessment-Upper Extremities (FMA-UE) assessment scale was used as the primary motor function outcome measure because of its high reliability. In this study, FMA-UE only referred to the upper extremity motor function part with a total score of 66 (Fuglmeyer et al., 1975; Page et al., 2012).

Secondary outcome measures were the Wolf Motor Function Test (WMFT; Wolf et al., 2001) and the Modified Barthel Index (MBI; Mahorney, 1965). The WMFT consists of 15 tasks (six joint-segment tasks, nine functional tasks; maximum score = 75), each of which should be performed within 120 s. The MBI is used to measure performance in ADL.

Mean change of FMA-UE and WMFT scores were compared with its estimated minimal clinically significant difference (MCID) values (Der Lee et al., 2001; Page et al., 2012) and estimated minimal detectable change (MDC) value (Lin et al., 2009), respectively.



Statistical Method

All demographic and clinical data were analyzed using SPSS version 23.0 (IBM Inc., Chicago, IL, United States). The variables tested normal (using Shapiro–Wilk test) were expressed as the mean ± standard deviation, and the two-tailed unpaired t-test was used for intergroup comparison while the two-tailed paired t-test was for intragroup comparison. Non-normally distributed data were expressed as the median with 25 and 75% quartile, and the Mann–Whitney U test was applied for intergroup comparison while the Wilcoxon ranked sum test was for intragroup comparison.

Two-way repeated measures ANOVA was performed for the functional scale scores (FMA-UE, WMFT, and MBI) with time (Week 0, Week 2, and Week 4) as the within-subject factor.

Associations between the clinical scores (at Week 2) and the mu suppression (at Week 2) were assessed using Pearson’s (if the two variables are both normally distributed), or Spearman’s correlation. Statistical significance was set at p < 0.05 for all analyses.




RESULTS


Demographics

The demographic information of the patients (at baseline) is shown in Table 1. For demographic information, standard variables, including age and clinical scale scores, were analyzed by the parametric tests while TSS was analyzed by the non-parametric test. The chi-square test was used to identify difference in rates among the groups.


TABLE 1. Demographic information of the patients.
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There were no significant demographic differences in age (two-tailed unpaired t-test, p = 0.054), sex (all males), and affected hand (chi-square test, p = 0.653). Similarly, there were no significant differences in stroke type (chi-square test, p = 0.386), and TSS (Mann–Whitney U test, p = 0.579). In addition, patients in the two groups had similar levels of baseline clinical scores including FMA-UE (two-tailed unpaired t-test, p = 0.795), WMFT (two-tailed unpaired t-test, p = 0.859) and MBI (two-tailed unpaired t-test, p = 0.397).



Efficacy Measurements

Two-way repeated-measures ANOVA (FMA-UE, WMFT, and MBI, by Week 4, with time as the within-subjects factor and group as the between-subjects factor) showed a significant time × group interaction on FMA-UE (F = 18.629, p < 0.01) and WMFT (F = 10.252, p = 0.001) and no significant time × group interaction on MBI (F = 0.500, p = 0.613). The results showed that time had a significant effect on FMA-UE (F = 120.626, p < 0.01), WMFT (F = 121.760, p < 0.01), and MBI (F = 17.228, p < 0.01), but no significant effect for group on FMA-UE (F = 0.005, p = 0.947), WMFT (F = 0.180, p = 0.675), and MBI (F = 1.614, p = 0.217).

Fugl-Meyer Assessment-Upper Extremities, WMFT, and MBI scores of the BG and that of the CG were significantly improved in Week 2 and Week 4. The results are shown in the Table 2. No significant differences were found between groups for clinical scores at any measurement point.


TABLE 2. Efficacy measures by FMA-UE, WMFT, and MBI for BG and CG.
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As shown in Table 3, overall improvements of outcome measure scores of the BG were higher than that of the CG, and BG had significant improvement differences in FMA-UE and WMFT changes at Week 4 (Week 0-based change) compared to the CG.


TABLE 3. Intergroup comparison for outcome measure scores improvements.
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Importantly, 5.25 points and 5.55 points have been estimated to represent the minimal clinically significant difference (MCID) of FMA-UE (Cervera et al., 2018) and minimal detectable change (MDC) of WMFT (Susanto et al., 2015), respectively. At Week 4, the increase of FMA-UE and WMFT surpassed MCID and MDC for all the patients in the BG (Figure 4).


[image: image]

FIGURE 4. Percent of patients reached minimal clinically important difference (MCID) and minimal detectable change (MDC) by FMA-UE and WMFT scores in each group at Week 2 and Week 4.




Electroencephalography Results

The mu suppression values of bilateral cortex were compared before and after MI-BCI training (Figure 5A). No significant change in the bilateral hemisphere was found after BCI training [Ipsilesional hemisphere, muSuppWeek0 = 45.7735 ± 28.0009, muSuppWeek2 = 56.8294 (47.9067, 60.6983), Wilcoxon ranked sum test, p = 0.875; Contralesional hemisphere, muSuppWeek0 = 62.4475 (21.4197, 72.9325), muSuppWeek2 = 53.8142 ± 25.9915, Wilcoxon ranked sum test, p = 0.388]. Also, there was no significant difference in mu suppression between hemispheres (Week 0: Mann–Whitney U test, p = 0.670; Week 2: Mann–Whitney U test, p = 0.768).
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FIGURE 5. The correlation between the ranked mu suppression value and the ranked clinical scale scores (FMA-UE, WMFT, MBI scores). (A) Analyses were performed using EEG activity at the frequency used for BCI control but an electrode in the contralesional hemisphere, at the frequency used for BCI control but an electrode in the ipsilesional hemisphere. (B) While there was a significantly positive correlation between mu suppression of contralesional hemisphere and MBI scores after 2-week BCI intervention, others showed no significantly positive trend. Significant (p < 0.05) changes are indicated with an *.


Correlation analysis was performed to assess the relationship between the ranked mu suppression (Week 2) and the ranked clinical scale scores (Week 2) in the BG (Figure 5B). After 2-week comprehensive rehabilitation, including BCI and conventional interventions, the mu suppression of contralesional hemisphere had a significantly positive correlation with MBI scores (Pearson r = 0.587, p = 0.045). While there was no significant correlation between mu suppression of contralesional hemisphere and FMA-UE (Pearson r = 0.273, p = 0.391), or WMFT (Pearson r = 0.105, p = 0.746), they had a positive correlation trend. On the ipsilesional motor cortex, there was also a positive correlation trend between mu suppression and motor function (FMA-UE: Pearson r = 0.385, p = 0.217; WMFT: Pearson r = 0.406, p = 0.191; MBI: Pearson r = 0.273, p = 0.391). Pearson’s r was used for all variables (two-tailed tests).




DISCUSSION

This study presents the results from a clinical study investigating the efficacy of the SMR-BCI with audio-cue, motor observation, and multisensory (robotic, auditory, and visual) feedback compared with conventional therapy for upper limb stroke rehabilitation.

In terms of clinical scale scores (FMA-UE, WMFT, and MBI score), upper limb motor functional improvement was observed in both groups after 2-week intervention. This result is consistent with previous evidence demonstrating the effectiveness of BCI intervention for stroke patients’ UL motor function recovery (Cervera et al., 2018; Wu et al., 2020) and a randomized controlled multicenter trial with post-stroke patients (in subacute and chronic phase), which showed significant improvements of FMA-UE scores in BCI and control group (Frolov et al., 2017). The clinical scale scores of the BG had a significantly greater motor function improvement than the CG at the follow-up week rather than Week 2. Similarly, the percentage of patients reaching MCID and MDC in the BG was greater than that in the CG at Week 4 instead of Week 2. This phenomenon may reflect the effectiveness of the long-term clinical effects of SMR-BCI intervention for post-stroke patients (Wu et al., 2020). BCI training added to conventional therapy may enhance motor functioning of the upper extremity and brain function recovery in patients after a stroke (Kruse et al., 2020). Compared to conventional interventions, we suggest BCI-based training for motor recovery of the upper limbs in patients with stroke (Nojima et al., 2021).

Mu rhythms are suppressed, and their power is attenuated, when engaging in motor activity (Gastaut, 1952), observing actions executed by someone else (Muthukumaraswamy et al., 2004), or imagining performing an action (Pfurtscheller et al., 1996, 2006a,2010). Thus, researchers usually link the mu suppression of motor cortex to the motor-relevant brain activation (Pineda, 2006). In this study, no significant difference in mu suppression value was found after 2-week BCI intervention. However, there was a positive trend between functional motor scores (FMA-UE, WMFT, and MBI) with mu suppression of bilateral hemisphere. This positive trend agrees with Bundy et al.’s (2017) study that suggests bilateral cortex activation, especially unaffected cortex activation, can contribute to the motor-relevant task of subacute stroke patients (Calautti et al., 2001). Neuronal reorganization may occur on both the ipsilesional and contralesional hemispheres during recovery to regain motor function and therefore bilateral activation for the hemiparetic side is often observed (Dodd et al., 2017). Meanwhile, this activation pattern gives a possible method to control the SMR-BCI system for stroke rehabilitation reliably via the bilateral cortex EEG-based information fusion (Bundy et al., 2017). Therefore, the unaffected hemisphere may play a role in motor recovery following stroke (Gould et al., 2021). However, there is an opinion that increased activation in the intact hemisphere may hinder reorganization in the lesioned hemisphere, which may have a negative impact on recovery. In response to the two contradictory views, a bimodal balance-recovery model that links interhemispheric balancing and functional recovery to the structural reverse was suggested (Di Pino et al., 2014). As our previous work has shown that motor function recovery and the brain networks of stroke patients could be improved significantly by 4-week SMR-BCI intervention. We conjecture that this bilateral activation, as well as the positive correlations between mu suppression and clinical scores, is a “middle state” for the patients in this study and may also mean that a 2-week training period would not be the optimal option for neurorehabilitation. This result is consistent with the conclusion that a BCI training with conventional therapy for a duration of 4 weeks or longer, with a high intensity training of five times per week, was recommend (Kruse et al., 2020). The influence of the training duration combined with the training intensity needs to be investigated further.

Several features distinguish this work from previous studies. Firstly, we developed a new SMR-BCI system for stroke rehabilitation. This BCI system showed a more vivid training experience for patients via audio-cue, motor observation, and multisensory (robotic, auditory, and visual) feedback to make subjects deeply involved in the training. Secondly, this study revealed the clinical efficacy of the SMR-BCI system we designed for post-stroke rehabilitation. Thirdly, the prescription (e.g., the intensity/frequency and the duration) of BCI training was discussed. We provided a training program (high training intensity, short training duration, and 1-h training session), which may help to develop a full picture of the clinical factor and the interaction between training duration and training intensity.

There were also several limitations to note. The small sample of participants and the absence of EEG data from the CG and follow-up week limited the further investigation of our findings on efficacy. Although the influence of patients’ age and type of lesion in motor recovery of upper extremities of post-stroke patients need further analysis (Kruse et al., 2020), there are some views that relatively younger and more hemorrhagic stroke participants in the BG may tip off the outcome measures comparison between the groups.



CONCLUSION

In summary, this study showed the clinical efficacy of SMR-BCI with audio-cue, MO, and multisensory (robotic, auditory, and visual) feedback for post-stroke rehabilitation. Moreover, it discussed the impact of the high training intensity BCI training with short training duration.

Clinical efficacy was measured by three clinical measure scales (FMA-UE, WMFT, and MBI), and the results showed significant improvements at Week 2 and Week 4. Notably, there was a greater improvement for patients who belonged to the BG than the CG at Week 4.

Hence, in the future, more extensive clinical trials are warranted to verify the clinical efficacy and the role of this kind of BCI system has in the rehabilitation milieu. The discussion about the interaction between training intensity and duration also motivates further research.
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Objectives: The objective of this study was to investigate common functional near-infrared spectroscopy (fNIRS) features of mental fatigue induced by different tasks. In addition to distinguishing fatigue from non-fatigue state, the early signs of fatigue were also studied so as to give an early warning of fatigue.

Methods: fNIRS data from 36 participants were used to investigate the common character of functional connectivity network corresponding to mental fatigue, which was induced by psychomotor vigilance test (PVT), cognitive work, or simulated driving. To analyze the network reorganizations quantitatively, clustering coefficient, characteristic path length, and small worldness were calculated in five sub-bands (0.6–2.0, 0.145–0.600, 0.052–0.145, 0.021–0.052, and 0.005–0.021 Hz). Moreover, we applied a random forest method to classify three fatigue states.

Results: In a moderate fatigue state: the functional connectivity strength between brain regions increased overall in 0.021–0.052 Hz, and an asymmetrical pattern of connectivity (right hemisphere > left hemisphere) was presented. In 0.052–0.145 Hz, the connectivity strength decreased overall, the clustering coefficient decreased, and the characteristic path length increased significantly. In severe fatigue state: in 0.021–0.052 Hz, the brain network began to deviate from a small-world pattern. The classification accuracy of fatigue and non-fatigue was 85.4%. The classification accuracy of moderate fatigue and severe fatigue was 82.8%.

Conclusion: The preliminary research demonstrates the feasibility of detecting mental fatigue induced by different tasks, by applying the functional network features of cerebral hemoglobin signal. This universal and robust method has the potential to detect early signs of mental fatigue and prevent relative human error in various working environments.

Keywords: mental fatigue detection, functional near-infrared spectroscopy, functional network characteristics, functional connectivity, common signs of fatigue tasks


INTRODUCTION

Long-term cognitive tasks and attention tasks may lead to mental fatigue, which is usually manifested by decreased attention, slower reaction times, and increased aversion to tasks (Boksem et al., 2006). Mental fatigue and its related decline in brain physiological function represent an important social problem, leading to reduced productivity (Tanabe and Nishihara, 2004), impaired motor and cognitive task execution (Sharma et al., 2019), reduced risk alertness (Saxby et al., 2013), and an increased incidence of accidents (Nilsson et al., 1997). To cope with these adverse but preventable consequences caused by mental fatigue, a reasonable and accurate assessment of mental fatigue degree is required. Precise assessment of fatigue degree would allow developing better strategies to arrange the work intensity and reduce potential errors or work accidents.

It is noteworthy that the signs of mental fatigue will also be different under different task situations (Ream and Richardson, 1996). Due to the complexity of the human environment, a large number of internal or external causes can lead to mental fatigue. At the same time, mental fatigue and sleepiness are often difficult to distinguish. Although involving very different concepts, they are both related in the impairment of attention, vigilance and cognitive performance (Neu et al., 2011), high degree of internal consistency among different dimensions of subjective fatigue (Matthews and Desmond, 1998), and evolution that is parallel. This paper does not want to clearly distinguish the differences between mental fatigue and sleepiness, but to explore the universal character of mental fatigue in the realistic complex environment and improve the reliability of mental fatigue indication methods.

Mental fatigue is a complex process involving the changes in multiple brain regions related to tasks, including local and global scale changes (Sun et al., 2017). Therefore, functional connectivity analysis is one of the ideal methods used to research on the mechanism of mental fatigue. A lot of prior neuroimaging studies using EEG, fMRI, or fNIRS have shown that mental fatigue is related to the deviation and reorganization of functional connectivity (Esposito et al., 2014; Qi et al., 2019; Zhang et al., 2020). In addition, graph theoretical analysis methods have been widely used in quantitative research on connectivity network structure. Sun et al. (2014a) found that in a 20-min continuous attention task, the characteristic path length of the brain network was related to the decline in task performance, and the small worldness decreased during the task. Chua et al. (2017) induced mental fatigue through a simulated driving task and found that in a 1-h task, the clustering coefficient of the brain functional network increased, and the characteristic path length decreased. In short, local clustering and inter-regional connectivity will change according to mental fatigue. These characteristics may reflect cognitive performance during fatigue.

These studies have well summarized the mechanism of functional connectivity reorganization and evolution according to mental fatigue state and effectively identify fatigue state. However, these changes can distinguish fatigue from non-fatigue state, which is not enough to give an early warning before excessive fatigue. At the same time, most studies research mental fatigue under single induced task. Considering the complexity of realistic environment, it is not applicable in guiding a universal and robust mental fatigue detection method. Therefore, it is necessary to find the common change rules of brain activity concerning the development of mental fatigue in complex work environments and use them to provide scientific methods and theoretical support for fatigue monitoring and prevention.

The main purpose of this paper is to explore the common characteristics of the functional brain network corresponding to different mental fatigue states under complex fatigue-induced conditions. Therefore, we repeated three fatigue-inducing tasks, twice in the afternoon and evening, to simulate the complex state of mental fatigue that may occur in reality, and the fatigue may include the disturbance of drowsiness. Multidimensional Fatigue Inventory (MFI-20) was used to classify three mental fatigue levels: non-fatigue, moderate fatigue, and severe fatigue. The correlation between mental fatigue and cognitive decline was measured by behavioral test results. Functional near-infrared spectroscopy is a non-invasive neuroimaging technique allowing the measurement of variations in blood oxygenation in cortical areas (Borragán et al., 2019) with acceptable spatial and tolerance to movements. fNIRS is appropriate to track changes in brain connectivity and reliably reflect cognitive load (Herff et al., 2014). This study is based on the fNIRS method to detect the blood oxygen information of the cerebral cortex throughout the experimental process, construct a functional network in five frequency bands, and quantitatively analyze the structure of a fatigue-related functional network by the network analysis method, and at the same time, extracting the characteristics for fatigue classification, so as to provide reference for cross-task mental fatigue early warning method.



MATERIALS AND METHODS


Participants

The fatigue experiment recruited 36 undergraduate and graduate students (20 ± 2 years old, male:female = 27:9) from Soochow University. The participants were right-handed, in good health, and had no history of mental illness or cerebrovascular disease. Participants were not allowed to use medications, take a nap, and consume caffeine or stimulus drinks on the day of the experiment. All participants signed an informed consent before the experiment.



Experiment Procedure

Participants were randomly divided into three groups for different fatigue-inducing experiments, including Psychomotor Vigilance Test (PVT), cognitive work, or simulated driving. Participants were asked to respect normal sleep schedules before the experiment. Each participant repeated the test three times: before starting the day’s work in the morning (7:00–8:00), in the afternoon (14:00–17:00), and before sleeping in the evening (20:00–23:00). The specific process is shown in Figure 1. In the morning, the n-back behavioral test was conducted, then the Multidimensional Fatigue Inventory (MFI-20) was filled out (8 min in total). In the afternoon and evening, the above behavioral tests and scale filling were carried out before and after the task. Cortical brain activity changes during the whole experiment were recorded using fNIRS.


[image: image]

FIGURE 1. Experimental procedure. About 8 min/person in the morning. The afternoon experiment and evening experiment are about 1 h/person.




Material and Tasks

Before and after the fatigue-inducing task, the participants filled in the Multidimensional Fatigue Inventory (Smets et al., 1995) and conducted the n-back (n = 1) behavioral test to evaluate cognition and vigilance performance associated with mental fatigue. The n-back task requires coordinated work across multiple brain regions (Cohen and D’Esposito, 2016). During the n-back test, the monitor displayed a blue square every 3S and broadcasted one random letter at the same time. Whenever a location of a square matched the location of the square presented one instance earlier, participants were asked to press the “W” key on a computer keyboard. Whenever an audio matched the last audio broadcast, participants were asked to press the “S” key on a computer keyboard. The schematic diagram of N-back is shown in Figure 2. The reaction time and accuracy of each comparison task were recorded as the basis for judging cognitive performance and vigilance.


[image: image]

FIGURE 2. A schematic diagram of the n-back experiment. Participants were required to respond to the same consecutive stimulus and press the button as quickly as possible. The inter-stimulus interval (ISI) of the stimulus is 3 s.



Mental Fatigue Task

Mental fatigue induction tasks include psychomotor vigilance test (PVT), cognitive work, or simulated driving. PVT test is a simple reaction time test with high stimulus load. Participants were required to pay attention to the monitor. When the stimulus (red dot) was displayed in the middle of the monitor, they were supposed to respond with a button press on the keyboard as quickly as possible. In the test, inter-stimulus interval (ISI) was random and varied, ranging from 5 to 10 s. PVT task in this study was used to simulate passive mental fatigue caused by long-time simple attention tasks (Körber et al., 2015). Cognitive work included mathematical calculation tasks and foreign language reading tasks corresponding to the level of the participants, so as to simulate the mental fatigue state after the realistic learning task. A semi-immersive simulated driving task was designed. The route of the task included a motorway and a rural road. Simulated driving tasks were used to simulate passive fatigue caused by task underload under highly predictable and stable driving conditions (Larue et al., 2011; Li et al., 2016) and active fatigue caused by resource depletion due to high attention demand (Smit et al., 2004).



Functional Near-Infrared Spectroscopy Acquisition

This study used a multichannel fNIRS system (NirSmart, HuiChuang, Beijing, China) to record cortical brain activity. According to Brodmann’s anatomical region system of cerebral cortex, a 4 * 4 headgear layout was designed, including 24 effective test channels composed of eight light emitters and eight light receivers, covering the prefrontal cortex (PFC), frontal eye field (FEF), supplementary motor cortex (SMA), and premotor cortex (PMC), four brain functional regions. In the experiment, the 10–20 system (Okamoto et al., 2004) was used as the positioning standard to locate the brain functional area. The channel distribution of specific brain imaging is shown in Figure 3A. The experimental environment is shown in Figure 3B. The sampling frequency was 16 Hz.
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FIGURE 3. (A) Probe and functional brain region distribution map; red and blue numbers represent sources and detectors, respectively. (B) Experimental environment.





Data Analysis

Considering the different physiological information contained in different frequency bands of blood oxygen signal (Stefanovska et al., 1999), the Chebyshev bandpass filter was used to filter the original blood oxygen signal to (I, 0.005–0.021 Hz; II, 0.021–0.052 Hz; III, 0.052–0.145 Hz; IV, 0.145–0.600 Hz, V, 0.6–2.0 Hz) five frequency bands, corresponding to the physiological information of cardiac activity, respiratory activity, myogenic activity, neurogenic activity, and endogenic activity contained in hemoglobin signal. At the same time, the influence of high-frequency noise was eliminated.

In order to evaluate the changes in activity indicators in different cerebral cortex regions, this paper divides eight regions of interest (ROI) (as shown in Table 1) and calculates the overall blood oxygen concentration of each ROI brain region, which could reduce the individual difference caused by head size. Considering the differences in individual blood oxygen active channels, the weighted average method based on entropy weight was used to calculate the blood oxygen concentration of ROI. The calculation formula is as follows:

[image: image]


TABLE 1. The division of region of interest (ROI).

[image: Table 1]
X represents the N rows, M columns matrix composed of the original hemoglobin concentration, and ωj represents the weight of each channel calculated by information entropy of channel blood oxygen concentration (Liu et al., 2017).

In order to study the dynamic interaction between regions in the process of cortical activity, Pearson correlation coefficient was used to calculate the correlation of blood oxygen concentration in each ROI during the task, and a weighted undirected network was constructed to quantitatively evaluate the changes in functional connectivity in brain-related regions corresponding to different fatigue levels. This paper calculated the clustering coefficient, characteristic path length, and small worldness. The clustering coefficient is the degree of local correlation of the network, characteristic path length is a measure of connectivity between the whole brain interval, and the small worldness reflects the unity of the overall information transmission of the network and the local high aggregation (Tononi et al., 1998; Watts and Strogatz, 1998).

In a weighted network, for node u, the node clustering coefficient is defined as:

[image: image]

where deg (u) is the degree of u. For weighted graphs, clustering coefficient is defined as the geometric average of the subgraph edge weights. The edge weights [image: image] are normalized by the maximum weight in the network [image: image] (Onnela et al., 2005).

The clustering coefficient of analyzed network is defined as the mean of the clustering coefficients of all nodes:

[image: image]

The path length dij from the node i to node j is defined as the sum of the edge lengths along this path, where the length of each edge was obtained by computing the reciprocal of the edge weight. The characteristic path length of a weight directed graph was defined as the smallest sum of the edge lengths throughout all the possible paths (Sun et al., 2014a):

[image: image]

Small worldness:

[image: image]

The small worldness could be summarized from the normalized clustering coefficient (γ = Creal/Crandom) and the normalized characteristic path length (λ = Lreal/Lrandom), where Creal and Lreal are the clustering coefficient and characteristic path length of the analyzed network, Crandom and Lrandom are the mean clustering coefficient and the mean characteristic path length of 100 matched random networks, respectively.

To compare the topological structure of functional connectivity without bias from different average connectivity difference (Sun et al., 2014a), the small worldness of unweighted network was calculated. Sparsity is defined as the ratio of the number of actual edges to the number of all possible edges in a fully connected network. A sparsity of 0.45 was adopted to convert the full connection matrix to a sparse network.

Three kinds of blood oxygen information, including oxyhemoglobin, deoxyhemoglobin, and total oxyhemoglobin, were recorded in the experiment. Characteristics of brain functional network were calculated under the three kinds of blood oxygen in this study.



Statistics

All statistical analyses were performed using SPSS version 25.0 (IBM Corp., Armonk, NY, United States). For MFI-20 scores, N-back test scores, functional connectivity strength, and network metrics, the primary result was analyzed by two-way analysis of variance (ANOVA) with three fatigue levels [L1 (non-fatigue), L2 (moderate fatigue), and L3 (severe fatigue)], and the three tasks (PVT, cognitive work, and simulated driving) as factors. If the significant main effects were on the fatigue level, but no interactions were detected, Tukey-Kramer’s post-hoc test was used to locate differences between fatigue levels. For all analyses, the statistical significance was set at p < 0.05.



Mental Fatigue Classification

The levels of mental fatigue were defined by the score of MFI-20 scale and behavioral test. A clustering analysis of unsupervised k-means was performed on MFI-20 scale score, and the participants were grouped into non-fatigue and fatigue. According to the results of clustering analysis, taking the scale score of 2.57 as the threshold, the participants with a scale score less than 2.57 were classified as non-fatigue, and the participants with a score more than or equal to 2.57 were classified as fatigue. Then according to the score of n-back behavioral task (reaction time/accuracy) and MFI-20, the fatigue participants were further grouped into moderate fatigue and severe fatigue. This study took the scale score threshold from 2.57 to 5.00 with step of 0.01; the behavioral test scores of the grouped participants were statistically analyzed. When the threshold was 3.00, the statistical difference of behavioral test scores between moderate fatigue and severe fatigue participants was the largest, so the participants with a score more than or equal to 3.00 were divided into severe fatigue.



