

  brainsci-11-00377




brainsci-11-00377







Brain Sci. 2021, 11(3), 377; doi:10.3390/brainsci11030377




Article



The Effects of 10 Hz and 20 Hz tACS in Network Integration and Segregation in Chronic Stroke: A Graph Theoretical fMRI Study



Cheng Chen 1[image: Orcid], Kai Yuan 1[image: Orcid], Winnie Chiu-wing Chu 2[image: Orcid] and Raymond Kai-yu Tong 1,*[image: Orcid]





1



Department of Biomedical Engineering, The Chinese University of Hong Kong, Hong Kong 999077, China






2



Department of Imaging and Interventional Radiology, The Chinese University of Hong Kong, Hong Kong 999077, China









*



Correspondence: kytong@cuhk.edu.hk







Academic Editor: Ulrich Palm



Received: 13 February 2021 / Accepted: 13 March 2021 / Published: 16 March 2021



Abstract

:

Transcranial alternating current stimulation (tACS) has emerged as a promising technique to non-invasively modulate the endogenous oscillations in the human brain. Despite its clinical potential to be applied in routine rehabilitation therapies, the underlying modulation mechanism has not been thoroughly understood, especially for patients with neurological disorders, including stroke. In this study, we aimed to investigate the frequency-specific stimulation effect of tACS in chronic stroke. Thirteen chronic stroke patients underwent tACS intervention, while resting-state functional magnetic resonance imaging (fMRI) data were collected under various frequencies (sham, 10 Hz and 20 Hz). The graph theoretical analysis indicated that 20 Hz tACS might facilitate local segregation in motor-related regions and global integration at the whole-brain level. However, 10 Hz was only observed to increase the segregation from whole-brain level. Additionally, it is also observed that, for the network in motor-related regions, the nodal clustering characteristic was decreased after 10 Hz tACS, but increased after 20 Hz tACS. Taken together, our results suggested that tACS in various frequencies might induce heterogeneous modulation effects in lesioned brains. Specifically, 20 Hz tACS might induce more modulation effects, especially in motor-related regions, and they have the potential to be applied in rehabilitation therapies to facilitate neuromodulation. Our findings might shed light on the mechanism of neural responses to tACS and facilitate effectively designing stimulation protocols with tACS in stroke in the future.
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1. Introduction


Nowadays, stroke is the leading cause of death worldwide, and survivors undergo different dysfunctions, especially in the motor aspect [1]. Hence, it is essential for stroke subjects to restore functional abilities in order to diminish the inconvenience in daily-living activities. The existence of neuroplasticity, which is an intrinsic property of the human brain to change its function and reorganize after a lesion forms, makes this possible [2]. Meanwhile, there have been various rehabilitation strategies proposed, including conventional physical therapies as well as advanced robot-assisted methods [3,4]. Except for these therapies that influence brain reorganization in a round-about way, the transcranial current stimulation (tCS), which non-invasively modulates the activity of the brain, has attracted increasing attention [5].



Among many available tCS techniques, transcranial direct current stimulation (tDCS) and transcranial alternating current stimulation (tACS) are two typical methods that have intrigued the researchers in the field of neuroscience. The core difference between these two simulations is the form of the currents elicited. In tDCS, a direct current flows from anodal to cathodal electrodes. The effect of tDCS is often related to membrane depolarization, which leads to an increase of the excitation in neurons underneath anodal electrode, but the inhibition of neurons under cathodal electrode [6,7]. When compared with tDCS, tACS has not been thoroughly investigated due to its potentially complicated mechanism and interfering with inherent frequency-specific oscillations in the human brain, let alone the effects in patients with neurological disorders, including stroke. While the underlying neurophysiological mechanism is unknown, the stimulation effect is often attributed to the manipulation and entrainment of intrinsic oscillations in the brain [8]. In the human brain, the communication within and between brain regions was facilitated by synchronized oscillatory activities and the components with various frequencies playing different roles in functioning [9]. This implied that the stimulation effect of tACS might differ, depending on the eliciting frequency of the alternating current. At the same time, it has been indicated that the activity of alpha (8–12 