Machine Learning Method

To verify the feasibility of mental fatigue detection based on fNIRS data, we performed classification of mental fatigue states based on the functional connectivity strength and characteristics of brain functional network. This paper classified three mental fatigue levels: non-fatigue, moderate fatigue, and severe fatigue. The features include Pearson correlation coefficient (r) between eight ROI(3 hemoglobins * 5 frequency bands * 28 channel pairs), characteristic path length and clustering coefficient of brain functional network(3 hemoglobins * 5 frequency bands * 2 network characteristics), and 15 time-domain features(3 hemoglobins * 5 frequency bands * 8 ROI * 15 time-domain feature). The time-domain features include mean, standard deviation, coefficient of variation, energy, range, skewness, kurtosis and peak, Hjorth parameter, information entropy, root mean square, kurtosis factor, waveform factor, pulse factor, and margin factor. Considering the unbalanced number of three-level participants and high feature dimension, this study used the random forest algorithm based on Python library sklearn and random forest classifier. Because of the large number of available features, the key features were selected based on the Gini coefficient, and then the features were further screened, and the parameters of random forest classifier were optimized by genetic algorithm.




RESULTS


Mental Fatigue Degree and Behavioral Task Performance

The MFI-20 scale scores corresponding to participants of three fatigue levels are shown in Figure 4A. The ANOVA results revealed a significant main effect of fatigue level (F = 305.584; p < 0.001; η2 = 0.795) on MFI-20 scores, but no significant main effect of task (p = 0.715) or interaction between fatigue level and task (p = 0.844) was found. Post-hoc analyses indicated significant increases in MFI-20 score between non-fatigue and moderate fatigue (p < 0.001), between moderate fatigue and severe fatigue (p < 0.001), and between non-fatigue and severe fatigue (p < 0.001).
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FIGURE 4. (A) Multidimensional Fatigue Inventory (MFI-20) scale scores correspond to non-fatigue, moderate fatigue, and severe fatigue grade participants; the mean and standard deviation of each group were calculated; (B) behavioral task performance corresponded to non-fatigue, moderate fatigue, and severe fatigue participants. The behavioral task scores (reaction time/accuracy) were normalized, and the mean value and standard deviation of each group were calculated. **p < 0.01.


The N-back task scores corresponding to participants of three fatigue levels are shown in Figure 4B. The ANOVA results revealed a significant main effect of fatigue level (F = 15.759; p < 0.001; η2 = 0.166) on N-back scores, and no main effect of task (p = 0.286) or interaction between fatigue level and task (p = 0.259) was significant. Post-hoc analyses indicated significant increases on N-back score between non-fatigue and severe fatigue (p < 0.001), and between moderate fatigue and severe fatigue (p < 0.001).



Functional Connectivity Network

In five frequency bands, the average functional connectivity network corresponding to the three mental fatigue levels are shown in Figures 5–9, respectively. In each band, two-way ANOVA was conducted on connectivity strength with the two factors: fatigue level (non-fatigue, moderate fatigue, and severe fatigue) and task (PVT, cognitive work, and simulated driving). When there was a significant main effect on fatigue level on one connectivity, there was no significant interaction between fatigue level and task; the ANOVA results of that connectivity will be shown below.
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FIGURE 5. Frequency band I (0.005–0.021 Hz), (A) non-fatigue, (B) moderate fatigue, and (C) severe fatigue. The average cortical functional connectivity network contains eight ROI brain regions. The width and color of the line represent the strength of the connectivity. Functional connectivity was visualized with the BrainNet Viewer (http://www.nitrc.org/project/bnv/).


In frequency band I (0.005–0.021 Hz), the average functional connectivity network corresponding to the three mental fatigue levels are shown in Figure 5. The results of ANOVA revealed a significant main effect of fatigue level on the correlations of PFCM_PFCR (F = 4.655, p = 0.010, η2 = 0.026) and FEFR_PMCR (F = 4.276, p = 0.015, η2 = 0.024), and no significant interaction between fatigue level and task (p > 0.311) was found. Post-hoc analyses indicated a significant decrease in FEFR_PMCR connection between non-fatigue and moderate fatigue (p = 0.029), and a significant decrease in PFCM_PFCR connection between non-fatigue and severe fatigue (p = 0.030). From non-fatigue to moderate fatigue, the network connectivity decreased overall, especially between the regions of PFC and FEF, and between the regions of PFC and PMC. However, the connectivity strength remained relatively constant among PFCL, PFCM, and PFCR, as well as between the regions of SMA and PMC. From moderate fatigue to severe fatigue, the network connectivity increased overall, and a relatively compact connectivity was maintained between the left PFC and other brain regions, especially between PFC and FEF.

In frequency band II (0.021–0.052 Hz), the average functional connectivity network corresponding to the three mental fatigue levels are shown in Figure 6. The results of ANOVA revealed a significant main effect of fatigue level on the correlations of PFCL_FEFR (F = 5.994, p = 0.003, η2 = 0.034) and PFCR_PMCR (F = 3.639, p = 0.027, η2 = 0.021); no significant interaction between fatigue level and task (p > 0.095) was found. Post-hoc analyses indicated a significant increase in PFCL_FEFR connection between non-fatigue and moderate fatigue (p = 0.013), and between non-fatigue and severe fatigue (p = 0.049), and a significant increase in PFCR_PMCR connection between non-fatigue and severe fatigue (p = 0.029). From non-fatigue to moderate fatigue, the overall connectivity strength of the right hemisphere increased. The average functional connectivity strength of the left and right hemispheres was calculated. The connectivity strength of the right hemisphere is greater than that of the left hemisphere (p = 0.005). When severe fatigue occurred, there was no significant difference in the connectivity strength between the left and right hemispheres (p = 0.273).
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FIGURE 6. In frequency band II (0.021–0.052 Hz), non-fatigue (A,B) moderate fatigue, and (C) severe fatigue. The average cortical functional connectivity network contains eight ROI brain regions. The width and color of the line represent the strength of the connectivity.


In frequency band III (0.052–0.145 Hz), the average functional connectivity network corresponding to the three mental fatigue levels are shown in Figure 7. The results of ANOVA revealed the significant main effect of fatigue level on the correlations of PFCL_PFCM, PFCL_PFCR, PFCL_FEFL, PFCL_PMCL, PFCL _PMCR, PFCM_PFCR, PFCM_PMCL, PFCR_SMA, PFCR_PM CL, PFCR_PMCR, FEFL_SMA, FEFL_PMCL, FEFL_PMCR, FEFR_PMCL, and PMCL_PMCR; no significant interaction between fatigue level and task (p > 0.051) was found. The details of ANOVA are shown in Table 2.


[image: image]

FIGURE 7. In frequency band III (0.052–0.145 Hz), non-fatigue (A,B) moderate fatigue, (C) severe fatigue. The average cortical functional connectivity network contains 8 ROI brain regions. The width and color of the line represent the strength of the connectivity.



TABLE 2. Functional connectivity with significant main effect of fatigue level in band frequency III.

[image: Table 2]
Post-hoc analyses indicated significant decreases in PFCL_PFCM, PFCL_FEFL, PFCL_PMCL, PFCL_PMCR, PFCM _PFCR, PFCR_SMA, PFCR_PMCR, and PMCL_PMCR connections between non-fatigue and moderate fatigue, decreases in PFCL_PFCR, PFCL_PMCR, PFCM_PFCR, PFCM _PMCL, PFCR_PMCL, FEFL_SMA, FEFL_PMCL, FEFL_PMCR, FEFR_PMCL connections between non-fatigue and severe fatigue, increase in PFCL_FEFL connection between moderate fatigue and severe fatigue, and a decrease in PFCM_PMCL, PMCL_PMCR connection between moderate fatigue and severe fatigue. The details of post-hoc analyses are shown in Table 3. From non-fatigue to moderate fatigue, the connectivity of the whole brain network decreased significantly. From moderate fatigue to severe fatigue, the whole network only maintained relatively strong connectivity between the regions of PFC and FEF.


TABLE 3. Post-hoc analyses among fatigue levels in band frequency III.

[image: Table 3]
In frequency band IV (0.145–0.600 Hz), the average functional connectivity network corresponding to the three mental fatigue levels are shown in Figure 8. The results of ANOVA revealed a significant main effect of fatigue level on the correlation of PFCM_PMCL (F = 4.945, p = 0.008, η2 = 0.028); no significant interaction between fatigue level and task (p = 0.165) was found. Post-hoc analyses indicated a significant decrease in PFCM_PMCL connection between non-fatigue and severe fatigue (p = 0.034). From non-fatigue to moderate fatigue, the functional connectivity of the whole brain network was weakened. From moderate fatigue to severe fatigue, the whole network only maintained relatively strong connectivity between the regions of PFC and FEF.


[image: image]

FIGURE 8. In frequency band IV (0.145–0.600 Hz), non-fatigue (A,B) moderate fatigue, (C) severe fatigue. The average cortical functional connectivity network contains eight ROI brain regions. The width and color of the line represent the strength of the connectivity.


In frequency band V (0.6–2.0 Hz), the average functional connectivity network corresponding to the three mental fatigue levels are shown in Figure 9. The functional connectivity of the whole brain network did not change significantly. From moderate fatigue to severe fatigue, the functional connectivity of the whole brain network decreased, especially between PFC and other regions of the brain.
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FIGURE 9. In frequency band V (0.6–2.0 Hz), non-fatigue (A,B) moderate fatigue, and (C) severe fatigue. The average cortical functional connectivity network contains eight ROI brain regions. The width and color of the line represent the strength of the connectivity.




Characteristics of Brain Functional Network

Comparison of clustering coefficient among three fatigue levels in five frequency bands are shown in Figure 10A. In frequency band III, the significant main effects of fatigue level on clustering coefficient (F = 8.670; p < 0.001; η2 = 0.048) are presented, but no significant interaction between fatigue level and task (p > 0.05) was found, as shown in Figure 10B. Post-hoc analyses confirmed the decrease in clustering coefficient between non-fatigue and moderate fatigue (p = 0.002), and between non-fatigue and severe fatigue (p = 0.002).


[image: image]

FIGURE 10. (A) Comparison of clustering coefficient of three fatigue levels in five frequency bands. (B) Results of post-hoc analyses of clustering coefficient in frequency band III (0.052–0.14 5 Hz). (C) Comparison of characteristic path length of three fatigue levels in five frequency bands. (D) Results of post-hoc analyses of characteristic path length in frequency band III (0.052–0.145 Hz). Vertical bars are standard errors scores. **p < 0.01.


Comparison of characteristic path length among three fatigue levels in five frequency bands is shown in Figure 10C. In frequency band III, the significant main effects of fatigue level on characteristic path length (F = 8.670; p < 0.001; η2 = 0.048) are presented, but no significant interaction between fatigue level and task (p > 0.05) was found, as shown in Figure 10D. Post-hoc analyses confirmed the increase in characteristic path length between non-fatigue and moderate fatigue (p = 0.006), and between non-fatigue and severe fatigue (p = 0.003).

As for each fatigue level, average small worldness of weighted networks was larger than 1 in all the five frequency bands (as shown in Figure 11A), which indicated that all the connectivity networks in the three fatigue levels displayed small-world characteristics. In frequency band II, the significant main effect of fatigue level on small worldness was presented (F = 4.290; p = 0.015; η2 = 0.028), but no significant main effect of task (p = 0.059) or interaction between fatigue level and task (p = 0.120) was found. As shown in Figure 11B. Post-hoc analyses confirmed the decrease in small worldness between non-fatigue and severe fatigue (p = 0.042).
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FIGURE 11. (A) Comparison of small worldness in weighted network of three fatigue levels in five frequency bands. (B) Results of post-hoc analyses of small worldness in weighted network in frequency band II (0.021–0.052 Hz). Vertical bars are standard errors scores. **p < 0.01.


Considering the possible influence of the difference average connectivity strength among the three fatigue levels on the network topological structure, a common sparsity has been considered in each weighted network through a dynamic threshold. In other words, all unweighted networks were guaranteed to have the same number of edges. The small worldness of unweighted networks are shown in Figure 12B. In frequency bands I and II, the significant main effect of fatigue level on unweighted small worldness was presented (band I: F = 3.812; p = 0.023; η2 = 0.030; band II: F = 4.064; p = 0.018; η2= 0.032), but no significant main effect of task (p > 0.419) or interaction between fatigue level and task (p > 0.101) were found. In frequency band I, post-hoc analyses confirmed the decrease in small worldness between non-fatigue and moderate fatigue (p = 0.037). In frequency band II, post-hoc analyses confirmed the decrease in unweighted small worldness between non-fatigue and severe fatigue (p = 0.010).
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FIGURE 12. (A) Comparison of small worldness in unweighted network of three fatigue levels in five frequency bands. (B) Results of post-hoc analyses of small worldness in unweighted network in frequency band I (0.005–0.021 Hz). (C) Results of post-hoc analyses of small worldness in unweighted network in frequency band II (0.021–0.052 Hz). Vertical bars are standard errors scores. *p < 0.05; **p < 0.01.




Mental Fatigue Classification

In this study, the functional connectivity strength, characteristics of brain functional network, and time-domain characteristics of blood oxygen signal were used as features to classify the mental fatigue levels. The classification accuracy of non-fatigue and fatigue was 85.4%, the recall of fatigue was 89.3%, and the F1 score was 87.5% with a fivefold cross-validation. The classification accuracy of moderate fatigue and severe fatigue was 82.8%, the recall of severe fatigue was 90.5%, and the F1 score is 85.7% with a fivefold cross-validation.




DISCUSSION

In this study, there were three fatigue-inducing tasks: psychomotor vigilance test (PVT), cognitive work, and simulated driving. Based on fNIRS, cerebral hemoglobin information under different fatigue levels was recorded to construct the functional networks. Changes in functional connectivity and functional network reorganization under different fatigue levels were studied by graph theoretical analysis methods. The main findings are as follows:

As for moderate fatigue, the adequate behavioral task performances of participants were maintained, and there was no significant worsening in response time and accuracy. In frequency band II associated with neurogenic activity, the functional connectivity of the right hemisphere was generally enhanced; an asymmetrical pattern of connectivity (right hemisphere > left hemisphere) was presented. The most significant reorganization of functional connectivity network was in frequency band III associated with myogenic activity, the functional connectivity strength decreased overall, the clustering coefficient of brain network decreased, and the characteristic path length increased significantly.

As for severe fatigue, behavioral test performance decreased significantly. In frequency band II associated with neurogenic activity, the functional connectivity strength increased overall, and there was no significant difference in the connectivity strength between the left and right hemispheres. Small worldness showed significant differences in frequency band II, and as fatigue deepened, the brain network structure began to deviate from the small-world pattern. In frequency band II associated with neurogenic activity, the small worldness decreased continuously, and the small worldness decreased significantly when severe fatigue occurred.


Moderate Mental Fatigue, Task Performance, and Changes in Functional Connectivity

Functional connectivity of the brain network based on regional cerebral blood flow (rCBF) plays an important role in information transmission across regions (Liang et al., 2013). There is a tight coupling between blood supply and brain functional topology. The functional connectivity strength showed a striking spatial correlation with rCBF (Liang et al., 2013). The oscillations in frequency bands I, II, and III reflect the influence of endothelial-related metabolic activity, intrinsic neuronal activity, and myogenic activity of the vascular smooth muscle (Shiogai et al., 2010; Li et al., 2012).

Compared with the non-fatigue state, the performance of the participants in the n-back test remained adequate in moderate fatigue, and there was no significant change in response to time and accuracy. In frequency band II associated with neurogenic activity, the strength of functional connectivity in the right hemisphere increased significantly, while the strength of connectivity between the left PMC and other brain regions decreased. There was an asymmetric network pattern between the left and right hemispheres in cortical connectivity. In previous studies, in the middle of the sleep deprivation experiment, the cortical activity of the right hemisphere increased mainly, while the bilateral activity increased in the later stage of the experiment (Borragán et al., 2019), and an increase in the frontal cortex oxygenation at the start of the driving task was found (Li et al., 2009); Asymmetric brain activation according to different types of mental fatigue was also reported (Shigihara et al., 2013). Other prior studies reported a major involvement of the right hemisphere during sustained attention tasks when tasks remained relatively easy or the participants remained alert. When the cognitive load increased, unilateral activation during the task was replaced by a bilateral activation (Klingberg et al., 1997; Helton et al., 2010), and the brain can obtain additional processing ability by activating both hemispheres (Scalf et al., 2009). Our results are similar to those studies. When the fatigue degree was mild, the same as the task load, the connectivity strength of the right hemisphere increased significantly; the connectivity pattern of the left and right hemispheres presented significant differences. The connectivity pattern of the left and right hemispheres tends to be the same in severe fatigue state.

In frequency band I, the functional connectivity strength decreased overall, and the clustering coefficient decreased significantly. That means that the connectivity strength between neighbor nodes decreased, and the degree of coordination in local brain regions decreased. The decreased clustering coefficient reflected the lower processing rate of local information. The oscillations in this frequency band reflect the myogenic activity of the vascular smooth muscle, and the substances related to metabolism have a direct effect on the state of contraction of the vascular musculature (Shiogai et al., 2010). In previous studies, higher fatigue would result in more endogenic regulation, and participants with regular exercise training showed less regulation related to endothelial cell metabolic activity in fatigue tasks (Lu et al., 2019). Similar to our study, the lower clustering coefficient may be the reflection of the lower demand for endogenous regulation in moderate fatigue.

The oscillations in frequency band III (0.052–0.145 Hz) reflect the myogenic activity of cerebrovascular smooth muscle, which plays an important role in the autoregulation of cerebral blood flow (Osol, 1995; Rowley et al., 2007). In the case of moderate fatigue, the overall functional connectivity strength of this frequency band decreased, and the corresponding clustering coefficient decreased significantly. Similar to our conclusion, previous studies have shown that the functional connectivity of myogenic frequency band decreases significantly in fatigue driving (Xu et al., 2017). It was observed in the early stage of the grip strength task that the brain directed phase transfer entropy, and the number of directional connectivity of the participants undergoing regular exercise were limited, and the number of directional connectivity increased significantly when the fatigue increased in the later stage of the task (Osol, 1995). Similar to the endogenic frequency band, the availability of local resources may be the reason for the decreased connectivity strength between regions. At the same time, when the degree of fatigue deepened, the relevant areas must raise more resources from other areas to maintain task performance, which was also consistent with the increase in connectivity strength among PFC, FEF, and SMA observed in severe fatigue.



Severe Mental Fatigue, Task Performance, and Changes in Functional Connectivity

Compared with moderate fatigue, the behavior test performance of participants decreased significantly in severe fatigue. In the endogenic frequency band I and neurogenic frequency band II, the overall functional connectivity strength was maintained or increased, which reflected the additional activation of brain interval connection in response to resource depletion (Sun et al., 2014b; Li et al., 2019). The brain required more functional connectivity to complete the same tasks, which further exacerbates mental fatigue. At the same time, it was observed that the small worldness of the weighted network decreased significantly in neurogenic frequency band II. Considering the possible influence of the difference in average functional connectivity strength among three fatigue levels on the network structure characteristics, we maintain that each network has the same sparsity through a dynamic threshold. The small worldness calculated by this method showed a similar result (as shown in Figure 12). The small worldness reflects the balance of brain network in regional local cooperation and information transmission between regions and represents the best form of brain functional network structure. The decline in performance in fatigue state is related to the deviation of the brain network from small worldness (Sun et al., 2014a; Li et al., 2019). In previous pathological studies, the loss of small-world pattern has also been observed in the patient population, such as Alzheimer’s disease (Stam et al., 2007), schizophrenia (Micheloyannis et al., 2006), etc. Small worldness is one of the key characteristics of health network. In severe fatigue, the decrease in small worldness reflected the decline in local specialized processing ability of brain network and information transmission efficiency between regions.

In frequency band IV, the overall connectivity strength decreased, only relatively weak connectivity remained between the regions of PFC and PMC, SMA. At the same time, the performance of the behavioral test decreased significantly. Anatomically, the prefrontal cortex is located at the top of the sensory and motor levels (Curtis and D’Esposito, 2003). The PFC can guide and regulate the functional connectivity pattern of brain regions by guiding attention, integrating sensory stimulation and motor planning, exert top–down influence on perceptual and sensorimotor areas (Hopfinger et al., 2000; Sarter et al., 2001). Sustained attention is a direct consequence of top-down signaling (Sun et al., 2014a). The decrease in connectivity strength between PFC, FEF, and PMC, SMA reflected that the depletion of brain resources led to the impairment of interregional information transmission efficiency, which reduced the ability of interregional cooperative problem solving and the accuracy of behavioral performance. Therefore, the behavioral task performance in severe fatigue declined.

Consistent with the decline in connectivity between regions, in terms of brain functional network characteristics, the characteristic path length in frequency band IV and frequency band V increased during severe fatigue. The change in clustering coefficient of the brain network is related to cognitive performance (Struck et al., 2021). In the state of mental fatigue, more isolation and less aggregation were observed (Li et al., 2016). Similar to our results, Sun et al. (2014a) found that the increase in the characteristic path length was related to the increase in reaction time caused by continuous attention tasks. Chen et al. (2019) induced mental fatigue through driving tasks. Significant differences in functional connectivity were observed between alert state and fatigue state. The frontal-to-parietal functional connectivity was weakened. Meanwhile, lower clustering coefficient values and higher characteristic path length values were observed in fatigue state in comparison with alert state. The characteristic path length is the embodiment of the overall connectivity of the brain network, which means that the information transmission efficiency of the cortical brain region is reduced (Watts and Strogatz, 1998). In high-frequency bands, functional connectivity mode was characterized by the decline in the overall functional connectivity strength and the limited connectivity between regions.

There are also some limitations in this study. The MFI-20 scale was used as the basis for defining the fatigue level, but there were deviations in the understanding of different people when filling in the scale. At the same time, the sensitivity of the scale to specific fatigue responses caused by different participants may be different (Di Stasi et al., 2012), which may be partially deviated from the real fatigue state of the participants. In future research, we can use a combination of a variety of subjective fatigue scales (Sun et al., 2017) or fatigue state judgment methods based on physiological signals and behavioral data.




CONCLUSION

This paper investigated the common character of functional connectivity network corresponding to mental fatigue induced by different tasks and classified the fatigue levels based on the common features. With the deepening of mental fatigue, the deviation and reorganization of functional connectivity were observed, and those changes reflected the unique forms of brain network functional connectivity under different fatigue levels.

In moderate fatigue, the overall functional connectivity of the neurogenic frequency band increased significantly, and the connectivity strength of the right hemisphere was greater than that of the left hemisphere. The connectivity strength of the endogenic frequency band and the myogenic frequency band decreased, and the clustering coefficient decreased significantly; In severe fatigue, the overall functional connectivity strength of neurogenic frequency band increased, and the small worldness decreased. In the high-frequency band, only the PFC and FEF maintained close connectivity, and the characteristic path length increased.

Based on the common characteristics, the random forest classifier was used to distinguish the fatigue level induced by different tasks. The classification accuracy of non-fatigue and fatigue is 85.4%, and the recall of fatigue is 89.3%. The classification accuracy of moderate fatigue and severe fatigue was 82.8%, and the recall of severe fatigue was 90.5%. The common character of functional connectivity and preliminary fatigue discrimination results under each fatigue state prove that the findings of this study have potential application value for mental fatigue monitoring and early warning under complex conditions.
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Background: The motor imagery brain computer interface (MI-BCI) is now available in a commercial product for clinical rehabilitation. However, MI-BCI is still a relatively new technology for commercial rehabilitation application and there is limited prior work on the frequency effect. The MI-BCI has become a commercial product for clinical neurological rehabilitation, such as rehabilitation for upper limb motor dysfunction after stroke. However, the formulation of clinical rehabilitation programs for MI-BCI is lack of scientific and standardized guidance, especially limited prior work on the frequency effect. Therefore, this study aims at clarifying how frequency effects on MI-BCI training for the plasticity of the central nervous system.

Methods: Sixteen young healthy subjects (aged 22.94 ± 3.86 years) were enrolled in this randomized clinical trial study. Subjects were randomly assigned to a high frequency group (HF group) and low frequency group (LF group). The HF group performed MI-BCI training once per day while the LF group performed once every other day. All subjects performed 10 sessions of MI-BCI training. functional near-infrared spectroscopy (fNIRS) measurement, Wolf Motor Function Test (WMFT) and brain computer interface (BCI) performance were assessed at baseline, mid-assessment (after completion of five BCI training sessions), and post-assessment (after completion of 10 BCI training sessions).

Results: The results from the two-way ANOVA of beta values indicated that GROUP, TIME, and GROUP × TIME interaction of the right primary sensorimotor cortex had significant main effects [GROUP: F(1,14) = 7.251, P = 0.010; TIME: F(2,13) = 3.317, P = 0.046; GROUP × TIME: F(2,13) = 5.676, P = 0.007]. The degree of activation was affected by training frequency, evaluation time point and interaction. The activation of left primary sensory motor cortex was also affected by group (frequency) (P = 0.003). Moreover, the TIME variable was only significantly different in the HF group, in which the beta value of the mid-assessment was higher than that of both the baseline assessment (P = 0.027) and post-assessment (P = 0.001), respectively. Nevertheless, there was no significant difference in the results of WMFT between HF group and LF group.

Conclusion: The major results showed that more cortical activation and better BCI performance were found in the HF group relative to the LF group. Moreover, the within-group results also showed more cortical activation after five sessions of BCI training and better BCI performance after 10 sessions in the HF group, but no similar effects were found in the LF group. This pilot study provided an essential reference for the formulation of clinical programs for MI-BCI training in improvement for upper limb dysfunction.

Keywords: functional near infrared spectroscopy, cortical response, frequency effect, motor imagery, brain computer interface


INTRODUCTION

In recent years, brain computer interface (BCI) technology has matured into a potentially helpful tool. BCI technology establishes a direct real-time connection between the brain and external devices without relying on peripheral nerves or muscles to achieve human-computer interaction (Mane et al., 2020). There are different types of BCI, one of which is based on motor imagery (MI), called motor imagery-BCI (MI-BCI). This form of BCI is now available in a commercial product for the clinical rehabilitation of upper limb motor dysfunction after stroke, and has achieved positive results (Chaudhary et al., 2016).

Motor imagery brain computer interface converts the generated motor intention of the subject’s motor imagery into motor instructions. It thus commands external devices such as robots to perform actual movement. It can also generate corresponding tactile, visual, and proprioceptive feedback, thus forming a central-peripheral-central active closed-loop control system (Potter et al., 2014). The MI-BCI system achieves repeated recruitment of motor neurons circuit during training to promote neural plasticity, thus repairing connections between damaged neurons and ultimately improving motor dysfunction. Floriana Pichiorri and Mattia (2020) found that compared with simple MI training, the Fugl-Meyer assessment scores of hemiplegic upper limbs in hospitalized patients with subacute stroke recovery and severe motor dysfunction using MI-BCI were significantly increased. Similar results can be seen in chronic stroke patients with severe hand weakness (Ramos-Murguialday et al., 2013).

Previous studies have also shown that active and repetitive reinforcement of functional activity is important for nerve remodeling and motor function recovery (Mane et al., 2020). Therefore, clarifying how the duration, frequency, and intensity of MI-BCI training affects the plasticity of the central nervous system and clinical function is crucial for developing MI-BCI rehabilitation programs. However, there is limited prior work on the frequency effect. Other neuromodulation studies have shown a correlation between neural plasticity and training frequency. Bai et al. (2020) found that repetitive transcranial magnetic stimulation (rTMS) training twice a day was more effective than once a day in promoting neuroplasticity in the language area of the brain, repairing or enhancing the connection between related neurons, and improving the language function of patients with aphasia after stroke. Accordingly, we assumed that there may also be a frequency effect in MI-BCI.

Current studies of the neural plasticity changes related to BCI mostly use the following neuroimaging methods: functional magnetic resonance imaging (fMRI) (Zhang et al., 2021), electroencephalography (EEG) (Abiri et al., 2019), and functional near-infrared spectroscopy (fNIRS) (Yang et al., 2019). Of these, fNIRS is reflects the neural activity of the brain indirectly via real-time monitoring of the concentration changes in hemoglobin and deoxyhemoglobin in the cerebral cortex under different stimulation tasks. Versus fMRI, fNIRS can be used in real environments for real-time monitoring. It is simple to use and has high temporal resolution. fNIRS has higher spatial resolution and is less affected by the head movement of subjects (Yang et al., 2019). Therefore, fNIRS has high application potential in the field of neuromodulation rehabilitation. Ding et al. (2021) found that BCI training improved brain functional connectivity between motor cortex and prefrontal cortex via fNIRS. Kaiser et al. (2014) also determined that MI-BCI training increased the cortical activation of the supplementary motor cortex (SMA) and the primary motor cortex. It also enhanced event-related desynchronization (ERD) through fNIRS testing.

However, MI-BCI is still a relatively new technology for commercial rehabilitation applications. It is crucial to understand the MI-BCI frequency effect for clinical standardized treatment. The heterogeneity of stroke patients is high and includes age and cognitive function: These both affect the therapeutic effect of MI-BCI. At the same time, because of the less use and less flexibility of the non-handedness (compared with the handedness), it was used to simulate the hemiplegic upper limbs of stroke patients and handedness stimulates the unaffected side. In this study, we evaluated the effect of MI-BCI frequency on the cortical function of non-handedness, and these numerical controls could help guide clinical application and future MI-BCI research. Therefore, to minimize the impact of the subject heterogeneity on the results, our study recruited young healthy subjects with right-handedness to reduce the effects of brain injury in different regions and degrees as well as the effects of age, cognitive function, motor function, and lateralization of the brain. We also used non-handedness to simulate the improvement of upper limb function on the hemiplegic side to evaluate the regulation effect of MI-BCI frequency on cortical function of non-handedness. This data can help guide clinical applications and future MI-BCI research.



MATERIALS AND METHODS


Participants

This study recruited 22 young healthy subjects (age, 22.36 ± 3.53; males were 31.82%) from Guangzhou Medical University who met the following criteria: (a) right handedness as assessed by the Edinburgh Handedness Inventory; (b) no history of neurological diseases; (c) no history of brain and upper limb trauma, and (d) no cognitive impairment. Participants were excluded if they had one of the following exclusion criteria: (a) medications that reduce seizure thresholds or psychotropic medications; (b) any personal factors affected the EEG signal of the BCI leading to instability or making it impossible to collect fNIRS data; or (c) unable to finish the whole experimental. This study was approved by the Ethics Committee of the Fifth Affiliated Hospital of Guangzhou Medical University (No. KY01-2021-05-01) and had international clinical trial registration (ChiCTR2100050162).1 All participants signed informed consent forms.



Study Design

In this randomized clinical trial (RCT) study, 22 subjects were randomly assigned to a high frequency group (HF group) and low frequency group (LF group) in a 1:1 ratio using computer-generated random numbers. The HF group performed BCI training once per day while the LF group performed once every other day. All subjects proceeded over 10 sessions in BCI training (30 min for one session) and assessed the clinical assessment and fNIRS testing at three time points: baseline, mid-assessment (after completion of five BCI training sessions), and post-assessment (after completion of 10 BCI training sessions) (Figure 1).


[image: image]

FIGURE 1. Motor imagery brain computer interface (MI-BCI) training and assessment design in the High Frequency and Low Frequency groups.




Intervention

Non-dominant hand function training was performed by the MI-BCI system (BCI-Hand with 24 EEG channels, Rehab Medical Technology Co., Ltd., Shenzhen, China), which consists of an EEG cap, a computer terminal (i.e., the control interface), an external manipulator, and a 23-inch computer monitor (Figure 2A). Subjects performed motor imagery by watching video cues about hand function (Figure 2B). The EEG cap was based on the International 10–20 System as a reference (Figure 2C), with 24-electrode conduction channels (including 22 recording electrodes and 2 reference electrodes) setting over the frontal and parietal regions. The EEG data were collected using the EEG amplifier with unipolar Ag/Ag-cl electrode channels, digitally sampled at 256 Hz with a 22-bit resolution for voltage ranges of ±130 mV. The real-time EEG signals collected were amplified by computer terminal according to the central processing control algorithm, and the mu ERD score (score from 0 to 100) during motor imagery was calculated. The external robotic arm would be driven when the score reaches 60 points. The non-dominant hand could perform the action while providing real-time feedback (both sensory and visual) (Figure 2D).
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FIGURE 2. Diagram of the motor imagery brain computer interface (MI-BCI) upper limb rehabilitation training system. (A) The MI-BCI training setting. (B) The screen providing visual clues for motor imagery. (C) The robotic arm for motion performing and feedback. (D) Electroencephalography (EEG) electrode placement.




Preparation

Subjects were instructed on the experimental process and arranged in a comfortable sitting position. They were asked to minimize physical activity during BCI training. The researchers put EEG caps onto the subjects, instructed them to remain relaxed, and adjusted Electrodes to maintain waveform of the EEG signal smooth. The sampling frequency of the EEG system is 10–100 Hz. Finally, investigators placed manipulators on the subjects’ non-dominant hand and adjusted them to be comfortable and ensure that they did not slip out during training.



Motor Imagery Brain Computer Interface Training

Motor imagery brain computer interface training included baseline acquisition phase and training phase. During the baseline acquisition phase, subjects were instructed to remain relaxed and collect a stable baseline EEG signal for 1 min. During the training phase, subjects performed 30 min of motor imagery tasks followed by pre-set video prompts on the computer screen. Each run was composed of one motor imagery task and one relaxation task. There were then 10 runs in one trial, and 6 to 8 trials were required for one session. The number of trials was mainly affected by the completion of the motor imagery task, and the difficulty of completing the task required more time.

Motor imagery tasks had various levels of difficulty. Different levels of difficulty had various requirements for motor imagery. The initial difficulty was set as 13 referring to the level of healthy subject. Upon completion of the last task, the system adjusted the difficulty level of the next task. The initial difficulty was set to 13. Each run has three chances to complete the MI task at this level per trial. If subjects failed to complete the MI task for three times, then the trial was considered a failure, and the difficulty level was automatically decreased in the next trial. If subjects completed all 10 runs in one trial, then the difficulty level was automatically upgraded in the next trial. The motor imagery tasks involved in the trial were all hand grasping motions, which could be divided into two categories: grasping and opening hand. Grasping action including but not limited to book, toothbrush, cups, chess, rubber, keys, etc. With the upgrading of difficulty, grasping objects tend to be small and exquisite.



Clinical Functional Assessment

The Wolf Motor Function Test (WMFT) was used to assess bilateral upper limb motor function with 17 items in total (Morris et al., 2001). Items 1–8 were used to assess isolated movement of the shoulder and elbow, and items 9–17 were used to assess the overall upper limb movement (shoulder, elbow and hand). Items 7 and 14 were strength measurements and only recorded the corresponding value but not the movement quality. The remaining items were scored in terms of movement quality using a 6-point scale (0 = does no attempt; 5 = normal movement) for a total of 75 scores. The ratio of grip strength was calculated based on Item 14 as the strength of non-dominant/left hand divided by the strength of dominant/right hand.



Brain Computer Interface Performance

The BCI performance was calculated via the MI task difficulty level and score using the specific formula: [Trial 1 (difficulty level × average score) + Trial 2 (difficulty level × average score) + … + Trial n (difficulty level × average score)]/the number of difficulty levels. Here, “n” is the number of trials completed for each session.



Functional Near-Infrared Spectroscopy Measurement and Data Processing

A 24-channel fNIRS device (Nirsmart, Danyang Huichuang Medical Equipment Co., Ltd., Jiangsu, China) was used with setting source probes and detectors according to a 10–20 system. Two source probes and two detectors were placed on the left and right frontal lobes, respectively. Four source probes and three detectors were placed on the left and right parietal lobes, respectively. The channel setting is shown in Figure 3A. We recorded data with wavelengths of 730 and 850 nm. The fNIRS device converts the optical signals into the concentration changes of oxygenated hemoglobin (HbO2) and deoxygenated hemoglobin (HbR) according to the modified Beer-Lambert Law to investigate the effects of different stimulus conditions on cortical activation (Pinti et al., 2020).
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FIGURE 3. Diagram of the functional near-infrared spectroscopy (fNIRS) measurement. (A) Regions of interest and the channel setting; (B) fNIRS measurement presentation; (C) fNIRS experimental paradigm.


The motor task paradigm of fNIRS was a non-dominant grasping task at a frequency of 0.5 Hz that included a 70-s rest stage and a 270-s stimulation stage for 340 s of fNIRS testing. Of these, the stimulation stage consisted of three trials (60-s stimulation and 30-s rest for one trial) (Figures 3B,C).

There were six regions of interest: bilateral primary sensorimotor cortex (SM1), bilateral promotor cortex (PMC), and bilateral dorsolateral prefrontal cortex (DLPFC). Bilateral SM1 were covered by channels 10, 11, 12, 17, 18, and 19. These mainly included primary somatosensory cortex (S1) and primary motor cortex (M1) and achieved motor learning through sensory and motor input (Gomez et al., 2021). Bilateral PMC were covered by channels 13, 14, 15, 16, 21, 22, 23, and 24 and involved motor planning (Li et al., 2015). Bilateral DLPFC were covered by channels 1, 2, 5, and 6 and were mainly responsible for cognitive, emotional, and sensory processing (Seminowicz and Moayedi, 2017; Figure 3A). The average value of the channels that overlapped more than 50% in the regions-of-interest were used as an outcome value of the cortex (Wan et al., 2018).

The original data collected by fNIRS were pre-processed by NIRSPARK software including artifact processing, filtering, segmentation, and baseline comparison. We converted optical density into blood oxygen concentration data—these data were block averaged and statistically analyzed to calculate the beta values for the region-of-interest. Thus, the differences of the cortical activation from GROUP (HF group and LF group) and TIME (baseline, mid-assessment, and post-assessment) could be compared. The general linear model (GLM) for was used to estimate of the hemodynamic response at individual-level fNIRS data statistical analysis individual-level statistical analysis. For GLM specification, the canonical hemodynamic response function was used to construct the reference time series representation from task variables. The estimation of GLM parameters on a channel-by-channel basis, which calculated the activation beta value (weight coefficient in the linear model) for each experimental condition (Hou et al., 2021).



Statistical Analysis

Statistical analysis used SPSS25.0 software. Measurement data confirmed a normal distribution via mean ± standard deviation; count data were represented by rate or constituent ration. Two independent sample t-tests were used to compare the baseline measurement data between the two groups including homogeneity of variance and normal distribution. The parameters (beta values, BCI performance, and WMFT scores) of GROUP effect (HF and LF), TIME effect (baseline, mid-assessment and post-assessment) and GROUP × TIME interaction effects were analyzed by two-way analysis of variance. Post-hoc tests used multiple comparison Bonferroni corrections. Statistical significance was defined as P < 0.05.




RESULTS

This study originally enrolled 22 participants; however, only 16 completed all MI-BCI training and assessments. Of the six participants who dropped out of the study, two were attributed to scheduling conflicts for the baseline assessment; one was unable to collect effective signals from fNIRS due to the participant’s thick, strong hair; one was due to having a cold during MI-BCI training; and the remaining two were unable to complete the whole study. No participant reported any adverse events or results during the MI-BCI training and assessments (Figure 4). Ultimately, 16 subjects (aged 22.94 ± 3.86 years; 31.25% males) were equally randomly assigned to either the HF or LF group. At baseline, no significant differences were found in age, sex ratio, WMFT scores, BCI performance, and beta values of ROIs between the two groups (all P > 0.05).
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FIGURE 4. Enrollment diagram.


The results from the two-way ANOVA of WMFT scores and the grip strength ratio showed no significant main effect in GROUP, TIME, and GROUP × TIME interaction. The results from the two-way ANOVA of MI-BCI performance revealed a significant main effect [F(1,16) = 8.210, P = 0.006] in frequencies. However, no significant main effect was found for TIME, and GROUP × TIME interaction (Table 1).


TABLE 1. Results of analysis of variance (ANOVA) conducted on GROUP, TIME, and interaction effect on wolf motor function test (WMFT) and brain computer interface (BCI) performance.

[image: Table 1]
The results from the two-way ANOVA of beta values in ROIs indicated that GROUP, TIME, and GROUP × TIME interaction of the right SM1 had significant main effects [GROUP: F(1,14) = 7.251, P = 0.010; TIME: F(2,13) = 3.317, P = 0.046; GROUP × TIME: F(2,13) = 5.676, P = 0.007] (Table 2 and Figures 5, 6). The post-test results showed a significant difference between the groups at mid-assessment (P < 0.001) (Table 3). Moreover, the TIME variable was only significantly different in the HF group, in which the beta value of the mid-assessment was higher than that of both the baseline assessment (P = 0.027) and post-assessment (P = 0.001), respectively (Table 4). The beta value trend of the baseline assessment was higher than that of the post-assessment; however, this result was not statistically significant. The two-way ANOVA of the left SM1 results showed that only GROUP variable had a significant main effect [F(1,14) = 9.849, P = 0.003] and that no significant main effect was found for TIME and GROUP × TIME interaction (Table 1). The post-test revealed that significant differences were only found between groups in the mid-assessment (P = 0.040) (Table 3). The two-way ANOVA of bilateral PMC and DLPFC results revealed no significant main effect of GROUP, TIME, and GROUP × TIME interaction (Table 1).


TABLE 2. Results of analysis of variance (ANOVA) conducted on GROUP, TIME, and interaction effect for beta values of regions of interest.
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FIGURE 5. The beta values of regions of interests in different groups at three assessment time-points. Error bars represent standard errors. *Indicates statistical significance P < 0.05 and ***indicates statistical significance P < 0.001. DLPFC, dorsolateral prefrontal cortex; PMC, promoter cortex; SM1, primary sensory-motor cortex.



[image: image]

FIGURE 6. Functional near-infrared spectroscopy (fNIRS) activation maps in different groups at three assessment time-points. The beta values are indicated by color. L-DLPFC, left dorsolateral prefrontal cortex; R-DLPFC, right dorsolateral prefrontal cortex; L-PMC, left promoter cortex; R-PMC, right promoter cortex; L-SM1, left primary sensory-motor cortex; R-SM1, right primary sensory-motor cortex; L, left; R, right.



TABLE 3. The beta values of SM1 in the Bonferroni correction for multiple comparisons between high frequency group and low frequency group.

[image: Table 3]

TABLE 4. The beta values of SM1 in the Bonferroni correction for multiple comparisons within high frequency group and low frequency group, respectively.
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DISCUSSION

In recent years, the MI-BCI system based on the closed-loop control theory has become a research hotspot due to its great potential application prospect in rehabilitation filed for upper limb dysfunction caused by the central nervous system (Ang and Guan, 2015). However, no relevant guideline is available on the clinical parameter setting of this novel technology (Mane et al., 2020), which restricts BCI clinical application. Our study used fNIRS to explore the frequency effect of MI-BCI training for non-dominant hand functions and cortical activation in normal subjects. To our knowledge, this study is the first RCT on the frequency-response of the MI-BCI upper limb rehabilitation system. In this study, all subjects in the HF and LF groups received ten sessions of non-dominant hand MI-BCI training. The clinical evaluation results of WMFT were not affected by the training frequency. The possible reason was that in order to exclude the heterogeneity of the subjects, the selected subjects were all healthy young individuals, and the upper limbs were not affected, and there was not much room for improvement. Therefore, the clinical evaluation of Wolf failed to reflect the subtle changes in the upper limb function of the subjects. Although no statistically significant differences were found between these two groups in WMFT performance, the fNIRS evaluation results showed that frequency (GROUP effect) presented a main effect on the contralateral SM1 activation. Furthermore, compared with baseline values, contralateral SM1 activation increased in the HF group after five consecutive sessions of BCI training. Meanwhile, BCI performance in the HF group was better than that in LF group after 10 consecutive sessions of BCI training. Several possible explanations and mechanisms are presented below.

First, brain neuroplasticity, including the reorganization of brain structure and function, occurs throughout the human lifespan (Dimyan and Cohen, 2011). Meanwhile, a previous study has confirmed the positive correlation between functional improvement after stroke and enhanced neuroplasticity following rehabilitative interventions (Draaisma et al., 2020). The BCI system based on the closed-loop principle is used to compensate for the absent feedback information due to peripheral limb motor dysfunction by external devices (Potter et al., 2014), such as robotic arms, visual feedback system, or functional electrical stimulation (FES). Therefore, BCI training has aroused new interest for rehabilitative purposes—especially for patients with moderate-to-severe motor dysfunction who are limited to other conventional treatment measures (Young et al., 2014). Moreover, previous small sample BCI studies have also shown positive effect for stroke patients not only in the subacute stage, but also in the chronic stage (Cervera et al., 2018). However, given that the clinical application of BCI remains relatively new, the effect of frequency as one of the important parameters has not yet been studied. Among relevant publications to date, the frequency of BCI training was inconsistent. For example, some studies scheduled BCI training at a frequency of twice per week (Johnson et al., 2018), while others had a seven time-per-week schedule (Nishimoto et al., 2018). Considering the critical recovery and neural plasticity stage spanning the first 6 months post-stroke (Hendricks et al., 2002), great significance must be placed on clarifying the frequency parameter setting of BCI training to maximize rehabilitation and the ultimate functional outcomes. In order to eliminate the heterogeneity in patient subjects and explore in isolation the frequency effect of BCI training on neuroplasticity, young and healthy subjects were enrolled to perform non-dominant hand MI-BCI training in our study. The cortical response was found to be more visible after 5 sessions of BCI training in the HF group, but not in the LF group. On the other hand, other clinical BCI training studies on stroke patients found functional improvement after BCI training at a frequency of five times per week (Ramos-Murguialday et al., 2013; Mukaino et al., 2014). Based on the perspectives of cortical modulation and functional improvement, all of the results indicated the potential of HF BCI training to yield positive effects, which may constitute important references for future treatment in patient populations. Nevertheless, Young et al. mainly explored the dose-response on BCI training and incidentally involved in the frequency effect. The relevant results of this clinical retrospective study with a small sample size suggested no significant difference in frequency effect, which was inconsistent with the results of our study (Young et al., 2015). Two major reasons were considered, one of which may be related to the differing populations studied (stroke patients recruited in the study by Young et al.; normal subjects recruited in our study). The other reason may be related to the differing total number and frequency of BCI training sessions for each subject in Young’s study. Furthermore, in the study by Young et al., LF treatment was defined as ≤2 times per week, whereas HF treatment was defined as >2 times per week, in which the range of HF group was considerably broad (Young et al., 2015). For example, the three times per week schedule identified as HF in the study by Young et al. was still considered as the LF BCI intervention in our study. Therefore, additional studies on frequency response in patients are needed. Furthermore, the MI-BCI training procedure requires relatively high cognitive ability (Carelli et al., 2017). For example, sufficient cognitive ability is needed to understand the content of BCI training and to cooperate with the demands of the MI task. Furthermore, attention must be sustained over the 30-min training session. All participants recruited for our study were college students enrolled in Guangzhou Medical University. The heterogeneity of such samples, including cognitive and attention levels, has been well-controlled. However, in real clinical settings, the patient’s cognition and attentional capacity are not only affected by various diseases, but also by other confounding factors such as age and education level. Thus, future research is needed to better delineate the frequency effects of BCI training in different populations. In addition, after ten sessions of MI-BCI training, the BCI performance of the HF group in our study was improved relative to the LF group. The BCI performance score was considered more related to the MI performance and attentional level during the training sessions. Previous studies have reported that BCI training could improve motor function and cognitive function concurrently (Ali et al., 2020). Furthermore, BCI has also been designed for use in children with attention deficit hyperactivity disorder (ADHD) (Qian et al., 2018). We also found improvement in BCI performance in the HF group relative to the LF group, which suggested that HF training may be more beneficial to cognitive improvement than LF training. These findings could also be used to guide the formulation of future clinical BCI training programs.

Finally, compared within HF group, more contralateral cortical activation was found after five training sessions than in baseline data, whereas no difference was found after ten training sessions. Moreover, as shown in Figure 5A, the beta value of right/contralateral SM1 was the highest after five-session training and then decreased back to baseline levels after ten training sessions in HF group. A possible explanation might be that non-dominant gripping is considered as relatively simple to master for healthy, young subjects. So, the increased contralateral SM1 activation from baseline to after five training sessions might involve in a process of neural recruitment during motor learning, whereas the decreased contralateral SM1 activation seen between the 5- to the 10-session training might involve in motor acquisition, which indicated that the brain operated in the most economical tendency (Paparella et al., 2020). However, although this decrease was seen in the HF group, it was not seen in the LF group, which also suggested that HF MI-BCI training may have a greater potential on motor relearning than LF MI-BCI training. Thus, MI-BCI training tasks whose difficulty level can be tailored should be considered for clinical application, and corresponding MI-BCI modules should be generated for improved clinical rehabilitation.


Limitation

This study was a pilot study of frequency-response for the MI-BCI training system. There were two main limitations to this study. First, only healthy young subjects were included in an effort to control for heterogeneity. Future studies should extend research populations to include, for example, healthy elderly subjects or stroke patients with varying degrees of brain damage and functional levels to further explore frequency-response and provide more evidence for guiding clinical application. Second, this study only explored a single type of external MI-BCI equipment (i.e., a robotic arm) for providing feedback in the MI-BCI system. Future research efforts are encouraged to assess different external equipment, such as virtual reality and FES, and explore different frequency effects based on comprehensive factors.




CONCLUSION

In this study, healthy young participants underwent ten sessions at varying frequencies of MI-BCI training on non-dominant hand function. The results showed that more cortical activation and better BCI performance were found in the HF group relative to the LF group. Moreover, the within-group results also showed more cortical activation after five sessions of BCI training and better BCI performance after ten sessions in the HF group, but no similar effects were found in the LF group. These results indicated that a 30-min session duration once per day for five consecutive days may be the minimum effective dose of MI-BCI training for evoking cortical activation modulation in healthy subjects, which could be deduced to the population with central nervous system disease, such as stroke patients, in the future. This pilot RCT study provides an important theoretical basis for the clinical application of MI-BCI training for improving upper limb dysfunction.
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Introduction: We evaluated the efficacy of brain–computer interface (BCI) training to explore the hypothesized beneficial effects of physiotherapy alone in chronic stroke patients with moderate or severe paresis. We also focused on the neuroplastic changes in the primary motor cortex (M1) after BCI training.

Methods: In this study, 18 hospitalized chronic stroke patients with moderate or severe motor deficits participated. Patients were operated on for 20 sessions and followed up after 1 month. Functional assessments were performed at five points, namely, pre1-, pre2-, mid-, post-training, and 1-month follow-up. Wolf Motor Function Test (WMFT) was used as the primary outcome measure, while Fugl-Meyer Assessment (FMA), its wrist and hand (FMA-WH) sub-score and its shoulder and elbow (FMA-SE) sub-score served as secondary outcome measures. Neuroplastic changes were measured by functional near-infrared spectroscopy (fNIRS) at baseline and after 20 sessions of BCI training. Pearson correlation analysis was used to evaluate functional connectivity (FC) across time points.

Results: Compared to the baseline, better functional outcome was observed after BCI training and 1-month follow-up, including a significantly higher probability of achieving a clinically relevant increase in the WMFT full score (ΔWMFT score = 12.39 points, F = 30.28, and P < 0.001), WMFT completion time (ΔWMFT time = 248.39 s, F = 16.83, and P < 0.001), and FMA full score (ΔFMA-UE = 12.72 points, F = 106.07, and P < 0.001), FMA-WH sub-score (ΔFMA-WH = 5.6 points, F = 35.53, and P < 0.001), and FMA-SE sub-score (ΔFMA-SE = 8.06 points, F = 22.38, and P < 0.001). Compared to the baseline, after BCI training the FC between the ipsilateral M1 and the contralateral M1 was increased (P < 0.05), which was the same as the FC between the ipsilateral M1 and the ipsilateral frontal lobe, and the FC between the contralateral M1 and the contralateral frontal lobe was also increased (P < 0.05).

Conclusion: The findings demonstrate that BCI-based rehabilitation could be an effective intervention for the motor performance of patients after stroke with moderate or severe upper limb paresis and represents a potential strategy in stroke neurorehabilitation. Our results suggest that FC between ipsilesional M1 and frontal cortex might be enhanced after BCI training.

Clinical Trial Registration: www.chictr.org.cn, identifier: ChiCTR2100046301.

Keywords: stroke rehabilitation, brain–computer interface, upper extremity, functional connectivity, functional near-infrared spectroscopy


INTRODUCTION

Stroke is one of the most prevalent pathologies which causes devastating consequences in most of the survivors worldwide (Benjamin et al., 2017). Rehabilitation is often operated early to minimize disability and to improve the quality of patients' daily life. Most patients reach a functional plateau, especially 6 months after the onset. Previous research findings have suggested that some neural plasticity, which may hamper functional recovery, might occur, and gradually persist during this plateau, has been approaching (Miller et al., 2013). This promotes many uses of alternative, non-conventional treatments such as constraint-induced movement therapy (Varkuti et al., 2013), robot-assisted movement therapy (Pinter et al., 2013), and brain–computer interface (BCI) (Tariq et al., 2018). Recently, with the advancements in neurotechnology, BCI has become the emergence in stroke rehabilitation. It is an innovative intervention that records and decodes neural signals by real-time electroencephalogram (EEG) and transfers them into digital signals. Then assistive devices, such as prostheses or robots, can be triggered by specific signals. The EEG-based BCI has emerged as a potentially effective therapeutic scheme in motor recovery in the chronic stroke stage. Neural signals are detected and inputted to provide real-time feedback, which effectively enables patients to modulate their brain activity (Cervera et al., 2018). Several research studies have recently provided evidence that BCI promotes functional recovery in upper limb or hand function (Ang et al., 2015a; Kasashima-Shindo et al., 2015), although others have found no changes when compared to robots in the chronic stage (Ang et al., 2014).

In order to increase the BCI performance accuracy, stroke survivors carry out motor imagery (MI) exercises or motor watching during EEG recording (Cervera et al., 2018). MI induced the decoded brain oscillations, which is used to trigger a robotic device to reproduce the real movement with the paretic limb (Irimia et al., 2016). These types of multimodal feedback, including visual, haptic, and kinesthetic feedback, provide a closed-loop feedback system for patients. Numerous neurophysiological studies have demonstrated the effect of MI on motor function and neuroplasticity. In these findings, it has been shown that the MI-based BCI rehabilitation system could activate the primary motor cortex (M1) and other brain structures involved in motor planning and control of voluntary movements (Ramos-Murguialday et al., 2013; Ono et al., 2014).

Previous studies have demonstrated that motor recovery has been related to modulating changes in neuroplasticity in the adult human brain (Wander et al., 2013). A growing number of studies have shown that specific regional activation in the cortex and motor recovery after stroke are closely related processes (Grefkes et al., 2008). The changes beyond the motor network after BCI is unclear, especially the functional connectivity (FC) or neural reorganization of cortical regions between the motor network and the sensor network. FC and basic reorganization changes of the motor recovery can be investigated using many neuroimaging techniques, including functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and functional near-infrared spectroscopy (fNIRS) (Sun et al., 2017; Yang et al., 2019).

Functional near-infrared spectroscopy is an emerging technology that measures the concentration changes in oxy-Hb and deoxy-Hb caused by brain activity. It has been known that the requirement for oxygen during brain activation generates the dilatation of arterioles and capillaries, which is called neurovascular coupling (NVC) during the process of the local neural activity and metabolism between neurons and other tissues. Based on the NVC mechanism, cerebral oxygenation fluctuation signals can be recorded by fNIRS, and the coherence and phase-locking value (PLV) be calculated, by which the FC of the brain networks could be assessed (Briels et al., 2020). By performing the PLV, we could identify the consistent phase differences that indicate high phase synchronization. The better the consistency of the hemodynamic changes in a specific frequency domain in different cortical regions, the stronger the connectivity of the neural activity between these regions will be. Previous studies have provided strong evidence that stroke plays a causal role in impairing cerebral blood flow (CBF) regulation during brain activation, which depends on NVC. Real-time adjustment of CBF to neuronal activity via NVC has an essential role in the maintenance of normal brain function (Tarantini et al., 2017). Simultaneously, this response reduces the resistance of the vascular bed to guarantee adequate cerebral blood perfusion to activate neurons. The development of fNIRS has greatly advanced the understanding of the underlying behavior of neural mechanisms and remodeling after brain lesions in humans. It provides real-time sensitivity of the brain's oxygenation state. Additionally, compared with fMRI, fNIRS measurement can be taken in an upright position with a higher temporal resolution (~10 Hz) and in a task state without physical restraint. Several studies using fNIRS have successfully observed FC during both the rest and the task state in healthy volunteers (Lu et al., 2010). Recently, this method has gradually become a well-established neuroimaging tool in scientific studies.

In this study, we explored the efficacy of rehabilitation in upper extremity motor recovery after BCI training and the neuroplastic changes in cortical organization. In this single pre-post intervention group study, we designed a task-related and clinical setting by using fNIRS to evaluate whether the brain activation for M1 can be assessed routinely after BCI training in chronic stroke. We hypothesized an improvement in motor performance and a strengthening of the FC between ipsilateral M1 and the frontal cortex after BCI training.



MATERIALS AND METHODS


Participants and Study Design

The study was conducted and approved by the Human Ethics Committee of Shanghai Yangzhi Rehabilitation Hospital (#SBKT-2021-044), at which all participants had completed inpatient rehabilitation and had received standard medical care and traditional rehabilitation for 4 weeks, which consisted of routine physiotherapy and occupational therapy focused on rehabilitation of functional transfer. Any activities involving arm and hand movements were avoided. All participants provided written informed consent before the beginning of the study. The inclusion criteria for these patients were as follows: (1) First-time onset stroke patients diagnosed by computed tomography or brain MRI (poststroke time ≥6 months); (2) stable neurological status with unilateral residual hemiplegia; (3) functional restriction in the upper extremities and Brunnstrom stage ≥II; (4) right-handed individuals, who were confirmed by the Edinburgh Handedness Inventory; (5) with the ability to understand the therapists' direction and MMSE score ≥21 according to the education level. Those excluded were (1) with medical instability such as heart/respiratory failure, deep venous thrombosis, acute myocardial infarction, non-compensated diabetes, active liver disease, or/and kidney dysfunction; (2) with the severe cognitive disorder or/and MMSE score <21 that the patient cannot follow and perform tasks; (3) with severe aphasia; (4) with limitation of passive range of motion in the paretic upper limb (dorsal wrist flexion < 20°, limitation of elbow flexion > 30°, and shoulder abduction < 60°); (5) with upper limb muscular-skeletal diseases such as a fracture; (6) with a mental illness history or taking any antipsychotic drugs that are not suitable for this study; and (7) those who had received antispastic therapy (including any antispastic medicine or botulinum toxin injection) within the 6 months prior to the study.

Patients accepted the BCI-robot training system. Each patient performed 20 sessions (one session per day and 5 days per week) and followed up after 1 month. The sessions were conducted every day except weekends and holidays. Functional assessments were performed at five points, namely, pre1, pre2, mid-, post-, and 1-month follow-up (FU). fNIRS assessments were measured at two time points, namely, pre1 and post BCI training. Two qualified therapists performed all training and another researcher in the team conducted the evaluations. Pre1 and Pre2 were scheduled within 3 days before the intervention, respectively, while mid-, post-, and 1-month FU were carried out, respectively, after 10 sessions of training, 20 sessions of training, and 1 month after the intervention (see Figure 1).


[image: Figure 1]
FIGURE 1. Timing of assessments.




Participants' Baselines

A total of 21 hemiplegic patients were recruited and 18 completed this study. Altogether, there were 14 men and 4 women (mean age = 45.33 years, SD = 15.07). The stroke duration ranged from 6 to 20 months [median time = 6.5 months, IQR = 6–8 months]. Notably, nine patients had a stroke in the right hemisphere (50%), and 9 in the left hemisphere (50%). None of them had brain-stem involvement (Table 1).


Table 1. Demographic, clinical, and neuropsychological characteristics of the patients.
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Motor and Cognitive Assessments

Functional and behavioral scales were performed to measure the motor improvements. The Wolf Motor Function Test (WMFT, score from 0 to 75) was used as the primary outcome measure, while Fugl-Meyer Assessment (FMA, score from 0 to 66), its wrist and hand (FMA-WH) sub-score, and shoulder and elbow (FMA-SE) sub-score served as secondary outcome measures. To detect the baseline stability, the clinical assessments were done two times in 3 days in the beginning of the training. The different scores reflect different extents of impairment in upper limb functions. The lower scores correspond to greater impairment. The Brunnstrom stage (from stage I to stage VI) was also used to measure baseline impairment for this clinical trial. The activities of daily living recovery were evaluated using the Barthel index (BI, score from 0 to 100), which includes 10 items (a score of 100 corresponding to complete independence). In addition, we used the Mini-Mental State Examination (MMSE, score from 0 to 30) for cognitive assessment. Higher scores indicate better cognitive function, and a score below 25 points is considered to be abnormal. Those above 21 points (according to the education level) are anticipated.



BCI-Robot System Description

MI-based BCI-robot training system (RHB-III with 16 EEG channels; Shenzhen Rehab Medical Technology Co., Ltd., China) is shown in Figure 2A. The whole system consisted of the collection system of real-time EEG signals, a central processing control algorithm, and a manus robot feedback. In all patients, EEG was recorded using 16 active electrodes within the 10–20 system of electrode locations over the frontal and parietal regions. Recording locations were channel positions F1, Fz, F3, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2, C4, CP1, CPz, and CP2 (Figure 2B). The real-time EEG signals were amplified and processed by the central processing control algorithm. Video clips on the computer screen were played to guide the participants to execute MI tasks. An exoskeleton robot hand was used to help the paretic hand perform the real movement in grasping/opening tasks. A mu event-related desynchronization (ERD) (score from 0 to 100) was displayed to provide real-time visual feedback. Participants could modify their MI strategy to achieve MI-triggered robotic feedback more successfully (Sun et al., 2017).


[image: Figure 2]
FIGURE 2. Photograph of the BCI-robot training system. (A) The whole system includes an EEG amplifier collecting real-time EEG, a PC processing EEG signal providing visual and auditory feedback, and a triggered-robot hand supporting sensory and movement feedback. (B) The montage of real-time EEG electrodes. There were 16 active electrodes placed on the frontal and parietal cortex.


Electroencephalogram signals from the C3 and C4 electrodes were used for BCI control. A voice clue was used before each trial began to help the participant on the MI task. The system presented the instruction on the screen after 2 s. Then, a text and voice cue of “hand grasp”/“hand open” was displayed and lasted for 2 s. Meanwhile, a hand movement video clip with a duration of 6 s was then displayed. Participants can watch the video and perform the same MI processing in their brains. EEG signal measurements were collected with unipolar Ag/Ag-Cl electrode channels and digitally sampled at 256 Hz with a resolution of 22 bits for voltage ranges of ±130 mV. In terms of ensuring the transmission impedance was below 1 kΩ, all electrodes were immersed in saltwater for preparation.

In this study, the paretic hand was strapped to the manus robotic exoskeleton. Participants were instructed to watch the actions displayed in the video and guided to imagine they were performing the same movement with the paretic hand. According to the real-time EEG signals, the calculation of the mu ERD score was conducted. When the score was above 60, the robot would be triggered and assist the paretic hand to accomplish the grasp/open task for the next 3 s. But if the mu ERD score was below 60, the robot would not be triggered to move, which was considered a failed trial. The mu ERD score was then shown for 2 s. Participants were encouraged to instruct MI until successful or unsuccessful detection was indicated on the video screen. If MI was successfully detected, visual and movement feedback were provided by the robot through the real movement of the paretic hand. The BCI-robot therapy session included 4 runs of 40 trials each, for a total of 160 trials, and an interrun break of 3 min. It took about 40–50 min for each BCI training session in total.



Functional Near-Infrared Spectroscopy

In this study, we utilized the multichannel fNIRS system (NirScan, NirScan-6000, USA) to measure the changes in concentration of oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb). Channels between each transmitter and receiver were placed according to the international 10–20 system, in which the distance was set at 3–5 mm. The sampling rate of the NIRS system was set to 10 Hz, and the wavelengths used were 740 and 850 nm. The probe layout consisted of 12 channels (30 mm spacing interval). The channel montage configuration of the NIRS probe set is shown in Figure 3. The optodes were positioned over the primary motor cortex area (LMC: L1–L4; RMC: R5–R8) and the frontal cortex area (LF: L9 and L10; RF: R11 and R12). Prior to each recording, a NIR gain quality check was performed to ensure data acquisition was moderate, namely, neither under-gained nor over-gained. To place the probes in a fixed position on the scalp, the participant's head was covered with a cap and fixed with a trap to adjust and fixate the transmitters and receivers. In order to attain maximum efficiency of light coupling to the tissue, hairs were carefully swept away to ensure the optodes touched the participant's skin tightly (see Figure 3).


[image: Figure 3]
FIGURE 3. Functional near-infrared spectroscopy (fNIRS) 12-channel montage configuration. The probes were located over the frontal cortex (left frontal cortex and right frontal cortex near FPZ), the primary motor cortex (M1) (left M1 and right M1). The red circles represent the positions of sensors (S) and the blue circles represent the positions of detectors (D). The line between them is the channel. LMC, left M1 cortex; RMC, right M1 cortex; LF, left frontal cortex; RF, right frontal cortex.


As shown in Figure 4, the experimental design in the fNIRS testing comprised two periods, namely, the resting state (RS) and task state (TS). The RS required the subjects to sit quietly for 10 s to become ready. The participants were requested to close their eyes, relax, and avoid any movements except those needed for the motor tasks to avoid affecting the blood oxygen data. Before measurement, participants were taught to rehearse the motor task to comprehend the task instructions. For the TS, the participants were instructed to perform a repetitive three-time grip-and-rest task for a total of 180 s by using a dynamometer as accurately as possible. During this TS, the relax duration was set to 30 s for NIRS signals reaching the baselines. Then, the participants were required to sit for at least 30 s as the RS. The total trial time of one session was thus 220 s.


[image: Figure 4]
FIGURE 4. Illustration of fNIRS testing. There are two states of fNIRS testing, namely, the rest state (RS) and the task state (TS). The RS is 10 s, and the TS is a 180-s grasping task. The grasping task consists of three trials, and each trial is followed by a 30-s intertrial break.


Functional near-infrared spectroscopy data processing was operated as follows. First, a proficient expert made a preliminary examination of the raw data, and the signals with poor quality were marked and removed. Second, signals containing motion artifacts were labeled and excluded for calculating task-related changes. Subsequently, further analysis on only the oxy-Hb and deoxy-Hb data of non-marked channels covering functionally involved areas, namely, the four regions of interest (ROIs), was performed. Third, according to the modified Beer-Lambert law, data processing was made using a MATLAB script. A high pass filter with a cutoff frequency at 0.01 Hz was used to make the baseline removal, such as the physiological signals, and the low pass filter with a cutoff frequency at 0.8 Hz was applied to the signals. Transfer function models were applied for artifact reduction of the systemic influences (Bauernfeind et al., 2014). Then the baseline correction on each trial was performed to make the task state stable and the baseline signal began at approximately zero. The average time for hemodynamic response function (HRF) in each ROI was measured for each participant over each recorded trial at task state. The averaged amplitude of each HRF was also calculated for statistical analysis. FC was calculated in terms of both time and frequency. We utilized the correlation approach to estimate the strength of the pairwise Pearson's correlation between ROIs for the time aspect (Pannunzi et al., 2017). In terms of frequency, coherence and phase-locking value (PLV) were applied to analyze the level of synchronization of the fNIRS signals, which indicated the stability of the phase difference between the two time series (Briels et al., 2020). We performed Welch's averaged, modified periodogram method to calculate the squared coherence between ROIs. All connectivity matrices were made to be Fisher's z-transformed for statistical analysis (Arun et al., 2020).



Statistical Analysis

Measurement data were expressed by mean and standard deviation. All data analyses and statistics were performed in MATLAB. All data were tested for normal distribution using Shapiro–Wilk test. The mean comparison after the intervention was performed using a one-sample t-test or Kruskal–Wallis test. Repeated measures ANOVA with the Bonferroni post-hoc test was utilized to measure the differences in the clinical assessments at five different time points (two pre-assessments, a mid-assessment, a post-assessment, and a 1-month FU assessment). Repeated measures of ANOVA were also used to compare FC matrices at baseline and after BCI training. Pearson correlation analysis was utilized between the FC. The statistically significant level was 0.05 in this study.




RESULTS


Functional Improvement After BCI-Robot Therapy

Totally, 21 participants were recruited and received the screen learning control. Two participants were unable to achieve control over the BCI, and one was discharged earlier than expected due to non-medical reasons. Finally, 18 participants completed 20 sessions of BCI-robot training and a 1-month FU, with all participants completing the clinical assessments and fNIRS measurements. No adverse effects were reported.



Clinical Functional Assessments

Motor improvements measured by clinical scores, including the WMFT and FMA-UE scores, are summarized in Table 2. Significant increases were observed in the WMFT full score (P < 0.001, ΔWMFT score = 12.39 points, F = 30.28, one-way ANOVA with the Bonferroni post-hoc test), FMA full score (P < 0.001, ΔFMA-UE = 12.72 points, F = 106.07, one-way ANOVA with the Bonferroni post-hoc test), and WMFT completion time score (P < 0.001, ΔWMFT time = 248.39 s, F = 16.83, one-way ANOVA). As depicted in Table 2, a statistically significant mean FMA-UE increase of 12.72 points has been observed. Importantly, as recommended in the literature (Page et al., 2015), the minimal clinically important difference (MCID) for the FMA-UE scale is accepted to be a 5-point increase in chronic stroke survivors. Table 2 lists all the clinical scores measured in this study (i.e., means and 95% confidence intervals of each clinical assessment as well as the one-way ANOVA probabilities for evaluation with respect to the assessment sessions). As shown in Table 2, FMA-WH sub-score ΔFMA-WH = 5.6 points, F = 35.53, and P < 0.001) and FMA-SE sub-score (ΔFMA-SE = 8.06 points, F = 22.38, and P < 0.001) have also increased significantly, respectively.


Table 2. Means and 95% confidence intervals for each assessment at five time points, as well as the probabilities and F-value of the statistical analyses.
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Hemodynamic Response Function

Compared to the baseline, the averaged amplitude of HbO2 concentration increased after BCI training in the four ROIs significantly during the grasping task (Figure 5). Compared to the baseline, there was a significant increase in average Oxy-Hb amplitude at any time point in the whole four ROIs after BCI training during the grasping task.


[image: Figure 5]
FIGURE 5. Average time series of HRF. Changes in average oxy-Hb amplitude increased at any time point in the whole four ROIs after BCI training during the grasping task (bottom panel). Channels 1–4 located in left M1, and channels 5–8 located in right M1. Channels 9 and 10 located in the left frontal polar cortex, and channels 11 and 12 located in the right frontal polar cortex. Top three panels show the HRF change before BCI training, bottom three panels show the HRF change after BCI training. HBO refers to oxy-Hb. HBR refers to deoxy-Hb.




Resting-State FC Analysis

For resting-state FC, the increased correlation between the ipsilateral motor cortex and ipsilateral frontal lobe was observed after BCI training (Z = 0.5835, P = 0.024; Figure 6B). Increased coherence between the ipsilateral motor cortex and contralateral motor cortex was also observed after BCI training (Z = 0.7964, P = 0.035; Figure 6C). Additionally, increased FC was measured between the contralateral motor cortex and contralateral frontal lobe after BCI training (Z = 0.7934, P = 0.028; Figure 6C). There was no significant difference in FC between the ipsilateral motor cortex and contralateral frontal lobe measured after BCI training (Z = 0.64, P = 0.067; Figure 6C).


[image: Figure 6]
FIGURE 6. Functional connectivity (correlation) change measured after BCI training. Channels with differences in FC at baseline and the 1-month follow-up (Pearson correlation). (A) Correlations between each channel before BCI training. (B) Correlations between each channel after BCI training. (C) Correlations between the ipsilateral M1 and the ipsilateral frontal lobe and the contralateral M1 increased and the FC between the contralateral M1 and the contralateral frontal lobe was also increased.





DISCUSSION

This study evaluated the effects of a closed-loop neurofeedback BCI-robot system on the improvement of the motor functional recovery of the upper extremities, which was measured by the WMFT and FMA-UE test, as well as the FC between the motor and sensory systems in the brain. The findings on the neuroplastic effects of BCI training showed FC changes involving the contralateral hemisphere in task-related brain activation induced by BCI training rehabilitative therapy. Specifically, the examination of the fNIRS showed changes in the patterns of brain activation associated with the paralyzed hand grasping were observed with the administration of BCI therapy. The grasp of the impaired hand was accompanied by a more increasing connectivity pattern after BCI therapy between the ipsilesional primary motor cortex (M1) and the ipsilesional frontal cortex (Figure 6).

In this study, both the WMFT and the FMA scores were found to be significant using one-way ANOVA on this data after the BCI therapy. In controlled trials, when compared with control interventions, the results showed that BCIs had a significant effect on the improvement of upper extremity function (Ono et al., 2014). When comparing to standard robotic rehabilitation, it showed in the experimental group the average motor improvement was slightly more than in controls (Ang et al., 2014; Ono et al., 2014; Remsik et al., 2016). In single-group studies, all of them indicated significant improvements in the scores of the FMA-UE and other functional scales (Halder et al., 2011), and we obtained the similar research results. We noted that in this preliminary study, we did not design a control group, which used a pre- and post-intervention comparison to observe differences in clinical outcomes, which, first, could be sources of significant biasTo reduce bias, we optimized the BCI system used in this study, which removed the instruction automatically of the robotic hand and quantified the control recognition ability of the BCI system when the patient performed motion observation and motion imagery. In addition, we noted that the participants in the studies were at chronic stages, in which spontaneous recovery was less likely to occur (Soekadar et al., 2015; Remsik et al., 2016). However, some scholars suggested that different lengths of the BCI intervention might be another confounding factor (Ang et al., 2015b). In our study, all subjects completed these behavioral assessments, including post-therapy and 1-month FU assessments after 20 sessions of interventions. It may also be taken into consideration that both WMFT and FMA-UE are objective measurements of clinical function.

According to BCI system studies, patients in the chronic stage have the accuracy to perform MI with diverse feedback, including visual, kinesthetic, and/or proprioceptive feedback, even in those severe cases in whom volitional isolated finger movement is not possible. Serious movement dysfunction in the upper extremity requires more help, such as a robotic device to achieve hand functional movement (Pichiorri et al., 2015). Recently, more evidence has demonstrated that the motor function of patients with severe stroke could be promoted by BCI, in particular, distal hand function (Frolov et al., 2017). Compared with the sham group, the clinical performance above MCID in the BCI group could be observed. Another study (Ramos-Murguialday et al., 2013) included severely impaired subjects and designed a homogeneous sample with a good match by age, gender, paretic side, and motor impairment scores in the controlled trial. Subjects in both groups had a similar amount of BCI training, and the experimental group had higher muscle activity and showed a significant improvement in hand function. Furthermore, research work made by Shindo demonstrated that finger function and surface EMG activity have been improved without motor function (Shindo et al., 2011). All these findings suggest that BCI can be a promising strategy in the rehabilitation of chronic stroke.

Motor recovery after stroke relies on neural plasticity at both structural and functional levels. Rehabilitation training after stroke may strengthen neural connections in existing ones and/or lead to the formation of new neural pathways (Rathee et al., 2017). Some randomized controlled trials mentioned the mechanisms of neural responses to BCI training. One previous EEG study showed that desynchronization over the ipsilesional central area during MI tasks after BCI training has a greater response than pre-intervention, indicating higher activation of the motor area in the ipsilesional brain through BCI training (Mihara et al., 2013; Li et al., 2014). The changes in FC patterns during the grasp of the impaired hand associated with the intervention of BCI therapy suggest that there may be a neuroplastic response to the treatment between the motor system and the sensory system. Several previous studies showed neuroplasticity changes due to BCI intervention, including increasing activity in pre-motor cortex (PMC) or enhancement of ipsilesional connectivity in hemispheric EEG activity (Cervera et al., 2018). Particularly, an fNIRS study of patients with subcortical stroke also showed the activation of the PMC, which was considered to be associated with motor planning and the execution of goal-oriented actions (Sugawara et al., 2013). In addition, research work proved that BCI might activate some special brain cortex, including the prefrontal cortex, PMC, and posterior parietal cortex in some pre-post single-group designs (Halder et al., 2011). By using structural equation modeling of resting-state fMRI data, an investigation was made to explore the effective connectivity between motor control and motor execution. Connectivity from frontoparietal guidance systems to the motor network is diminished in stroke survivors (Inman et al., 2012). In our study, we found FC between ipsilesional M1 and frontal cortex might be enhanced after BCI training. This might improve the overall BCI performance. This result indicates an enhancement of synchronization during the neurological activity among the different cerebral regions after stroke (Figure 6). The increased FC in the brain regions supported that BCI training could improve the degree of the disturbance of the neurovascular activities of the brain. The brain activity changes examined by fNIRS may be a response to an objective measurement that is proven by standardized motor function tests.

Recently, a study has described the relevance between neuroplasticity and functional improvement in the MI-based BCI training system (Varkuti et al., 2013). The authors concluded that BCI training might strengthen neuroplasticity and lead to better recovery, due to MI-based BCI might control voluntary movement of the hand in the same neural mechanisms (Orihuela-Espina et al., 2013; Remsik et al., 2016). Additionally, the persistence of these changes up to 1-month FU after the intervention of BCI therapy indicated the possibility for lasting effects under the conditions of this rehabilitative approach. The brain has a certain degree of plasticity, which could be strengthened by using feedback information such as punishment or reward. By decoding and outputting the patient's neural information, BCI could control peripheral muscles and provide feedback to form a new “closed-loop pathway” between the central nervous system and the peripheral nervous system, and then promote the remodeling and recovery of brain function after stroke. Relying on the direct central intervention of the brain, it can further activate functional neuroplasticity and promote cortical remodeling (Birbaumer, 2006). Several studies have shown that (Hummel and Cohen, 2006) 63% of patients with hemiplegia have functional asymmetry after damage to the brain, which has widely been considered to have an unbeneficial effect on the patient's functional recovery. The more the asymmetry is, the worse the recovery of movement will be. A meta-analysis shows (Tang et al., 2015) that the asymmetric performance of the brain after stroke could be improved to a certain extent by BCI intervention. In the next study, we will focus on the inter-hemispheric and intra-hemispheric connections. BCI combined with external robots (e.g., exoskeletons and orthosis) or FES formed the closed-loop intervention mode and promoted better hand function recovery through inducing the activation of specific brain regions.

Nevertheless, the specific mechanisms of the BCI system underlying functional improvements remain largely unknown. In our study, BCI might promote the activation of ipsi or peri-lesional cortex, which effectively results in functional motor activity in the lesioned hemisphere, as was observed in the previous study through the BCI-FES system by scalp EEG analysis (Biasiucci et al., 2018). A meta-analysis of the effect of the BCI system in stroke recovery suggested movement intention and movement-dependent approaches of ipsilesional reorganization caused by BCI coinciding with better recovery in the chronic phases of stroke (Bai et al., 2020). Additionally, the heterogeneity of current BCI systems complicates attempts to elucidate their mechanisms, because it is likely that functional improvements rely on different strategies that target different aspects of neural circuitry. Besides, BCI improvement may also be influenced by effects from “non-motor” mechanisms (Simon et al., 2021), such as sustained exertion of effort, senses of achievement from controls of the BCI, or improvements in the mood by engaging with a challenging task.

This study has shown the effect on motor performance after BCI-hand robotic training. Additionally, we conducted an examination of neural activities by fNIRS. Changes in neural FC patterns were observed with BCI therapy in both motor and sensory areas in the ipsilesional cerebral in this population of patients with stroke. But there were some limitations and challenges to BCI research work. First, we must be careful of the small sample (n = 18) and heterogeneity of stroke survivors, including the different levels of motor impairment (moderate to severe) and lesions (cortical to subcortical). BCI might induce the consistent brain changes of pre-post intervention in these patients over the time course. We noted that although these research findings were promising, the scope of the conclusions was limited by the lack of a control group. Further randomized controlled trials with larger samples should also be designed strictly and performed in the next step to further verify this hypothesis. Second, though most studies about the BCI system tended to be efficient in the movement recovery for patients in the chronic stage after stroke, it is impossible that patients had the whole motivation to continue investing effort into trying to control the BCI without the therapist's assistance, which made it difficult to utilize this rehabilitative technology at home. Third, we assumed the non-motor mechanisms that contributed to the functional recovery during the control of the BCI system. In the further study, we attempt to improve scientific rigor and reproducibility in neurofeedback research.

In summary, BCI training is safe for patients after chronic stroke. More standardized studies should be done to better demonstrate and elucidate the effects of the BCI system therapy and to identify which protocols are the best therapy for different types of stroke. In particular, patients with severe motor deficits show greater recruitment of motor and non-motor areas such as the frontal areas of both the affected and unaffected hemispheres to strive for a full recovery.
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Background: Rehabilitation of post-stroke dysphagia is an urgent clinical problem, and repetitive transcranial magnetic stimulation (rTMS) has been widely used in the study of post-stroke function. However, there is no reliable evidence-based medicine to support the effect of rTMS on post-stroke dysphagia. This review aims to evaluate the effectiveness and safety of rTMS on post-stroke dysphagia.

Methods: English-language literature published before December 20, 2021, were searched in six electronic databases. Identified articles were screened, data were extracted, and the methodological quality of included trials was assessed. Meta-analysis was performed using RevMan 5.3 software. The GRADE method was used to assess the quality of the evidence.

Results: A total of 10 studies with 246 patients were included. Meta-analysis showed that rTMS significantly improved overall swallowing function (standardized mean difference [SMD]−0.76, 95% confidence interval (CI)−1.07 to−0.46, p < 0.0001, n = 206; moderate-quality evidence), Penetration Aspiration Scale (PAS) (mean difference [MD]−1.03, 95% CI−1.51 to−0.55, p < 0.0001, n = 161; low-quality evidence) and Barthel index scale (BI) (MD 23.86, 95% CI 12.73 to 34.99, p < 0.0001, n = 136; moderate-quality evidence). Subgroup analyses revealed that (1) rTMS targeting the affected hemisphere and targeting both hemispheres significantly enhanced overall swallowing function and reduced aspiration. (2) Low-frequency rTMS significantly enhanced overall swallowing function and reduced aspiration, and there was no significant difference between high-frequency rTMS and control group in reducing aspiration (p = 0.09). (3) There was no statistical difference in the dropout rate (low-quality evidence) and adverse effects (moderate-quality evidence) between the rTMS group and the control group.

Conclusion: rTMS improved overall swallowing function and activity of daily living ability and reduced aspiration in post-stroke patients with good acceptability and mild adverse effects.

Keywords: deglutition disorders, transcranial magnetic stimulation, stroke, meta-analysis, systematic review


INTRODUCTION

Stroke, as a common cerebrovascular disease, is the primary cause of disability worldwide (Gorelick, 2019). About 19-81% of survivors after stroke are left with dysphagia, which is characterized by varing degree of eating disorders, choking cough, salivation and abnormal pronunciation (Martino et al., 2005; Suntrup et al., 2015). Dysphagia is associated with increased risk of malnutrition and pneumonia, and leads to prolonged hospital stay, poor prognosis and mortality (Park et al., 2017; Pandian et al., 2018; Alamer et al., 2020). Therefore, the rehabilitation of post-stroke dysphagia is still an urgent clinical problem.

Repetitive transcranial magnetic stimulation (rTMS), as a non-invasive neuromodulation technique, is an emerging choice for post-stroke dysphagia (Lefaucheur et al., 2020). In general, rTMS can be divided into two main treatment protocols according to the stimulation frequency: low frequency (≤ 1 Hz) and high frequency (> 1 Hz). Low frequency rTMS (LF-rTMS) inhibits cortical excitability, while high frequency rTMS (HF-rTMS) activates cortical excitability (Lin et al., 2019). It is now recognized that rTMS can inhibit maladaptive cortical plasticity, improve adaptive cortical activity, and promote neurological recovery after stroke (Kobayashi and Pascual-Leone, 2003). According to the latest evidence-based guidelines for rTMS, rTMS has been proved to show the efficacy of A grade in treatment of depression, neuropathic pain, and upper limb dysfunction after stroke (Lefaucheur et al., 2020).

In recent years, several meta-analyses (Yang et al., 2015, 2021; Liao et al., 2017; Lin et al., 2019; Cheng et al., 2021; Li et al., 2021) have investigated the effects of rTMS on post-stroke dysphagia, suggesting that rTMS may have beneficial effects on swallowing disorders. However, some of reviews focused on non-invasive brain stimulation (NIBS), including rTMS, transcranial Direct Current Stimulation (tDCS) and other kinds of stimulation, while few of reviews further analyzed the effects of stimulation site, frequency and stimulation time on dysphagia. A recent meta-analysis (Yang et al., 2021), partially affirming the effects of rTMS on post-stroke dysphagia, concluded in its subgroup analysis of intervention frequency that there was no statistically significant difference between either the high-frequency and low-frequency groups or the conventional training group, which may be related to incorrect data extraction and exclusion of some studies that met their inclusion criteria. A growing body of evidence supports the beneficial effects of transcranial magnetic stimulation on post-stroke dysphagia (Lefaucheur et al., 2020), but the relationship between transcranial magnetic stimulation and factors such as target, parameter settings, and treatment course remains to be further investigated. Therefore, this meta-analysis aims to provide the latest evidence on the effects of transcranial magnetic stimulation on post-stroke swallowing disorders.



MATERIALS AND METHODS

This work adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Ardern et al., 2021).


Search Strategies

The following databases were searched to identify studies on the effect of rTMS on post-stroke dysphagia, published before December 20, 2021: PubMed, Cochrane Library, ScienceDirect, MEDLINE, and Web of Science for relevant studies. The English keywords used for the database searches were “stroke,” “transcranial magnetic stimulation,” “repetitive transcranial magnetic stimulation,” “TMS,” “rTMS,” “deglutition disorders,” and “dysphagia.” The reference lists of identified articles were checked for other potential studies.



Inclusion and Exclusion Criteria

Two review authors independently assessed the methodological quality of the included studies. We recorded and resolved any disagreements through discussions with a third reviewer.

Clinical studies that meet the following criteria were included:

(1) All patients with ischemic or hemorrhagic stroke displayed definitive radiographic evidence of relevant pathology on magnetic resonance imaging (MRI) or computed tomography (CT);

(2) All participants were identified as having dysphagia;

(3) No participants had swallowing disorders caused by other diseases;

(4) Randomized controlled trials compared rTMS with sham stimulation or other routine rehabilitation training.

If data were repeated or shared in multiple studies, the study that best met the above criteria were considered. All published or unpublished studies were investigated. If the information required for the analysis could not be obtained from the publication, the author was contacted to obtain the necessary details.



Risk of Bias and Quality of Outcomes Assessment

Two review authors independently assessed the methodological quality of the included studies. A third reviewer recorded and resolved any disagreements. Each RCT used Cochrane's collaborative tools to assess the risk of bias, including adequacy of sequence generation, concealment of allocation, blinding of participants and personnel, blinding of result evaluators, incomplete results' data, selective reporting, and other biases (Higgins et al., 2011; Corbett et al., 2014). The Grading of Recommendations Assessment, Development and Evaluation (GRADE) guidelines for systematic reviews were used to evaluate the quality of outcomes (Guyatt et al., 2008).



Data Extraction

All searches and included studies were conducted by two independent reviewers. If there was any objection, a third reviewer made the final decision. The following data were extracted from the final included researches: basic study information (study authors, year of publication), participant characteristics (age, and sample size), rTMS parameters [stimulus site, true stimulus frequency, stimulus intensity (% of motor threshold (MT)), and treatment regimen], overall swallowing function and activity of daily living outcome measures, dropout rate, and adverse effects.



Outcome Indicators

Outcome measures for the efficacy of therapy were as follows: (1) DD (Dysphagia Grade); (2) Functional Dysphagia Scale (FDS); (3) Videofluoroscopic Dysphagia Scale (VDS); (4) Penetration Aspiration Scale (PAS); (5) Barthel index scale (BI); (6) dropout rate; (7) adverse effects.

The DD is a four-level score for the swallowing function according to patients' clinical manifestations (Khedr and Abo-Elfetoh, 2010). The FDS is a scale quantifying dysphagia severity (Han et al., 2001). The VDS, with a sum of 100 points, is a reliable, objective, and quantifiable predictor of long-term dysphagia after stroke (Kim et al., 2014). The PAS is an 8 point multidimensional indicator of airway invasion that measures selected aspects such as penetration and inhalation, depth of invasion into the delivery airway, and whether substances entering the airway are expelled (Martin-Harris et al., 2005). The higher the score of the above 4 scales, the worse the swallowing function. If dysphagia outcomes were reported from multiple time points, those from immediately after the intervention were obtained for meta-analysis.



Statistical Analyses

All statistical analysis used the RevMan 5.3 statistical software (The Nordic Cochrane Center, The Cochrane Collaboration, Copenhagen, Denmark), and the heterogeneity of different research results was tested by the overlap of confidence intervals and chi-square tests. When there was no heterogeneity in the test results, fixed-effect model was used for the meta-analysis, and when the test results were heterogeneous, the random-effect model was used. For enumeration data, the risk ratio (RR) and 95% confidence intervals (CIs) were used as the statistical tool for the efficacy analysis and the effect size, respectively. If substantial heterogeneity was detected (I2 > 50%), subgroup analysis or sensitivity analysis was conducted to determine the source of heterogeneity.




RESULTS


Search and Selection of Studies

The study selection process is shown in Figure 1. A total of 206 potential relevant studies were screened from six English-language databases using a relevant search strategy. Of these relevant studies, 102 duplicates were removed and the remaining 104 studies were further evaluated for eligibility. An additional 48 articles were removed after screening the title and abstract. Finally, after reviewing the full text of the remaining 56 articles, 46 articles were excluded, and a total of 10 studies were included.


[image: Figure 1]
FIGURE 1. PRISMA flowchart of the study selection process. randomized controlled trials.




Characteristics of the Included Studies

Table 1 shows the characteristics of the 10 studies included in this meta-analysis with a total of 246 participants (149 in the rTMS group and 109 in the control group). Participants all were identified dysphagia according to either the videofluoroscopic swallowing study (VFSS) or Fiberoptic endoscopic evaluation of swallowing (FEES). Four studies (Lim et al., 2014; Tarameshlu et al., 2019; Unluer et al., 2019; Cabib et al., 2020) used LF-rTMS; 4 studies (Khedr et al., 2009; Khedr and Abo-Elfetoh, 2010; Park et al., 2013, 2017) used HF-rTMS; and 2 studies (Kim et al., 2011; Du et al., 2016) compared the efficacy of LF-rTMS and HF-rTMS. rTMS stimulation sites included the ipsilesional hemisphere, the contralesional hemisphere, and the bilateral hemisphere. The interventions of control group included sham rTMS stimulation among 7 studies (Khedr et al., 2009; Khedr and Abo-Elfetoh, 2010; Kim et al., 2011; Park et al., 2013, 2017; Du et al., 2016; Cabib et al., 2020), and 3 studies (Lim et al., 2014; Tarameshlu et al., 2019; Unluer et al., 2019) with conventional therapy.


Table 1. Characteristics of the randomized controlled studies.

[image: Table 1]

In terms of outcome measures, different dysphagia measurement tools were used to assess swallowing function within the same study or between studies. Overall swallowing function measures included DD [4 studies (Khedr et al., 2009; Khedr and Abo-Elfetoh, 2010; Du et al., 2016; Tarameshlu et al., 2019)], FDS [2 studies (Kim et al., 2011; Lim et al., 2014)], VDS [2 studies (Park et al., 2013, 2017)]. Aspiration was assessed by PAS [6 studies (Kim et al., 2011; Park et al., 2013, 2017; Lim et al., 2014; Unluer et al., 2019; Cabib et al., 2020)]. BI was used to assess activity of daily living.



Research Quality

In all included literature, some of articles designed two experimental groups based on parameters such as lesion site and stimulation frequency. According to this review, the two experimental groups did not interfere with each other in the same literature. Therefore, we treated each study in these three articles as a randomized controlled experiment. There was also one study that divided the patients into two randomized controlled trials based on the site of the disease, and we combined and merged the data. We selected 13 studies from 10 articles. Two researchers assessed the quality of the 13 included studies. Data completeness was assured in a large extent, but 4 studies (Park et al., 2013; Lim et al., 2014; Unluer et al., 2019; Cabib et al., 2020) had performance bias (complete blinding of subjects was not achieved) (Figure 2). The number of this meta-analysis included is very small, so we could not use funnel plots to assess publication bias. Therefore, publication bias could not be completely eliminated.


[image: Figure 2]
FIGURE 2. Performance of each type of bias in all studies.




Meta-Analysis of Treatment Effect
 
Overall Swallowing Function

Ten studies involving a total of 206 patients with post-stroke dysphagia evaluated the effect of rTMS on overall swallowing function. Heterogeneity of included studies was low (I2 = 45%), and therefore a fixed-effect model was used for meta-analysis. The funnel plot revealed significant symmetry (Figure 3). The simulated results showed that the rTMS significantly improved overall swallowing function compared to the control group (standard mean difference [SMD]−0.76, 95% confidence interval (CI)−1.07 to−0.46, p < 0.0001) (Figure 4). According to the GRADE, the overall level of evidence for the effect of rTMS on global swallowing function was “Moderate” (Table 2).


[image: Figure 3]
FIGURE 3. Funnel plot for the publication bias of overall swallowing function.



[image: Figure 4]
FIGURE 4. Forest plot for overall swallowing function.



Table 2. GRADE quality of evidence assessment of individual outcome indicators for the efficacy of repetitive transcranial magnetic stimulation in the treatment of dysphagia.
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Subgroup Analysis of Overall Swallowing Function

Subgroup analyses were performed according to stimulus site (the ipsilesional hemisphere, the contralesional hemisphere, and the bilateral hemisphere). Subgroup analysis showed that the SMD for trials involving the “the ipsilesional hemisphere” stimulus was−0.74 (95% CI−1.69 to 0.20, p = 0.12) and for trials involving the “the contralesional hemisphere” stimulus was−0.59 (95% CI−1.14 to−0.05, p = 0.03). The mean effect size for trials involving “the bilateral hemisphere” stimulus was−1.15 (95% CI−1.87 to−0.43) (Figure 5). Stimulation of the bilateral hemisphere may produce better therapeutic effects on overall swallowing function. Subgroup analyses were performed according to stimulation frequency (LF-rTMS, HF-rTMS). Subgroup analysis showed a SMD of−0.70 (95% CI−1.33 to -−0.06) for the studies of HF-rTMS. The study of LF-rTMS showed a SMD of−0.86 (95% CI−1.16 to - 0.34). These results suggested that LF-rTMS treatment produced better effects on overall swallowing function than HF-rTMS treatment (Figure 6).


[image: Figure 5]
FIGURE 5. Forest plot for subgroup analysis for overall swallowing function: ipsilesional hemisphere vs. contralesional hemisphere vs. bilateral hemispheres.



[image: Figure 6]
FIGURE 6. Forest plot for subgroup analysis for overall swallowing function: low frequency transcranial magnetic stimulation vs. high frequency transcranial magnetic stimulation.





PAS

Seven studies involving a total of 161 patients with post-stroke dysphagia evaluated the effect of rTMS on PAS. Heterogeneity of included studies was low (I2 = 23%), and therefore a fixed-effect model was used. The simulated results showed that the rTMS significantly reduced accidental aspiration compared to the control group (mean difference [MD]−1.03, 95% CI−1.51 to−0.55, p < 0.0001) (Figure 7). According to the GRADE, the overall level of evidence for the effect of rTMS on PAS was “Low” (Table 2).


[image: Figure 7]
FIGURE 7. Forest plot for subgroup analysis for Penetration Aspiration Scale.



Subgroup Analysis of PAS

Subgroup analyses were performed according to stimulus site (the ipsilesional hemisphere, the contralesional hemisphere, and the bilateral hemisphere). Subgroup analysis showed that the MD for trials involving the “the ipsilesional hemisphere” stimulus was−0.09 (95% CI−0.95 to 0.78, p = 0.85) and for trials involving the “the contralesional hemisphere” stimulus was−1.37 (95% CI−2.00 to−0.75, p < 0.0001). The MD for trials involving “the bilateral hemisphere” stimulus was−2.06 (95% CI−3.71 to−0.41) (Figure 8). Stimulation of the bilateral hemisphere may produce better therapeutic effects on overall swallowing function. Subgroup analyses were performed according to stimulation frequency (LF-rTMS, HF-rTMS). Subgroup analysis showed a MD of−0.60 (95% CI−1.31 to -−0.10) for the studies of HF-rTMS. The studies of LF-rTMS showed a SMD of−1.42 (95% CI−2.09 to - 0.75). These results suggest that LF-rTMS treatment produced better effects on overall swallowing function than HF-rTMS treatment (Figure 9).


[image: Figure 8]
FIGURE 8. Forest plot for subgroup analysis for Penetration Aspiration Scale: ipsilesional hemisphere vs. contralesional hemisphere vs. bilateral hemispheres.



[image: Figure 9]
FIGURE 9. Forest plot for subgroup analysis for Penetration Aspiration Scale: low frequency Transcranial Magnetic Stimulation vs. high frequency Transcranial Magnetic Stimulation.





BI

Four studies involving a total of 137 patients with post-stroke dysphagia evaluated the effect of rTMS on BI. Heterogeneity of included studies was low (I2 = 0%), and therefore a fixed-effect model was used for meta-analysis. The simulated results showed that the rTMS significantly improved activity of daily living compared to the control group (MD 23.86, 95% CI 12.73 to 34.99, p < 0.0001) (Figure 10). According to the GRADE, the overall level of evidence for the effect of rTMS on BI was “Moderate” (Table 2).


[image: Figure 10]
FIGURE 10. Forest plot for subgroup analysis for Barthel index scale.




Meta-Analysis of Dropout Rate

Four studies involving a total of 136 patients with post-stroke dysphagia evaluated the effect of rTMS on dropout rate. Heterogeneity of included studies was low (I2 = 0%), and therefore a fixed-effect model was used for meta-analysis. The results showed no differences in dropout rate between the rTMS group and the control group (RR 0.87, 95% CI 0.38 to 2.00, p = 0.74) (Figure 11). According to the GRADE, the overall level of evidence for the effect of rTMS on dropout rate was “Low” (Table 2).


[image: Figure 11]
FIGURE 11. Forest plot for subgroup analysis for Dropout Rate.




Meta-Analysis of Adverse Effects

No serious adverse reactions were reported in any of the included studies. Four studies reported minor adverse reactions. Seven of 67 patients in the rTMS group and 1 of 54 patients in the control group reported discomfort. Other adverse reactions included headache, dizziness, pain at the site of irritation, and tinnitus. There was no heterogeneity between studies (I2 = 0%). The results showed no differences in adverse effects between the rTMS group and the control group (RR 2.61, 95% CI 0.69 to 9.86, p = 0.16) (Figure 12). According to the GRADE, the overall level of evidence for the effect of rTMS on adverse effects was “Moderate” (Table 2).


[image: Figure 12]
FIGURE 12. Forest plot for subgroup analysis for Adverse Effects.





DISCUSSION

This meta-analysis identified 10 studies including a total of 246 patients with post-stroke dysphagia, 149 of whom received 5 to 10 sessions of active rTMS and 109 of whom received sham rTMS or swallowing training. Overall, the results of our meta-analysis supported the benefits of rTMS on overall dysphagia function (moderate-quality evidence) and which reduced instances of aspiration (low-quality evidence) and improved activity of daily living (moderate-quality evidence) for patients with post-stroke dysphagia. rTMS was found to be safe and have no serious adverse effects reported.

Our meta-analysis suggested that rTMS improved swallowing function in post-stroke patients and the heterogeneity of all outcome indicators remained small (I2 <50%). The funnel plot was symmetrical, suggesting no publication bias in the included studies. The pooled results were generally consistent with previous reviews (Liao et al., 2017; Cheng et al., 2021; Wang et al., 2021), which reported a positive effect of rTMS on recovery from post-stroke dysphagia. The difference from the above studies was that we included only studies in which rTMS was compared with sham stimulation or conventional swallowing treatment, excluding the effect of other types such as NIBS on post-stroke dysphagia.

To reduce potential heterogeneity, we further performed subgroup analysis based on stimulation site and stimulation frequency. Stimulation location subgroup analysis showed that rTMS of the bilateral hemisphere and the contralesional hemisphere significantly improved swallowing function after stroke. In contrast, rTMS of the ipsilesional hemisphere produced lower effect values and the results of the meta-analysis suggested that stimulation of the ipsilesional hemisphere was ineffective, in agreement with the results of the meta-analysis by Liao et al. (2017) and Cheng et al. (2021). Momosaki et al. (2014) reported that 3 Hz rTMS of the bilateral pharyngeal motor cortex resulted in significant recovery on post-stroke dysphagia. Tarameshlu et al. (2019) and Unluer et al. (2019) found that rTMS was effective in improving post-stroke dysphagia and swallowing coordination after stimulation of the unaffected hemisphere. In a randomized controlled trial (Park et al., 2017), Park et al. showed no effect of high-frequency rTMS of the affected hemisphere on swallowing function. However, Du et al. (2016) observed a positive effect of rTMS of the affected hemisphere on swallowing disorders. Therefore, more studies are needed to further validate the effects of rTMS on the affected hemisphere.

Within-frequency subgroup analysis showed that LF-rTMS produced greater effect values than HF-rTMS, suggesting that LF-rTMS is more effective than HF-rTMS on swallowing disorders, which is consistent with the results of Cheng et al. (2021). Kim et al. (2011) conducted a RCT comparing LF-rTMS and HF-rTMS in improving post-stroke dysphagia and found that the effect of LF-rTMS was significant compared with HF-rTMS. In contrast, a meta-analysis by Liao et al. (2017) concluded that the effect size of the HF-rTMS subgroup was greater than that of the LF-rTMS subgroup. This may be related to its early publication and the inclusion of only six studies. Also, we found that the results of our subgroup analysis were not fully consistent with the results of some meta-analyses. Yang et al. (2021) found a simulated effect size SMD = 0.65 (95% CI = 0.04 - 1.26, p = 0.04) for rTMS, suggesting that rTMS treatment was superior to conventional treatment. However, subgroup analysis showed no statistical difference between LF-rTMS and HF-rTMS and the conventional training group. This is slightly different from our results, that rTMS showed a significant improvement in overall swallowing function in our pooled analysis, and was also effective in both groups in the subgroup analysis. This may be related to the fact that the review by Yang et al. missed some of the studies that met their inclusion criteria.

Recovery of impaired swallowing function after stroke is complex. Functional magnetic resonance imaging studies suggest that swallowing function may be associated with primary motor sensory cortex, insula, cingulate gyrus, prefrontal cortex, temporal lobe and occipital areas (Mihai et al., 2014, 2016). After stroke, if the injury involves the cortical brainstem tract, medulla oblongata reticular structure or nerve nucleus, the swallowing muscles will not work properly, thus affecting swallowing function (Wilmskoetter et al., 2020). The corticomedullary is the bridge between the brainstem and the swallowing cortex, and a study by Michou et al. confirmed that increased excitability of the corticomedullary was associated with improved swallowing safety (Mihai et al., 2014). Hamdy et al. shown the human swallowing system is bilaterally innervated and is asymmetric (Hamdy et al., 1996). The bilateral cerebral hemispheres maintain normal swallowing function by inhibiting homeostasis through the interaction of the corpus callosum (Lefaucheur et al., 2020). Hamdy et al. also suggested that reorganization of the contralateral pharyngeal cortex was associated with recovery of swallowing function, which demonstrates the role of intact hemispheric reorganization in the recovery of swallowing function after stroke (Hamdy et al., 1998; Fraser et al., 2002).

Therefore, different stimulation protocols will improve post-stroke swallowing disorders through different pathways. First, in unilateral cortical stimulation protocols, current mainstream studies are generally based on the interhemispheric inhibition model, such as Tarameshlu et al. (2019) and Khedr and Abo-Elfetoh (2010) included in our meta-analysis. This theory suggests that the damaged hemisphere decreases excitatory output after brain injury, while the unaffected hemisphere produces excessive inhibition on the affected hemisphere, resulting in various functional impairments (Alia et al., 2017). LF-rTMS stimulates the contralesional hemisphere to produce a long-term depression effect or HF-rTMS stimulates the ipsilesional hemisphere to produce a long-term potentiation effect, thus bringing the rebalance. The long term potentiation effect of HF-rTMS of the ipsilesional hemisphere can bring the imbalanced cortical excitability back to balance, thus improving the function (Lefaucheur et al., 2020). This theory has been widely applied to various types of NIBS, but it can only partially explain the results obtained from our subgroup analysis.

Again, in the compensatory model it was noted that the recovery of dysfunction after brain injury may be related to compensatory reorganization in the unaffected hemisphere, and stimulation of the unaffected hemisphere with HF-rTMS may facilitate the emergence of this compensation and contribute to the recovery of swallowing function (Hamdy et al., 1998). However, our results in the subgroup analysis of overall swallowing function showed that the SMD of HF-rTMS (-0.70, P = 0.03) was smaller than LF-rTMS (-0.86, P = 0.0006); the subgroup analysis in PAS showed no significant effect of HF-rTMS (P = 0.09). At the same time, some of the studies (Park et al., 2013, 2017) included in this review used this model and did not observe any significant improvement in swallowing disorders. Therefore, it's rational to suspect that the mechanism of recovery from dysphagia after stroke is more complex than the interhemispheric inhibition model or the compensatory model.

In addition to this, a bimodal balance-recovery model has recently been proposed to describe the process of neuroplastic changes after stroke. This model incorporates the concept of “structural reserve”; if the brain has extensive damage and low structural reserve, then input from the unaffected hemisphere will be critical to replace the lost function; and conversely, if the structural reserve is high, then neural stimulation based on the interhemispheric inhibition model may be more appropriate (Sankarasubramanian et al., 2017). This provides a possible explanation for our conclusion. We found that bilateral stimulation was more effective than unilateral stimulation in some studies, and we considered that the use of transcranial magnetic stimulation in both hemispheres could produce a significant swallowing recovery effect by promoting plasticity in both hemispheres. We have found similar results in rTMS to improve other types of post-stroke dysfunction. For example, Jiang et al. (2020) observed higher effect values for the bilateral hemisphere compared to unilateral hemisphere stimulation in a meta-analysis of rTMS improvement of cognitive dysfunction. However, few studies have done the subgroup analyse according to degree of injury because the recruited patients had different degrees of brain injury. Raw data were also very difficult to obtain, so it was difficult for us to analyze them in subgroups according to different levels of injury. Future studies should be conducted in further subgroups according to different injury levels and time of stroke onset to explore the development of individualized treatment plans for patients.

In activity of daily living ability, we found significant improvement in the rTMS group, which is consistent with the studies of Liu et al. (2021) and Sui et al. (2021) rTMS can further improve hand function and cognitive function after stroke, thus further improving patients' motor ability and activity of daily living ability (Lefaucheur et al., 2020; Sharma et al., 2020).

In terms of treatment acceptability, the results of this study suggest that rTMS treatment was well-tolerated and there was no significant difference in the dropout rate between the rTMS treatment group and the control group. The reasons for follow-up failure were not mainly related to rTMS treatment, and no serious adverse effects were reported in any of the included trials. On the other hand, adverse reactions associated with rTMS were rare and mild, although patients in the rTMS-treated group were more likely to experience adverse reactions than the control group. The most common were transient headache and dizziness.



LIMITATIONS

Several limitations should be considered when interpreting the results of the current study. First, the small sample size (12–29) of the included studies may limit the statistical power to detect the effects of rTMS on swallowing function in patients with post-stroke dysphagia. Second, there was considerable heterogeneity in the stimulation parameters (frequency, intensity and pulse) in the included studies. Therefore, the optimal stimulation parameters for rTMS are not clear. Third, our paper only performed subgroup analyses for frequency and stimulation site, but there was heterogeneity in the results of some of the subgroup analyses. The efficacy of rTMS may also be influenced by other parameters, such as brain injury severity and time to stroke onset.



CONCLUSION

In conclusion, this meta-analysis study suggests that rTMS has a favorable effect on swallowing function in patients with post-stroke dysphagia. However, there are many parameters that can influence the efficacy, such as the frequency and the site of stimulation. Further research on the mechanism of rTMS and the setting of optimal parameters will be important for the development of this novel intervention in clinical practice.
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Muscle synergies have been largely used in many application fields, including motor control studies, prosthesis control, movement classification, rehabilitation, and clinical studies. Due to the complexity of the motor control system, the full repertoire of the underlying synergies has been identified only for some classes of movements and scenarios. Several extraction methods have been used to extract muscle synergies. However, some of these methods may not effectively capture the nonlinear relationship between muscles and impose constraints on input signals or extracted synergies. Moreover, other approaches such as autoencoders (AEs), an unsupervised neural network, were recently introduced to study bioinspired control and movement classification. In this study, we evaluated the performance of five methods for the extraction of spatial muscle synergy, namely, principal component analysis (PCA), independent component analysis (ICA), factor analysis (FA), nonnegative matrix factorization (NMF), and AEs using simulated data and a publicly available database. To analyze the performance of the considered extraction methods with respect to several factors, we generated a comprehensive set of simulated data (ground truth), including spatial synergies and temporal coefficients. The signal-to-noise ratio (SNR) and the number of channels (NoC) varied when generating simulated data to evaluate their effects on ground truth reconstruction. This study also tested the efficacy of each synergy extraction method when coupled with standard classification methods, including K-nearest neighbors (KNN), linear discriminant analysis (LDA), support vector machines (SVM), and Random Forest (RF). The results showed that both SNR and NoC affected the outputs of the muscle synergy analysis. Although AEs showed better performance than FA in variance accounted for and PCA in synergy vector similarity and activation coefficient similarity, NMF and ICA outperformed the other three methods. Classification tasks showed that classification algorithms were sensitive to synergy extraction methods, while KNN and RF outperformed the other two methods for all extraction methods; in general, the classification accuracy of NMF and PCA was higher. Overall, the results suggest selecting suitable methods when performing muscle synergy-related analysis.

Keywords: autoencoder (AE), muscle synergy, non-negative matrix factorization (NMF), independent component analysis (ICA), factor analysis (FA), principal component analysis (PCA)


INTRODUCTION

Muscle synergy theory assumes that the central nervous system (CNS) achieves a variety of motor tasks by combining a few sets of synergies rather than controlling each muscle individually. Although the hypothesis is debated, an increasing number of studies in human and animals using stimulation and behavior experiments have verified the theory in the last decades (d’Avella et al., 2003; Cheung, 2005; Torres-Oviedo et al., 2006). Muscle synergies are usually estimated from electromyogram (EMG) recordings according to corresponding models. Several synergy models have been proposed, such as the time-invariant model (Tresch et al., 2006), the time-varying model (D’Avella et al., 2006), and the space-by-time model (Delis et al., 2018; Hilt et al., 2018), while most studies extracted muscle synergies based on the time-invariant spatial model (Clark et al., 2010; Israely et al., 2018; Scano et al., 2019; Cheung et al., 2020) using the non-negative matrix factorization (NMF) (Lee and Seung, 2001), in which time-invariant synergies with fixed weights among muscles were modulated by time-varying activation coefficients. Commonly used factorization methods to extract spatial muscle synergies also include principal component analysis (PCA) (Ranganathan and Krishnan, 2012), factor analysis (FA) (Tresch et al., 2006; Kieliba et al., 2018), and independent component analysis (ICA) (Rasool et al., 2016). A few variants of ICA such as a combination of PCA and ICA (ICAPCA), fast ICA (fICA) and probabilistic ICA (pICA), and second-order blind identification (SOBI) were also applied in some studies (Tresch et al., 2006; Steele et al., 2015; Ebied et al., 2018).

Despite the availability of these factorization methods in the literature, the most appropriate method for muscle synergy extraction was not clearly defined (Rabbi et al., 2020). Several studies have compared the performance of factorization methods for the identification of spatial muscles or kinematic synergies under various scenarios. Tresch et al. (2006) evaluated the performance of five matrix factorization methods (i.e., FA, ICA, NMF, ICAPCA, and pICA) using simulated data. The results showed that the performance of factorization methods was affected by the signal characteristics and the noise type. They reported that ICAPCA and pICA were the best methods; FA, ICA, and NMF had similar performance, followed by PCA. By comparing the performance of three factorization methods (i.e., PCA, ICA, and NMF) in identifying kinematic and muscle synergies in human reaching data, Lambert-Shirzad and Van der Loos (2017) found that PCA and NMF had a comparable performance on both EMG and joint motion data and both outperformed ICA. When FA, ICA, and NMF were used to extract muscle synergies in locomotor tasks (Ivanenko et al., 2005), similar weighting coefficients and temporal structures were reported among the three methods. Ebied et al. (2018) evaluated three factors [i.e., muscle synergy sparsity, level of the noise, and the number of channels (NoC)] on the effects of factorization methods (i.e., PCA, ICA, NMF, and SOBI) in the extraction of spatial muscle synergy. They found that, although SOBI had a better performance when a limited NoC was available, NMF had the best performance when the NoC was higher. Furthermore, Rabbi et al. (2021) reported that NMF was the most appropriate extraction method in walking and running conditions by comparing four extraction methods (i.e., NMF, PCA, ICA, and FA). By comparing the results of previous studies, we learned that the performance of factorization methods was not always consistent under various settings and scenarios. Although these methods can reconstruct a high variance accounted for (VAF) with a proper number of synergies, they cannot represent non-linear relations between muscles in the extracted synergies, such as the agonist-antagonist relationships (Spüler et al., 2016). Besides, the studies were limited to synergy extraction analysis (input space); other desired tasks (task space), such as synergy-based classification, were less explored.

In the past decades, neural networks and deep learning-based methods have used surprisingly well in physiological and biomedical applications (Buongiorno et al., 2019b). Autoencoders (AEs) as a type of unsupervised neural network have also been used in myoelectric control and pattern recognition. Lv et al. (2018) reported that the AE was not sensitive to the electrode shift compared with time-domain and autoregressive features in classification tasks and achieved a lower classification error. Muhammad et al. also found that the stacked sparse AE outperformed the linear discriminant analysis (LDA) in hand motion classification whether in within-day or between-day analysis (Zia ur Rehman et al., 2018). In myoelectric control, Yu et al. (2019) achieved a promising wrist torque estimation under isometric contraction based on a stack-AE, with the potential of providing intuitive and dexterous control of artificial limbs (Vujaklija et al., 2018). In terms of synergy extraction, Spüler et al. (2016) first used AEs to extract muscle synergies and described the agonist-antagonist relationships among muscles using simulated data and real EMG data. They found that AEs had a significantly better fit to the data than other methods, including NMF, ICA, and PCA. De Feudis et al. (2021) used AEs to extract kinematic synergies and reported a comparable result with the PCA. By comparing with the NMF, the most frequently used method for muscle synergy extraction in the literature, Buongiorno et al. (2019a,2020) showed that the AEs outperformed the state-of-art synergy-based force/moment estimation methods at the expense of the EMG reconstruction quality. These studies described the potential of the AEs in myoelectric control as a bioinspired approach (Camardella et al., 2019) for muscle synergy extraction. To the best of our knowledge, few articles systematically compared and analyzed the performance of the AEs in muscle synergy extraction with other commonly used methods.

From the preliminary studies comparing several methods for extracting synergies (Tresch et al., 2006; Ebied et al., 2018), we noted a growing interest in the identification of the most suitable methods for extracting synergies and their properties also in the recent literature. These approaches include recent algorithms such as AEs (Spüler et al., 2016) and mixed-matrix factorization (Scano et al., 2022). In this study, we focused on comparing the capabilities of five factorization methods (i.e., PCA, ICA, FA, NMF, and AE) used for the extraction of spatial muscle synergy. Specifically, we evaluated the performance of AE in synergy extraction to the other four commonly used methods in the literature. We further explored the influence of the signal-to-noise ratio (SNR, i.e., noise) and the NoC on synergy extraction methods based on simulated data. Considering the wide usage of the synergy-based methods in myoelectric control, robotic control, and rehabilitation, we expanded toward comparisons between extraction methods to evaluate their performance in classification tasks. Muscle synergies extracted from a publicly available NinaPro dataset (Atzori et al., 2014, 2015), already employed previously for synergy extraction (Pale et al., 2020), were input into four classification algorithms, namely, K-nearest neighbor (KNN), LDA, support vector machine (SVM), and random forest (RF). Classification accuracy was used to assess the performance of each extraction method in the task space.



MATERIALS AND METHODS

An overview of the study design is reported in Figure 1. In this study, simulated data were generated to represent the ground truth of synergy vectors W and temporal coefficients c according to specific criteria (see “Simulated Data” section). Ground truth data also spanned across varying NoC and SNR. Then, the performance analysis was performed. We first evaluated the performance of synergy extraction methods with simulated data. In this step, synergies extracted using five methods were compared with the original ground truth (simulated synergies and temporal coefficients). The VAF and similarity were used as indices to assess the performance. Then, we assessed the performance of extraction methods in classification tasks using a publicly available dataset (NinaPro). Similarly, we first extracted the synergies from public data using five extracting methods. Extracted synergies were then input into four classification algorithms (i.e., KNN, LDA, SVM, and RF) to identify movements. Classification accuracy was used to assess the performance.
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FIGURE 1. Overview of the study design.



Simulated Data

Simulated data were generated to evaluate the performance of the synergy extraction methods (Figure 1). According to previous studies, EMG activations are the combination of synergy vectors and activation coefficients, as shown in the following equation:

[image: image]

where M is an m-by-n matrix, indicating m muscles and n samples, wi (m-by-1) is the ith synergy vector, and ci (1-by-n) is the corresponding activation coefficient. e is the Gaussian noise matrix. y = g(x) is a threshold function with y = 0 for x < 0 and y = x for x ≥ 0, which ensures the non-negativity of the simulated data.

Our simulation began with the generation of the ground truth W and c. Synergy vectors W were randomly drawn from an exponential distribution [with a mean value of 10, similar to a previous study that reported that synergy vectors were roughly similar to the distribution observed in previous experimental data (Tresch et al., 2006)]. To hold the statistical properties of the EMG signals, the activation coefficients c were selected from the real EMG envelope signals randomly assigned from a set of reaching movements, in which ten upper limb muscle activities were recorded (Zhao et al., 2019). The raw EMG signals were preprocessed by moving the root mean square with a window size of 100 samples with 75% overlap, resampled to 1,000 sample points, and normalized to [0, 1] (y = (x−xmin)/(xmax−xmin)). Each synergy vector was also normalized to have a unit norm. Then, we obtained simulated muscle activations according to Eq. 1, which were later used to evaluate the performance of extraction methods.

Meanwhile, to evaluate the performance of extraction methods in different settings, two types of constraints were set when generating simulated data. We first randomly generated a set of synergies with varying dimensions [NoC, i.e., number of muscles (m)] by fixing the number of synergies (n), i.e., a matrix with dimension m-by-n. This setting was used to evaluate the performance of extraction methods when a limited number of EMG signals were recorded. In this study, four types of channels (i.e., Ch6, Ch8, Ch10, and Ch12) were evaluated. This setting covered the studies in which 8–12 muscle recordings were measured in their experiments. When generating the ground truth, four synergies were fixed in this study because previous studies in upper limb reaching movements reported that four synergies were sufficient to explain most of the variability of muscle activations (Israely et al., 2017). We, in this study, remark that any reasonable number of synergies could be chosen in principle. Then, Gaussian noise was added to the original signal with a specified the signal-to-noise ratio [SNR = 10⋅lg(Ps/Pn), Ps and Pn are signal and noise power, respectively] when each dataset was generated. Three types of noise (with SNR 10, 15, and 20 dB) were covered in this study. We finally generated 24,000 (20 × 4 × 3 × 100) trials that consisted of 20 datasets, and each dataset consisted of 100 trials for each setting.



Extraction Methods

Although the computation process of these extraction methods is different, they can be represented by the linear combination of a set of synergy vectors and corresponding activation coefficients as follows:
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where M represents muscle activations (the processed EMG) and W and c are muscle synergies and activation coefficients, respectively. Although sharing the same model, each extraction method imposes different constraints on the input signals and extracted synergies. PCA constrains W to be orthogonal, and the first component has the largest variance. Both PCA and FA assume that the data are from Gaussian distributions, while ICA is designed to analyze non-Gaussian data. The number of common factors that can be assessed using FA is limited by the degrees of freedom in the model, that is [(m−k)2−(m + k)] > 0 (e.g., when four common factors are identified, the data have at least eight dimensions). NMF can be used for both Gaussian and non-Gaussian data but imposes a non-negativity constraint on the components of the extracted synergies. PCA, FA, and NMF were performed using the Matlab functions pca, factoran, and nnmf, respectively. Singular value decomposition was used to identify the components in PCA. For FA, the weighted least-squares method was used to estimate the factor scores. Multiplication update rules proposed by Lee and Seung (2001) were applied in NMF. ICA was performed using the function fastica in the FastICA package (Hyvärinen and Oja, 1997; Hyvarinen, 1999).

Autoencoders consists of two main parts, namely, an encoder that captures the representative features contained in the input data and a decoder that reconstructs the input. According to different internal structures, five types of AEs are proposed, namely, undercomplete AE, regularized AE, sparse AE, denoising AE, and variational AE (De Feudis et al., 2021). In this study, an undercomplete AE (denoted as AE below) was used to learn some non-linear coupling information among muscles. The topology structure of the undercomplete AE is shown in Figure 2.
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FIGURE 2. Schematic representation of the extraction methods considered in this study. Principal component analysis (PCA), independent component analysis (ICA), factor analysis (FA), and non-negative matrix factorization (NMF) follow a similar procedure for synergy extraction, which factorizes muscle activations (M) into a set of muscle synergies and corresponding activation coefficients. The topology structure of the autoencoders used in this study is also shown.


The Matlab function trainscg was used to train the AE. The training process was based on the optimization of a cost function, msesparse, which measured the error between the input and the output. The transfer functions of encode and decode were satlin and purelin, respectively (Buongiorno et al., 2019a,2020).

We defined the weights and biases of the encoder (i.e., IW and Ib) and decoder (i.e., OW and Ob) (Figure 2). Muscle synergies are defined as OW, and activation coefficients c and reconstructed muscle activation [image: image] are as follows:
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Performance Analysis

Two indices were used to assess the performance of the employed extraction methods, i.e., (1) variance accounted for calculated by each extraction method under various settings and (2) the similarity between original synergy vectors (and activation coefficients) and the synergies identified using the extraction methods.

First, we decided to extract four synergies from the simulated data using each extraction method. This choice was followed based on a previous study: when comparing several algorithms for synergy extraction, Tresch et al. (2006) reported that, in all cases, the algorithms were examined using four basis vectors to reconstruct each data set. More recently, Ebied et al. (2018) also reported that, in all settings, the number of synergies was fixed to four. This choice was also in line with the ground truth dimensionality. Moreover, fixing the number of synergies allowed us to compare synergies that have low influence from merging or fractionation. The VAF from each extraction method was compared to assess the difference caused due to the varying settings.

Then, we matched the synergy vectors between the original simulated and the extracted ones by pairing together the two vectors from the original ground truth synergy vectors and the extracted, which has the largest absolute value of the dot product. In case that the largest value was negative, we reversed the sign of the synergy vectors identified using the extracting methods as in a previous study (Tresch et al., 2006). Then, the synergy vector similarity (SVS) and activation coefficient similarity (ACS) were computed by averaging the dot products among all matched synergy vectors and activation coefficients. We further calculated the principal angle (PA), which quantified the similarity between subspaces identified by original synergy vectors and the extracting methods. If the two subspaces are identical, the PAs between them will be zero.

Finally, to evaluate the influence of chance, 24,000 sets of synergy vectors and activation coefficients were randomly generated according to the same constraints used to generate the simulated data. We calculated and compared the similarity between the randomly generated synergy vectors and activation coefficients and the extracted ones.



Classification Tasks

As a further step in our study that is linked to the promising results of muscle synergy-based applications in classification and intuitive prosthetic control (Jiang et al., 2009, 2012, 2014; Ma et al., 2015), we were interested in quantifying the classification accuracy that can be achieved with classification algorithms when synergies extracted with different methods were used as inputs. We questioned which synergy extraction method can be suggested for classification problems when using standard classification algorithms. The NinaPro dataset 1 (Atzori et al., 2014, 2015) was used as the dataset for this study. It includes 53 movements from 27 intact subjects with ten muscles from the upper limb. Eight electrodes were uniformly placed beneath the elbow at a fixed distance from the radio-humeral joint, labeled incrementally counterclockwise starting from the flexor carpi ulnaris muscle (Pale et al., 2020), while the other two were placed on the flexor and extensor muscles (Atzori et al., 2012). These muscles cover the main forearm muscle groups involved in upper limb reach-to-grasp movements. Considering the importance of wrist movements in daily living and implementation in prosthesis control (Ma et al., 2015), a set of wrist-related movements (Ninapro dataset 1, Exercise B, Movement 11–16) were considered as classification movements in this study (Atzori et al., 2014), i.e., wrist supination/pronation, wrist flexion/extension, and wrist radial/ulnar deviation.

We first separated the EMG signals for each movement and each trial from the dataset for each subject. In this study, each trial represents the movement in the positive or negative direction of one degree of freedom, such as wrist flexion or extension. According to previous studies (Jiang et al., 2014; Vujaklija et al., 2018), thus, one synergy was extracted from each trial, while a total of two synergies were extracted for each degree of freedom, basically representing flexion and extension. Then, all extracted synergies were used to train four commonly used classification algorithms, namely, KNN (with five nearest neighbors and Euclidean distance was used for distance measurement; Matlab function, fitcknn) (Ebied et al., 2018), LDA (Matlab function, fitcdiscr) (Zia ur Rehman et al., 2018), SVMs (with linear kernel function; Matlab function, fitcecoc) (Atzori et al., 2012), and RFs (with 50 weak learners; Matlab function, TreeBagger) (Atzori et al., 2014). The program performed a 5-fold cross-validation. The classification accuracy was computed to evaluate the performance of synergy extracting methods in the task space.



Statistical Analysis

To test if extraction methods and different settings affected the VAF and the similarity of synergies and activation coefficients, a statistical analysis was conducted. One-way ANOVA was first used to test the effect of SNR and NoC on VAF identified by each extraction method. A post hoc test (t-test) was run to quantify the statistical difference among settings (three types of SNR and four types of NoC).

Furthermore, one-way ANOVA and the Tukey-Kramer post hoc test were used to examine statistically significant differences of similarity obtained with different settings. We then used one-way ANOVA and the Tukey-Kramer post hoc test to test if classification algorithms had a significant influence on the classification accuracy for each extraction method. Matlab R2020b was used for statistical analysis. The significance level was set at p = 0.05.




RESULTS


Variance Accounted for Analysis

Figure 3 shows the VAF of five extraction methods under different SNR and NoC. We observed that NMF and ICA had a higher VAF value under both settings (i.e., SNR and NoC), followed by PCA. AE and FA both had an average VAF lower than 0.8. Statistical analysis showed that both SNR and NoC had a significant influence on VAF (p < 0.001). The VAF of four commonly used methods (i.e., PCA, ICA, FA, and NMF) showed an increasing trend with the increase of the SNR (i.e., the decrease in the noise level) while the VAF of AE decreased with the increase of the SNR. In contrast, the VAF of PCA, ICA, NMF, and AE decreased with the increase of the NoC. VAF of FA showed an apparent increase with the increase of both factors.
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FIGURE 3. The variance accounted for (VAF) of the five extraction methods under different settings: SNR (A) and NoC (B). For FA, when four synergies are extracted, at least eight muscles should be included. Thus, three bars are shown for FA. “∗”, “∗∗”, and “∗∗∗” indicate the significance levels are 0.05, 0.01, and 0.001, respectively.


In terms of SNR, the post hoc test showed that the difference was significant (p < 0.001) for any two different SNR settings except AE, in which the significance level between 10 and 15 dB was p = 0.128. In contrast, for different NoC settings, there was no significant difference when the NoC was 10Ch and 12Ch for PCA, ICA, and NMF. In terms of FA and AE, statistical differences were observed for any two different NoC settings.



Synergy Similarity Analysis

Similarity analysis among extraction methods is shown in Figures 4–7. First, SVS, ACS, and PA were significantly better (p < 0.001) than those obtained by random generation (Figure 4) except for the SVS calculated by PCA, which was significantly lower than the chance level (0.58 ± 0.016 vs. 0.63 ± 0.009).


[image: image]

FIGURE 4. The synergy similarity of the extraction methods and random data. Three panels from top to bottom are synergy vector similarity (SVS), activation coefficient similarity (ACS), and principal angle (PA). The last bar in each panel “Rand” is the similarity between randomly generated data and the simulated data. The star shows the significance level between methods and Rand. “∗∗∗” indicate the significance levels are 0.05, 0.01, and 0.001, respectively.
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FIGURE 5. The SVS of extraction methods under different settings, (A) SNR and (B) NoC. The fine line on the bar is the standard error between trials. “∗”, “∗∗”, and “∗∗∗” indicate the significance levels are 0.05, 0.01, and 0.001, respectively.
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FIGURE 6. Activation coefficient similarity of extraction methods under different settings, (A) SNR and (B) NoC. The fine line on the bar is the standard error between trials. “∗”, “∗∗”, and “∗∗∗” indicate the significance levels are below 0.05, 0.01, and 0.001, respectively.
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FIGURE 7. Principal angles of extracting methods under different settings, (A) SNR and (B) NoC. The fine line on the bar is the standard error between trials. “∗”, “∗∗”, and “∗∗∗” indicate the significance levels are 0.05, 0.01, and 0.001, respectively.


The influence of different settings on the similarity and PA is shown in Figures 5–7. NMF and FA had higher SVS under both settings, followed by ICA and AE, while PCA had the lowest similarity value (Figure 5). Besides, SVS increased with the increase of SNR and NoC for each extraction method. The SNR had a significant influence (p < 0.001) on the SVS. The post hoc test showed that, when SNR was larger than 10 dB, there was no statistical difference in SVS for FA (p = 0.209) and AE (p = 0.283). In terms of the influence of NoC on SVS, a significant difference was observed among settings for FA. In contrast, there was no statistical difference among NoC settings for ICA (p = 0.801) and AE (p = 0.454). For PCA and NMF, when the NoC was higher than 6Ch, there was also no significant difference in SVS.

Similar results were observed in the ACS (Figure 6). NMF and FA had higher ACS under both settings, followed by ICA and AE, and PCA had the lowest similarity value. The SNR had a significant influence (p < 0.001) on the ACS. In contrast, the NoC had a different influence on ACS among extraction methods. ACS of FA was significantly influenced by the NoC (p < 0.001). For the other four extraction methods (i.e., PCA, ICA, NMF, and AE), in general, when the NoC was higher than 6Ch, there was no significant difference among different settings, while the ACS between 8Ch and 12Ch of NMF was p = 0.04.

For the PA (Figure 7), in general, FA and AE had a larger PA under both settings, followed by NMF, PCA, and ICA. SNR had a significant influence on five extraction methods (p < 0.001). NoC had no statistical influence on PA calculated by PCA (p = 0.142) and ICA (p = 0.159). The post hoc test showed that the PA of NMF was not affected by the NoC, while it affected the results of FA and AE.



Classification Accuracy

The results of the classification accuracy of different classification algorithms based on the extracted synergies from five extracting methods are shown in Figure 8. In general, synergies extracted by NMF and PCA had higher classification accuracy. This was followed by FA and AE, and ICA had the lowest classification accuracy. For each extraction algorithm, RF and KNN had higher classification accuracy than LDA and SVM. Statistical analysis showed that classification algorithms had a significant influence (p < 0.001) on the classification accuracy for each extraction method. The post hoc test showed that the classification accuracy obtained by KNN and RF was significantly higher than that by LDA and SVM. When the synergies extracted by ICA were as input, LDA and SVM showed a statistically different classification accuracy.
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FIGURE 8. Classification accuracy of different classification algorithms for each synergy extraction method. “∗∗” and “∗∗∗” indicate the significance levels are 0.01 and 0.001, respectively.





DISCUSSION

In this study, we evaluated the performance of five synergy extraction methods using a set of simulated and experimental data. With respect to previous studies, this study introduced several novel aspects, including the performance analysis of an AE with the other four well-established synergy extraction methods under different settings and the coupling with classification tasks to link our results to real applications.

Several studies have used simulated and real data to evaluate the performance of commonly used factorization methods in spatial synergy extraction (Tresch et al., 2006; Ebied et al., 2018). However, these commonly used methods not only had specific constraints on input signals but also considered the variable reconstruction rate of the EMG signals as the only performance index. Besides, these methods did not incorporate the knowledge of the mechanical actions of muscles (Tresch et al., 2006), such as the agonist/antagonist activities and task performance (Spüler et al., 2016).

Among these methods, NMF is usually the most popular method for synergy extraction used in the majority of the studies. NMF imposes a non-negative constraint on the inputs (processed EMG signals) and outputs (synergies and activation coefficients). In a non-negative space, the basis vectors (extracted synergies) are not constrained to be orthogonal but are constrained to be independent (Lambert-Shirzad and Van der Loos, 2017). The non-negative property makes the extracted synergies particularly appropriate for clinical explanations because it reflects the non-negative nature of neural commands and muscle contraction.

Independent component analysis decomposes a multivariate signal into independent non-Gaussian signals by maximizing the statistical independence of the estimated components (Hyvärinen and Oja, 2000). ICA is designed to analyze non-Gaussian data and is substantially affected by the noise structure. Tresch et al. (2006) showed that ICA had a better performance when the signals were corrupted by constant variance Gaussian noise. However, the results of ICA depend heavily on the independency and data distribution of the latent variables (muscle synergies). Due to the difference of the simulated or experimental data in the current study from previous studies, this study showed a better performance using ICA. Besides, some studies (Tresch et al., 2006; Steele et al., 2015) compared the performance of several variants of the ICA such as pICA and PCAICA and reported that PCAICA was one of the most computationally efficient methods (Tresch et al., 2006). However, if the datasets with different muscle activations correlations were considered, similarity analysis dramatically changed (Steele et al., 2015). Thus, the results were limited to this study, and extensions to other implementations are required in future studies.

Both NMF and ICA extract independent components from the input data and have specific constraints on the inputs. Other methods employed in this study such as PCA and FA have instead different constraints on the inputs and outputs. PCA uses the muscle activation matrix covariance to identify components that best describe the variance of the input data while minimizing the covariance of the basis vectors and constrains the components to be orthogonal (Abdi and Williams, 2010). While PCA accepts negative inputs, it constrains the synergies to be orthogonal, and this is not supported at any level in previous findings in experimentations with physiological systems that were modeled with PCA. This makes PCA very versatile and adaptable to negative data (such as kinematics) but probably not the best algorithm to describe neural control at the muscle level (Weiss and Flanders, 2004) because the components yielded using PCA impose a constrain that is not found at the physiological organization level and may not represent underlying “constructs.” In contrast, the underlying constructs can be labeled and readily interpreted using FA (Suhr, 2005). In a way similar to PCA, which tries to reproduce the total variable variance by a transformation of the input data, FA is also modeled as linear combinations of the factors and latent variables. However, FA is designed to identify a set of unobservable factors from the observed variables and attempts to reproduce the intercorrelations among variables, and the results were affected by the dependencies among activation coefficients (Tresch et al., 2006). In this study, the activation coefficients were from a set of experimental data that were randomly selected and grouped, which made the simulated muscle activations more independent and with few correlations among muscles. This might be one explanation that FA had a worse performance in reconstructing the variance of the muscle activations (VAF analysis) and quantifying spanned subspace (PA).

For the AEs, if only a single sigmoid hidden layer is used, the optimal solution is strongly related to PCA (Bourlard and Kamp, 1988; Chicco et al., 2014). The weights of AEs with a single hidden layer of size p (where p is less than the size of the input) span the same vector subspace as the one spanned by the first p principal components, and the output of the AE is an orthogonal projection onto this subspace. The potential of the AEs is their non-linearity, which allows the model to learn more powerful generalizations compared with PCA and FA and to reconstruct the input data with significantly lower information loss (Hinton and Salakhutdinov, 2006). From this perspective, the AEs are more appropriate for physiological signals analysis because they are usually non-linear and non-stationary.

In general, this study reported that NMF and ICA have better performance than the other methods. This finding is consistent with the abovementioned technical analysis of extraction methods. EMG signals are usually non-Gaussian data and exist with large non-linear and non-stationary components, which makes the NMF and ICA (non-Gaussian data input) outperform the PCA and FA (Gaussian data input) in muscle synergy extraction. Therefore, higher performance was observed when NMF and ICA were used to extract muscle synergies. Furthermore, our simulated data lack correlations among signals, thus FA lost priority in reproducing intercorrelations among variables. For the AEs, although some studies reported promising results in synergy extraction and force estimation using AEs (Spüler et al., 2016; Buongiorno et al., 2020), our results did not confirm this conclusion. One explanation is that AEs can achieve a trade-off between input space (muscle synergy extraction) and task space (force/moment reconstruction), while this study focused on synergy extraction not exploiting all the potential of this method. Moreover, several setups and design choices can be adopted for an AE, and the study did not test systematically all the possible configurations. Thus, even though AEs outperform FA and PCA in some settings, in our specific scenarios, NMF and ICA perform better.

Four synergies account for over 90% of the variability for NMF, ICA, and PCA in this study. Furthermore, 90% is often used as a “high” threshold to identify the optimal number of synergies in previous large studies, even though lower VAF values are used in some studies. Further analysis showed that VAF computed using FA was variable among different settings, and FA had the smallest VAF (78.91%) followed by AE (79.35%). This implies that, in our simulation, AE and FA could not capture the variance of muscle activation as well as the other methods when extracting the same number of synergies. On the contrary, NMF, ICA, and PCA had larger VAF among the five methods (98.53, 98.48, and 93.13%, respectively). The results were consistent with previous studies (Tresch et al., 2006; Ebied et al., 2018).

Similarity analysis first showed that all extraction methods had a better performance than random level except SVS of PCA. This exception can be explained as the structureless of the simulated data. In this study, randomly generated data were used to assess the performance of extraction methods, while muscles usually were activated in coordination manners. Some studies have used PCA to extract synergies from muscle activities and reported meaningful coordinated patterns among muscles.

Furthermore, the results showed that SNR and NoC had different influences on the performance of the extraction methods. In terms of SNR, all extraction methods performed better with the decrease of the noise (the increase of the SNR), i.e., SVS and ACS increased but PA decreased with the increase of the SNR, and differences were statistically significant. Similar results were reported in the previous work (Ebied et al., 2018; Kieliba et al., 2018). However, extraction methods had different performances when varying the NoC. First, SVS and ACS increased with the increase of the NoC for each extraction method. Similar results were observed for PA, especially for FA and AE. However, a high PA means worse performance. This indicates that PA has opposite performance with another two similarity indices. Remarkably, there was no statistical difference in the PA under different NoC settings for PCA, ICA, and NMF. Thus, we concluded that the performance of these three extraction methods (PCA, ICA, and NMF) is consistent under varying NoC. Second, the results showed that, when NoC was larger than 6Ch, SVS, ACS, and PA were less affected by NoC for PCA, ICA, NMF, and AE. The results suggest that, in the future muscle synergy analysis, it is not that more muscles are better. A limited number of muscles (eight muscles in this study) are enough to depict the variability of synergy structure.

In general, the results revealed that the noise and NoC affected the outputs of muscle synergy analysis, especially for noise. This has been proven by previous studies (Steele et al., 2013; Banks et al., 2017; Kieliba et al., 2018). They showed that signal preprocessing methods, synergy extraction methods, and the number and choice of muscles all affected the output of muscle synergies. AEs though showed better performance than FA in VAF and PCA in SVS and ACS, while losing priority compared with NMF and ICA. For the classification tasks, the results showed that synergies extracted from NMF and PCA had a higher classification accuracy, which indicates that these two extraction methods are suitable for classification tasks. In contrast, classification algorithms were sensitive to extraction methods. KNN and RF outperformed LDA and SVM in the current study for each extraction method. It suggests selecting the most suitable combinations of extraction methods and classification algorithms under different scenarios in future studies.

We did not investigate the influence of cross talk among muscles in this study. Cross talk influences the EMG signals and alters the components of muscle synergies. In this study, a publicly available dataset was used, in which the EMG signals were measured with Delsys double-differential EMG electrodes, and particular care was taken when placing the electrodes on the muscles (Atzori et al., 2014), which both reduce the influence of cross talk (Hug, 2011). Otherwise, previous studies showed that the number of independent motor command signals is not affected by cross talk, and muscle synergy analysis can identify whether a muscle is activated independently from an adjacent muscle even in the presence of cross talk (Chvatal and Ting, 2013). Besides, other synergy-related studies seldom considered the influence of cross talk while achieving simultaneous and intuitive myoelectric prosthetic control (Jiang et al., 2009, 2012, 2014; Zhang et al., 2017) and higher classification accuracy (Ma et al., 2015; Afzal et al., 2017). Thus, the results are limitedly influenced by cross talk in this study, so further studies are needed in the future.

Some limitations are worth noting. The study fixed the number of synergies to four. It is appropriate to study the dimension reduction capability of the extraction methods, and previous research pointed out that the number and choice of muscles impact the muscle synergy analyses (Steele et al., 2013). However, we also wish to mention that selecting a different number of synergies may lead to other sources of bias. In fact, if the very same method would be used for all algorithms to select the number of synergies (linear fit with a selected RMSE or selected VAF threshold), one may compare more “dense synergies” (when fewer synergies are extracted) to “more sparse ones,” leading to inconsistent matching because a different number of synergies were selected due to a very small amount of reconstruction of the overall variation. Finally, the transfer function and type of AEs may influence the performance of AEs in synergy extraction. In future studies, these problems will be further explored. We also plan to consider more settings to verify the feasibility and strength of these extracting methods in spatial synergy extraction.



CONCLUSION

This article compared the performance of five muscle synergy extraction methods by the simulation analysis and classification tasks of a publicly available dataset. The results showed that the performance of synergy extraction methods was affected by the noise and NoC, and classification algorithms were sensitive to the extraction methods. Even though AEs outperformed FA and PCA in some settings, in general, NMF and ICA had better performance in the current research.
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Experimental Control Group  p-value t/Z/x?

Group
N=14 N=14
Gender
Male, N(%) 9(64.3) 10(71.4) 0.686 0.164
Female, N(%) 5(35.7) 4(28.6)
Age (m) 64.42 +£21.10 69.28 + 18.15 0.198 0.653
Height (cm) 116.42 £14.37 119.28 £ 12.82 0.638 0.555
Weight (kg) 2114 +6.16 21.92 + 6.53 0.747 0.323
Classification of cerebral palsy
Hemiplegia, N(%) 5(35.7) 6(42.9) 0.699 0.150
Diplegia, N(%) 9(64.3) 8(57.1)
Gross motor function classification system
Level I, N(%) 8(57.1) 5(35.7) 0.429 1.692
Level II, N(%) 3(21.4) 6(42.9)
Level I, N(%) 3(21.4) 3(21.4)

Continuous variables were presented as mean +SD.





OPS/images/fnins-15-771064/fnins-15-771064-t002.jpg
Experimental Group  Control Group  p-value

n=12 n=13
GMFM-66 MTS (R-value) 79.34 +11.37 72.46 £ 9.44 0.428
Hamstring 16.17 £8.87 14.08 £ 4.91 0.956
Gastrocnemius 13.33 £ 4.92 10.46 + 4.62 0.561
Soleus 12.50 £ 5.84 12.62 +5.49 0.905
MEP LAT 32.49 + 10.36 29.64 +9.48 0.414
MEP AMP 0.07 £0.02 0.08 + 0.02 0.536
MEP DUR 6.03 +1.34 6.56 + 1.32 0.606
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References Subjects Age (years) Type of interventions Time of Outcome

interventions measures
T ¢ T c T c
Ang etal. (2014) 6 7 540489 584193 EEG-BCI + routine  Routine 15h/d, 30wk, 6 FMA-UE
rehabiltation rehabiltation wk
Ang etal. (2015) 11 14 485+135 536495 BCI Routine 15h/d, 3dwk, 4 FMA-UE
rehabilitation wk
Biasiucci et al, 1413 564+£99 5904124  EEG-BOI+FES Sham stimulation 1h/d, 2dwk, 5 FMA-UE, MFT,
(2018) wk MRC
Jangetal. (2016) 10 10 6110£1377 6170+ 1209  BCHFES FES 20min/d, 5wk, MFT, MAS
6wk
Lee et al. (2020) 18 13 65151157  58.80£9.19  EEG-BCHFES + Routine 30min/d, 5 diwk,  FMA-UE, MAL,
routine rehabilitation 4wk MBI, ROM
rehabiltation
Ramos- 16 14 493%125 503+122  EEG-BOI Routine 40min/d, 5 diwk,  FMA-UE, MAS,
Murguialday et al. rehabilitation 20d GAS
(2013)
Wu et al. (2020) 14 11 62931056 64824722  BC Routine 1h/d, 5dwk, 4 FMA-UE, ARAT,
rehabilitation wk WMFT
Miao et al. (2020) 8 8  4880%1670  503x17.1  BCl+ routine Routine Bsessions/wk, 4 FMA-UE
rehabiltation rehabilitation wk
Lin et al. (2018) 5 5 450+ 112 490£108  BOI+MID-VR MTD-VR 35min/d, 3wk, FMA-UE
4wk
Chenetal 2020) 7 7 416+ 120 520£111  M-BCI M Bsessions/wk, 4 FMA-UE
wk
Lietal (2014) 7 7 6620489 6600630  BCI+ routine Routine 15h/d, 3dw,8  FMA-UE, ARAT
rehabiltation rehabilitation wk
Chengetal.(2020)0 & & 62447 61.4£45 BCI + soft robotic  Soft robotic 90 min/session, 3 FMA-UE, ARAT
sessions/wk, 6 wk
Pichiorri et al 14 14 64.1£84 596127  MM-BCI M 30min/d, 3diwk,  FMA-UE, MAS,
(2015) 4wk MRC

T, experimental group; C, control group; FMA-UE, Fugl-Meyer Assessment Scale of Upper Extremity; MFT, Modified Function Test; MRC, Medical Research Council Scale; MAS,
Modified Ashworth Scale; MBI, Modified Barthel Index; ROM, range of motion; GAS, Goal Attainment Scale; ARAT, Action Research Arm Test; WMFT, Wolf Motor Function Test.
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Fatigue Fatigue Functional Mean difference p-values
level level connectivity (-J)
L1 L2 PFCL_PFCM 0.097 0.002
PFCL_FEFL 0.168 <0.001
PFCL_PMCL 0.137 0.016
PFCL_PMCR 0.202 <0.001
PFCM_PFCR 0.099 0.007
PFCR_SMA 0.149 0.010
PFCR_PMCR 0.137 0.021
PMCL_PMCR 0.100 0.007
L3 PFCL_PFCR 0.061 0.016
PFCL_PMCR 0.157 0.002
PFCM_PFCR 0.121 <0.001
PFCM_PMCL 0.203 <0.001
PFCR_PMCL 0.126 0.015
FEFL_SMA 0.147 <0.001
FEFL_PMCL 0.116 0.027
FEFL_PMCR 0.119 0.019
FEFR_PMCL 0.144 0.013
L2 L3 PFCL_FEFL —0.141 0.001
PFCM_PMCL 0.156 0.009
PMCL_PMCR 0.116 <0.001
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Functional connectivity

PFCL_PFCM
PFCL_PFCR
PFCL_FEFL
PFCL_PMCL
PFCL_PMCR
PFCM_PFCR
PFCM_PMCL
PFCR_SMA
PFCR_PMCL
PFCR_PMCR
FEFL_SMA
FEFL_PMCL
FEFL_PMCR

F

5.835
5.013
10.848
6.678
10.571
10.452
12.306
4.975
4.610
4.977
7.640
4.068
3.901

p-value

0.003
0.007
<0.001
0.001
<0.001
<0.001
<0.001
0.007
0.011
0.007
0.001
0.018
0.021

Partial eta squared (12)

0.033
0.028
0.059
0.037
0.058
0.057
0.067
0.028
0.026
0.028
0.042
0.023
0.022

No interaction was significant (all p > 0.05) on functional connectivity above.
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Name of ROI Channels included

L-PFC 1,4,8
M-PFC 2,5,6,9
R-PFC 3,7,10
L-FEF 11, 12
R-FEF 13, 14
SMA 15,18, 22
L-PMC 16, 19, 20, 23
R-PMC 17,21, 24

L, M, R represent left, medial, right, respectively. For example, L-PFC represents
the left part of PFC.
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Prei- Pre2- Mid- Post- 1-month FU One-way ANOVA

Evaluation Mean (95% confidence interval) P-value F-value
WMFT

Score 24.89 (16.97-32.81) 26.22 (18.22-34.23) 30.22 (21.03-39.41) 34.17 (24.63-43.70) 37.28™* (27.14-47.41) <0.001 30.38
Time 1,076.44 (856.41-1,296.48)  1,04030 (826.35-1,255.43) 08678 (768.13-1,206.43) 89961 (676.20-1,122.93)  828.06™" (619.162-1,036.96)  <0.001 16.83
FMA-UE

Full score 28,06 (21.26-34.85) 2061 (22.937-36.29) 32.80 (26.25-30.59) 36.50 (20.75-43.25) 40.78"* (34.00-47.56) <0001 106.07
Wrisvhand 983 (7.05-12.62) 9,55 (7.21-11.65) 11.83 (8.78-14.89) 18.78 (10.67-16.89) 15.44" (12.38-18.51) <0001 3553
Shoulder/elbow 17.67 (18.10-22.24) 18.24 (12.41-21.43) 21.83(17.11-26.56) 2250 (17.86-27.14) 2572 (21.07-30.38) <0.001 22.38

Significant levels are demonstrated as *** for p < 0.001. WMFT, Wolf Motor Function Test; FMA, Fugl-Meyer Assessment; Pre1, first pre-training assessment; Pre2, second pre-training assessment; Mid-, ten-training assessment; Post-,
post-training assessment; 1-month FU, 1-month follow-up.
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M, male; F, female; R, right; L, left; MCAO, middle cerebral artery occlusion; Bl, Barthel index; IS, ischemic; H, hemorrhagic.
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GROUP Right SM1 Left SM1
Mean difference Standard error P-values Mean difference Standard error P-values

High frequency group

Baseline vs. Mid-assessment -0.063 0.023 0.027 0.001 0.022 1.000
Baseline vs. Post-assessment 0.031 0.023 0.547 0.009 0.022 1.000
Mid-assessment vs. Post-assessment 0.094 0.023 0.001 0.008 0.022 1.000
Low frequency group

Baseline vs. Mid-assessment 0.000 0.023 1.000 0.010 0.023 1.000
Baseline vs. Post-assessment -0.015 0.023 1.000 0.006 0.023 1.000
Mid-assessment vs. Post-assessment -0.015 0.023 1.000 -0.004 0.023 1.000

GROUP factor refers to the combination
are marked in bold.
SM1, primary sensorimotor cortex.

of the high frequency and low frequency groups. P-values less than 0.05 indicate statistically significant differences and
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TIME Right SM1 Left SM1

Mean difference Standard error P-values Mean difference Standard error P-values
Baseline 0.030 0.023 0.195 0.038 0.022 0.089
Mid-assessment 0.093 0.023 <0.001 0.047 0.022 0.040
Post-assessment —0.016 0.023 0.488 0.035 0.022 0.122

TIME factor refers to baseline, mid-assessment, or post-assessment. P-values less than 0.05 indicate statistically significant differences and are marked in bold.

SM1, primary sensorimotor cortex.
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Regions of interest Main effect (GROUP) Main effect (TIME) Interaction effect (GROUP*TIME)

F P-values F P-values F P-values

SM1

Right 7.251 0.010 3317 0.046 5.676 0.007
Left 9.849 0.003 0.123 0.884 0.077 0.926
PMC

Right 2.704 0.108 0.689 0.508 0.390 0.680
Left 0.000 0.994 1.096 0.344 1.597 0.215
DLPFC

Right 1.810 0.186 0.154 0.857 0.680 0.512
Left 0.422 0.519 0.363 0.698 0.552 0.580

GROUP factor refers to the combination of the high frequency and low frequency groups. TIME factor refers to baseline, mid-assessment, or post-assessment. P-values
less than 0.05 indicate statistically significant differences and are marked in bold.
SM1, primary sensorimotor cortex; PMC, primary motor cortex; DLPFC, dorsolateral prefrontal cortex.
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Assessment indicators Main effect (GROUP) Main effect (TIME) Interaction effect (GROUP*TIME)

F P-values F P-values F P-values
WMFT scores
Dominant/right hand 2.000 0.165 0.500 0.610 0.500 0.610
Non-dominant/left hand 2.032 0.161 1.581 0.218 0.677 0.518
The ratio of grip strength (%) 2.704 0.108 0.689 0.508 0.390 0.680
BCI performance (scores) 8.210 0.006 0.549 0.582 0.069 0.934

GROUP factor refers to the combination of the high frequency and low frequency groups. TIME factor refers to baseline, mid-assessment, or post-assessment. The
ratio of grip strength was calculated as the strength of the non-dominant/left hand divided by the strength of the dominant/right hand. The calculation formula of BCI
performance is described in the methodology section. P-values less than 0.05 indicate statistically significant differences and are marked in bold.

WMFT, Wolf motor function test; BCI, brain computer interface.
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Outcome indicator Number of participants ~ Heterogeneity ~Model of analysis ~ Group effect value ~Estimated value ~ 95% Cl  Grade

3 P z P
Overall swallowing function 206 (11 RCT) 45% 005  Fixed effect 495 <0.0001 —076(SMD)  —107,-0.46 Moderate
PAS 161 (8 RCT) 23% 024  Fixedeffect 418 <0.0001 -1.03(MD)  —151,-055 Low
Bl 85(3RCT) 0% 089  Fixed effect 42 <0.0001 2386(MD)  12.73,3499 Moderate
Dropout rate 136 (4 RCT) 0% 053  Fixedeffect 033 074 087 (RR) 038,200 Low
Adverse effects 121 (4 ROT) 0% 091  Fixedeffect 1.41 0.16 261 (RR) 069,986 Moderate

RCT, randomized controlled trials; SMD, standardized mean dfference; RR, relative risk; Cl, confidence interval; PAS, Penetration Aspiration Scale; B, Barthel index scale; GRADE,
Grading of Recommendation Assessment, Development and Evaluation.
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References Intervention Age (M+SD) Sample size Site for stimulation (esophageal cortical) Stimulation Outcomes/

(W/F) parameters measure
Khedr et al. (2009) Active rTMS 589(11.7) 14 The ipsilesional hemisphere, esophageal motor 3Hz, 120%MT, DD, BI, MEP,
cortex; 10min, times  dropout rate
Sham FTMS 56.2(13.4) 12
Khedr and Active rTMS LML 56.7 (16) 60 The bilateral hemisphere, esophageal motor cortex;  3Hz, 130%MT, DD, BI
Abo-Elfetoh (2010) 10min, 5 times
Other: 55.4 23
©7
Sham rTMS LML 58 (17.5) 50
Other: 60.5 (11) 33
Kimetal.(2011)  Sham rTMS 682 (12.6) 64 The ipsilesional hemisphere, mylohyoid motor 5Hz, 100%MT,  FDS, PAS,
cortex; 20min, 10times  ASHA NOMS
High-frequency rTMS 69.8(8.0) 5/5
Low-frequency rTMS 66.4(12.8) &4 “The contralesional side, mylohyoid motor cortex; 1 Hz, 100%MT,
20min, 10 times.
Parketal. (2013)  Active rTMS 73.7(3.8) 5/4 The contralesional sice, pharyngeal motor cortex; ~ 5Hz, 90%MT, VDS, PAS
10min, 10 times
Sham rTMS 68.9(9.9) 5/4
Limetal. (2014)  Active rTMS 625(8.2) 14 The contralesional side, pharyngeal motor cortex;  1Hz, 100%MT,  FDS, PAS,
20min, 10times  PTT, ASHA
NOMS,
adverse
effects,
dropout rate
Conventional 598(11.8) 15
dysphagia therapy
Parketal. 2017)  Sham rTMS 69.6(8.6) 714 The bilateral hemisphere, mylohyoid motor cortex;  10Hz, 90%MT, VDS, PAS
10min, 10 times
Bllateral rTMS 60.2(13.8) &3
Unilateral rTMS 67.5(13.4) &3 The ipsilesional hemisphere, mylohyoid motor
cortex;
Ductal.(2016)  Sham rTMS 58.83(3.35) 66 “The ipsilesional hemisphere, mylohyoid motor 3Hz, 90%MT, SSA, BI, DD,
cortex; 1200 pulses, 5 adverse
times effects,
dropout rate
High-frequency rTMS 682 (2.78) 1372
Low-frequency rTMS 5792 (2.47) 776 The contralesional sice, mylohyoid motor cortex; 1 Hz, 100%MT,
1200 pulses, 5
times
Unluer et al. (2019) Active FTMS 67.8(11.88) o6 The contralesional side, mylohyoid motor cortex; 1 Hz, 90%MT, PAS, adverse
1200 pulses, 5 effects,
times dropout rate
Conventional 6931 (12.89) 7
dysphagia therapy
Tarameshiu etal.  Active TMS 55.33 (19.55) ar The contralesional side, mylohyoid motor cortex;  1Hz, 120%MT,  MASA, FOIS
(2019) 1200 pulses, 5
times
Conventional 76.67 (5.92) 51
dysphagia therapy
Cabib et al. (2020) Active ITMS 70(86) 12 ‘The contralesional side, pharyngeal sensory cortex; 5 Hz, 90%MT, 250 PAS, MEP,
pulses, 1 time  adverse
effects
Sham rTMS 70(86) 12

BI, Barthel Index Scale; DD, The degree of dysphagia; MEF, motor-evoked potential: LM, Lateral medulary infarction; FDS, the Functional Dysphagia Scale; PAS, the Penetration
Aspiration Scale; ASHA NOMS, the American Speech-Language Hearing Association National Outcomes Measurements System Swallowing Scale; VDS, the videofluoroscopic
dysphagia scale; PTT, the pharyngeal transit time; SSA, the Standardized Swallowing Assessment; MASA, the Mann Assessment of Swallowing Abilty; FOIS, the Functional Oral
Intake Scale; IPES, intra-pharyngeal electrical stimulation.
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Region BA MNI Peak Cluster

coordinate T value size

(mm)

XY2)
Left insular cortex 13 —486 3 6.0982 216
Left inferior frontal gyrus ~ 13/47 —32206 8.0220 164

BA, Brodman’s area; cluster size, the number of voxels; MNI, Montreal
Neurological Institute.
p < 0.05, Alphasim corrected, cluster size > 228 voxels.





OPS/images/fnins-15-771090/crossmark.jpg
©

2

i

|





OPS/images/fnins-15-771090/fnins-15-771090-g001.gif
) oot ] ([ tdewtintn )

iy

Rt et e
DSk PNttt —
Pt =]
ey
e
e
[r———
e
prey frvewal
.= oumpes g 1)
oo
et
s






OPS/images/fnins-15-771090/fnins-15-771090-t001.jpg
References

Kawashima et al,
(2013)

Benussi et al. (2015)
Chou et al. (2015)
Wang et al. (2016)
Liu et al. (2018)
Yildiz et al. (2018)
Song et . (2020)

Eligibility
criteria

<

NN NN

Random
allocation

FEENENEN

< x

Concealed Baseline
allocation  comparability

b4 v
4 v
x v
% v
x x
x x
x v

Blind
subjects

FERNENEN

< x

Blind
therapists

Blind
assessors

AN

Adequate
follow-up

<

NN NN

Intention-to-
treat
analysis

v

LSS A xS

Between-

group
comparisons

v

DN N NN

Point estimates
and varial

<

AN NENENEN

Scores

® s 80N ®





OPS/images/fnins-15-733311/fnins-15-733311-g002.jpg
0@@@@@
C@ooo@@






OPS/images/fnins-15-733311/fnins-15-733311-t001.jpg
Characteristics

Age (year)
Sex, male/female
Hoehn and Yahr

Disease duration (year)
Symptom-dominant side (R/L)
Daily levodopa dosage (mg/day)
Length of lower limbs (cm)

ER, enriched rehabilitation; CR, conventional rehabilitation; HC, healthy control.

ER group (n = 20)

656.25 +4.15
9/11
1.37 £0.41
2.23 £1.69
12/8
227 £ 116
83.76 + 4.45

CR group (n = 20)

64.95 + 3.99
10/10
1.32 £0.36
2.28 +1.563
12/8
230+ 113
84.75 + 4.82

HC group (n = 20)

66.15 + 3.58
11/9

83.99 + 4.75

0.52
0.819
0.395
0.095

0.102
0.232





OPS/images/fnins-15-733311/fnins-15-733311-t002.jpg
s DT

ER group (n = 20) CR group (n = 20) HC group (n = 20) F p° ER group (n = 20) CR group (n = 20) HC group (n = 20) F p°
Gait speed (m/s)
Pre-intervention 117 £0.08 1164+ 0.10 1.19+£0.05 0.56 0.53 0.79 £ 0.11* 0.76 + 0.16* 1.09 + 0.08% 46.67 0.40
Post-intervention 1.18 £0.07 1.17 £0.08 0.91 0.37 0.91 £0.15"8 0.78 £ 0.11* 3.17 0.00
CV of gait speed (%)
Pre-intervention 6.67 + 1.58" 6.65 £ 1.23* 442 +1.19% 17.66 0.96 15.46 + 3.33* 15.62 + 3.71* 8.24 +1.01% 39.11 0.87
Post-intervention 513 +0.92%8 6.76 £1.13* —4.87 0.00 12.81 +£3.14%8 15.48 + 3.69" —2.41 0.00
Stride length (m)
Pre-intervention 1181013 148 £0.43 14" 0107 0.15 0.72 0.82 £ 0.11* 0.83 £0.18* 1.03 + 0.09% 14.24 0.87
Post-intervention 1.14 £ 0.09 1.09+£0.13 1.46 0.15 0.92 +0.08%8 0.84 £ 0.14* 2.46 0.01
CV of stride length (%)
Pre-intervention 9.74 £ 2.14* 9.94 + 2.53* 6.12 + 1.93% 17.99 0.77 16.06 + 4.78* 16.29 + 4.16* 7.79 +1.05% 25:15 0.85
Post-intervention 711 4+ 1.99%8 9.92 +£2.31* —4.03 0.00 11.33 4+ 3.58%8 15.32 4+ 4.20* -3.15 0.00

ST, single-task; DT, dual-task; ER, enriched rehabilitation; CR, conventional rehabilitation; HC, healthy control.
“Compared with HC group pre-intervention, p < 0.05.

&Compared with CR group pre-intervention, p < 0.05.

#Compared with CR group post-intervention, p < 0.05.

$Compared with pre-intervention, p < 0.05.

F, the F-value of ER group compared with CR group; p’, the p-value of ER group compared with CR group.
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ER group (n = 20) CR group (n = 20) HC group (n = 20) F p

UPDRS-III

Pre-intervention 156.35 + 2.83 156.25 + 2.12 0.12 0.90
Post-intervention 10.95 + 2.56% 11.15 + 1.65°% —-0.29 0.78
MoCA

Pre-intervention 23.05 + 1.28* 23.15 + 1.24* 29.15 + 0.48% 204.44 0.77
Post-intervention 26.15 + 1.93#8 23.55 + 1.56* 4.56 0.00
SDMT

Pre-intervention 48.85 + 10.25* 48.15 + 10.29* 73.25 + 7.48% 63.64 0.82
Post-intervention 64.15 + 10.03#8 47.55 + 11.86* 4.66 0.00
TMT-A (s)

Pre-intervention 73.68 + 18.75* 72.54 + 18.22* 48.12 + 12.09% 14.33 0.83
Post-intervention 72.72 + 18.36* 72.85 +£ 12.78* —0.02 0.98
TMT-B (s)

Pre-intervention 148.60 + 34.44* 148.67 + 33.57* 99.17 + 19.95% 17.15 0.99
Post-intervention 125.80 + 29.65#S 150.62 + 37.14* —2.28 0.03

ER, enriched rehabilitation; CR, conventional rehabilitation; HC, healthy control.

*Compared with HC group pre-intervention, p < 0.05.

&Compared with CR group pre-intervention, p < 0.05.

#Compared with CR group post-intervention, p < 0.05.

$Compared with pre-intervention, p < 0.05.

F, the F-value of ER group compared with CR group; p’, the p-value of ER group compared with CR group.
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Patients with Parkinson’s disease were enrolled (n=40)

|

Inclusion criteria:
age between 50 and 75 years old;
met the diagnostic criteria of Parkinson’s disease;

walk independently for at least 6 minutes;
MoCA score between 20 and 25 points;

l volunteer to accept rehabilitative training.

Enrichment rehabilitation group
(ER group) (n=20)

ER Interventio

T

Conventional rehabilitation (CR)
group (n=20)

Age-matched healthy volunteers
(HC group) (n=20)

CR Intervention

}

No Intervention|

Functional connectivity analysis

of rs-fMRI
pre- and post-intervention

Motor and cognitive function
assessment pre- and post-
intervention

Motor and cognitive function
assessment after enrollment
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References

NIBS in MSA-P

Kawashima et al.
(2013)

Chou et al. (2015)

Wang et al. (2016)

Wang et al. (2017)

Alexoud et al
(2020)

NIBS in MSA-C

Benussi et al.
(2015)

Yildiz et al. (2018)

Song et al. (2020)

Design N,G(F/M)  Age(y)
Controlled ~ MSA-P: MSA-P:
10 (6/4) 59.5(11.2)
PD: PD:
10 (6:4) 66(7.7)
RCT, Active: 9(3/6)  Active: 55 (7)
double Sham:10(6/4) Sham: 54 (2)
blinded
RCT, MSA-P: MSA-P:
single blinded 15 (8/7) 58.40 (4.69)
HC:18(9/9)
55.17 (3.20)
Casereport  1,Female 61
Casereport  1,Female 66

NIBS in MSA-P and MSA-C

Liu etal. (2018)

RCT, double ~ 4/2 67.8(8.9)
binded
Controlled ~ MSA-C: MSA-C:
(12, 4/8) 56.7(6.9)
AD:(5,2/3  AD:
HC:(9,4/5)  80(4.2)
HC:
53.4(7.7)
RCT, double  Active: 25 Activer
blinded (11/14) 53.18.1)
Sham: 25 Sham:
(10/15) 532£9.4
Non- 9(5/4) 58.0(7.0)
controlied

DD (y)

MSA-P: NR
276(0.9)
PD: 2.76 (0.7)

Active: 2.5
(158)
Sham: 2 (1)

Active:
32(0.9)
Sham:

32(0.7)

MSAP:
2.18(1.39)

MSA-P:
323 (0.70)

57(.7) NR

MSA-C:2.94  NR
(1.5
AD: 2.4 (0.49)

Active: 27 NR
(.1

Sham: 2.5

09

239(078)  NR

Severity (HY) Intervention

Outcome
measures

PAS

Stimulation site: right
median nerve (ES); left
M1 (TMS)

Key parameters

ES: Intensity = 110%
RMT;

TMS: Intensity =
Sitmv;

Frequency = 0.2Hz;
Total = 240 pairs of
stimuii; Duration =

20 min with an
interstimulus interval of
25ms; F8c; single
session

VS

Stimulation site: left M1
Key parameters
Frequency = 5 Hz
Intensity = 110% RMT
10 trains of 100 puises
with an intertrain
interval of
40s)/session;

F8c;10 sessions

VS

Stimulation site: left M1
Key parameters:
Frequency = 5 Hz
Intensity = 110% RMT
10 trains of 100
pulses/session

F8c;10 sessions

1TMS Stimulation site:
left M1

Key parameters:
Frequency = 5 Hz
Intensity = 110% RMT
10 trains of 100
pulses/session

F8c;10 sessions

tDCS

Stimulation site: motor
and pre-motor cortices.
(anodal), mastoids
(cathodal)

Key parameters: 2mA;
30 min

10 sessions

UPDRS; MEP

UMSARS- Il and
resting-state
functional
connectivity

UMSARS- Il

UPDRS-II; CMCT

UPDRS Ill, TUG;
RAVLT;
DSST-WAIS-II,
TMTA

tDCs
Stimulation site:
cerebellum (anodal),
tight deftoid muscle
(cathodal)

Key parameters: 2mA;
20 min single session

SARA; ICARS;
8MW; OHPT

(TMS Stimulation site:
cerebelum

Key parameters:
Frequency = 1 Hz
Intensity = 90% RMT
600 pulses/session
F8c; single session

SAl Reaction Time

s Dynarmic
Stimulation site: cerebelo- fronto
cerebellum connectivity;

Key parameters: (TBS ~ SARA

Frequency = 50Hz

Intensity = 80% RMT

Total pulse = 1,800

F8c;10 sessions

Stimulation site: UMSARS-I;
cerebellum AND resting-state brain
bilateral M1 activity

Key parameters:
Frequency = 5 Hz
Intensity = 100% RMT
2,000 puises and 50
trains

Round col; 5 sessions

Main results

No change in the
averaged
amplitude of MEPs

Significant
{TMS-related
changes in motor
symptoms and
functional
connectivity in
active rTMS group

Significant
decreased
UMSARS-II scores
in active rTMS
group

Significant
improvement in
UPDRS-ll and
specific task
performance;
shortened CMCT

Improvement in
UPDRS lll and the
TUG test; positive
offect in RAVLT,
the DSST-WAIS-IIl
and the TMT-A

Significant
improvement in
SARA, ICARS,
MW and OHPT.

SAl responses got
improved in
MSA-C group

Improvement of
cerebello-frontal
connectivity and
balance functions

Increased motor
network
resting-state
complexity

female; M, male; DD, disease duration; rTMS, repetitive transcranial magnetic stimulation; MSA-P, Mutiple system atrophy- predominant Prkinsonism; MSA-C, Multiple
system atrophy-predominant cerebellar ataxia; PD, Parkinson's disease; NR, not reported; F8c, figure eight-shaped coil; ES, electric stimulation; TMS, transcranial magnefic stimulation;

M1, primary motor cortex; PAS, Paired Associative Stimulation; RMT, resting motor threshold; UMSARS, Unified Multiple System Atrophy Rating Scale; MER, motor-evoked potential;
RCT, randomized controlled tral; HY, Hoshn and Yahr scale; HC, healthy control group; CMCT, Central motor conduction time; SAI, short-latency afferent inhibition; iTBS, intermittent
theta burst stimulation; SARA, Scale for Assessment and Rating of Ataxia scores; ICARS, International Cooperative Ataxia Reting Scale; 8MVY, 8-Meter Walking Time; 9HPT, Nine-Hole
Peg Test; TUG, Timed Up and Go test; RAVLT, Rey’s Auditory Verbal Learning Test: DSST-WAIS-Ill, Digit Symbol Substitution Test-Wechsler Adult Inteligence; TMT-A, Trail Making Test.
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Collect cases
from June 2020 to January 2021

4 N
Excluded(N=13)
1. not meeting the inclusion
> criterias(N=9)
2.decline to particiate(N=3)
3.other reason(N=1)
\ r
\ 4

(N=28)

randomized by random number table(1:1) I

'

Experimental group

rAssessment(TO):N=14
collecting general information
GMFM-66
MTS

Lelectrophysiological indexes

rlntervention:N:12‘

wrist-ankle 2 case of abscission:
acupuncture(30min, due to personal reasons

|

Sd/w,4weeks)
5 Hz +TMS (15min,
\2d/w,dweeks)

'

[ Assessment(T1):N=12
GMFM-66

MTS

L electrophysiological indexes

|

\ Statistical Analysis:N=12 |

Control group

Assessment(T0-baseline):N=14
collecting general information

GMFM-66
MTS

electrophysiological indexes

( Ty
Intervention:N=13

5 Hz fTMS (15min,
S5d/w,4dweeks)

| 7 case of abscission:
| due to personal reasons

v,

:

Assessme.nt(ﬂ ):N=13

GMFM-66
MTS

electrophysiological indexes

:

I Statistical Analysis:N=13
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Characteristic Intervention group Control group P value
(n=18) (n=18)

Age, mean (SD), y 52.35 (8.62) 54.41 (7.01) 0.375%

Sex, No. (%)

Male 13 (72%) 11 (61%) 0.480°

Female 5 (28%) 7 (39%)

Weight, median (IQR), kg 69 (64 ~ 72) 65 (68 ~ 72) 0.4374

Height, median (IQR), cm
Stroke subtype, No. (%)

165 (169 ~ 171)

Ischemic 10 (56%)
Hemorrhagic 8 (44%)
Affected side, No. (%)

Left 7 (39%)
Right 11 (61%)
Right-handed, No. (%) 18 (100%)
Time since onset, 2.22 (1.70)
mean (SD), mo

NIHSS score, No. (%)

Mild (1-7) 14 (78%)
Moderate (8-16) 4 (22%)
Severe (> 16) 0

168 (160 ~ 174) 0.7522

10 (56%) 1.000°

8 (44%)
6 (33%) 0.729°

12 (77%)
16 (89%) 0.146°
2.91 (1.96) 0.2332
15 (83%) 0.674P

3(17%)

0

aAssessed using t-test; Passessed using chi-square test.
v, year; IQR, interquartile range; mo, month; NIHSS, National Institutes of

Health Stroke Scale.
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Intervention group Control group P value
(n=18) (n=18)

FMA-LE (score) 24.94 (5.98) 23.17 (4.99) 0.339
10 MWT(s)

Comfortable walking time 18.41 (9.81) 19.90 (12.53) 0.693
Maximum walking time 13.64 (6.96) 16.53 (10.95) 0.352
TUG (s) 30.25 (18.17) 36.18 (24.73) 0.418
FAC, (score), median (IQR) 32 ~ 3 32 ~ 4) 0.713*
RMT (%) 45.33 (11.23) 44.00 (12.14) 0.734
MEP latency (ms) 21.12 (2.13) 21.26 (2.30) 0.857
MEP amplitude (V) 220.89 (136.27) 197.63 (88.88) 0.548

Data are expressed as mean (SD) unless otherwise indicated.

*Assessed using Mann-Whitney U-test.

FMA-LE, Fugl-Meyer Assessment—Lower Extremity; 10 MWT, ten-meter walking
test; TUG, timed up and go test; FAC, functional ambulation category scale; IQR,
interquartile range; RMT, resting motor threshold; MER motor evoked potential.
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Age, years Sex Paretic side Type of stroke Months after UE FMA ARAT

stroke onset (0-66) (0-57)
Mean + SD Male/ Right/ Ischemic/ Mean + SD Mean + SD Mean + SD
(range) Female Left Hemorrhagic (range) (range) (range)
Active iTBS 65.1 118 12/3 5/10 12/3 3.9+30 28.0+19.8 26.1+£20.9
group (N = 15) (35-85) (1-11) (4-62) (0-56)
Sham iTBS 611121 9/6 7/8 12/3 40+44 251 +£18.8 2184222
group (N = 15) (35-79) (1-18) (4-64) (0-57)

UE FMA refers to upper-extremity component of the Fugl-Meyer Motor Function Assessment, indicating motor impairments in stroke survivors (Fugl-Meyer et al., 1975).
ARAT refers to Action Research Arm Test, indicating upper extremity performance (i.e., coordination and dexterity) in neurological populations (Lang et al., 2006). SD
refers to standard deviation. No significant difference in chronicity, UE FMA, or ARAT was revealed between subjects in Active and Sham iTBS groups.
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Subject Sex Age Paretic  Chronicity Type of stroke Lesion location UE FMA RMT

number (years) hand (months) (%MSO0)
Stroke 01 M 62 R 4 Ischemic Basal ganglia 10 100
Stroke 02 M 70 L 8 Ischemic Pons 37 70
Stroke 03 M 57 R 8 Hemorrhagic Frontal/parietal lobe 47 55
Stroke 04 M 70 L 2 Ischemic Basal ganglia, corona radiata 14 100
Stroke 05 F 85 L 1 Ischemic Basal ganglia 62 55
Stroke 06 E 66 R 1 Ischemic Frontal/temporal/parietal lobe 4 100
Stroke 07 M 7 L 1 Ischemic Centrum semiovale, corona radiata, basal ganglia 58 70
Stroke 08 E 35 L 5 Ischemic Frontal/parietal lobe 49 100
Stroke 09 M 69 R 11 Ischemic Corona radiata 18 100
Stroke 10 M 46 L 5 Hemorrhagic Posterior horn of lateral ventricle 27 100
Stroke 11 M 72 R 1 Hemorrhagic Parietal/temporal lobe 47 40
Stroke 12 M 62 L 2 Ischemic Pons 26 50
Stroke 13 M 63 L. 6 Ischemic Basal ganglia, corona radiata, centrum semiovale 12 100
Stroke 14 M 75 L 4 Ischemic Pons 5 100
Stroke 15 M 67 L 2 Ischemic Frontal/temporal/parietal lobe 4 100
Stroke CO1 E 65 R 7 Ischemic Basal ganglia, corona radiata 8 100
Stroke C02 M 69 R 2 Ischemic Basal ganglia 28 80
Stroke C0O3 F 70 L. 2 Ischemic Basal ganglia, corona radiata, frontal lobe 45 100
Stroke C04 M 42 L 6 Hemorrhagic Pons 21 100
Stroke C05 F 79 R 2 Ischemic Thalamus/occipital lobe 36 40
Stroke C06 M 60 R 9 Ischemic Frontal/parietal/temporal lobe 4 100
Stroke CO7 M 43 L 1 Ischemic Frontal/parietal lobe, basal ganglia, corona radiata 64 20
Stroke C08 M 67 L. 2 Ischemic Frontal/parietal/temporal lobe 4 100
Stroke C09 F 64 R 2 Hemorrhagic Basal ganglia 12 50
Stroke C10 M 64 L 1 Ischemic Corona radiata, basal ganglia, thalamus 49 78
Stroke C11 M 72 L 2 Ischemic Basal ganglia, periventricular white matter 46 80
Stroke C12 F 64 R 3 Ischemic Frontal/temporal/parietal lobe 4 100
Stroke C13 M 70 R 3 Ischemic Basal ganglia 28 75
Stroke C14 M 35 L 18 Hemorrhagic Basal ganglia 24 100
Stroke C15 F 52 L 1 Ischemic Corona radiata 4 100

UE FMA refers to upper-extremity component of the Fugl-Meyer Motor Function Assessment. M refers to male, and F refers to female. L refers to left, and R refers to
right. RMT refers to resting motor thresholds in the ipsilesional hemisphere. MSO refers to maximum stimulator output. “RMT = 100” indicates that MEPs were unable to
be elicited in the paretic hand. Stroke 1-15 indicate subjects in the Active iTBS group. Stroke C1-15 indicate subjects in the Sham iTBS group.
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References N Age (years) Intervention Time Outcome

measures
E c E c E c
Kim et al., 2011 10 10 698£80 682126  5Hz, 100% MT, ipsiesional Sham 20min/day,5  FDS, PAS
mylohyoid muscle stimulation days/week, 2
weeks
Kim et al., 2011 10 10 664£123 682126  1Hz 100% MT, Sham 20min/day,5  FDS, PAS
contralesional mylohyoid stimulation days/week, 2
muscle weeks
Khed et al., 2009 14 12 589£117  562%184  3Hz 120% MT, ipsiesional Sham 10 min/day, 5 DD
esophagus area stimulation days
Khedr and 6 5 56.7+ 16 580+ 17.5  3Hz 130% MT, both Sham 10min/day, 5 DD
Abo-Effetoh, 2010 hemisphere esophagus area  stimulation days
Khedr and 5 6 554£97 605110  3Hz 130% MT, both Sham 10 min/day, 5 DD
Abo-Effetoh, 2010 hemisphere esophagus area  stimulation days
Park et al., 2013 9 9 737+38 68993  5Hz 90% MT, Sham 10min/day, 5 VDS, PAS
contralesional pharyngeal stimulation days/week, 2
weeks
Unliier etal, 2019 16 18 67.8%119  603£129  1Hz 90% MT, unafiected Conventional 20minvday, 5  PAS
hemisphere mylohyoid therapy days
muscle
Lim et al., 2014 14 15 508118 62582 1 Hz, 100% MT, Conventional 20min/day, 5 FDS, PTT,
contralesional hemisphere therapy days/weck, 2 PAS
pharyngeal weeks
Park et al., 2017 11 11 675134  69.6+£86 10Hz, 90% MT, ipsiesional Sham 20min/day,5  DOSS, PAS,
hemisphere mylohyoid stimulation days/week, 2 VDS
weeks
Park et al., 2017 11 11 6024138  696%86 10Hz, 90% MT, bilateral Sham 20min/day,5  DOSS, PAS,
hemisphere mylohyoid stimulation days/weeks, VDS
2 weeks

T, experimental group; C, control group; Hz, hertz; MT, motor threshold; FDS, functional dysphagia scale; PAS, penetration-aspiration scale; VDS, videofluoroscopic dysphagia scale;
DD, dysphagic grade; PTT, pharyngeal transit time; ASHA NOMS, American speech-language hearing association national outcomes measurements system swallowing scale.
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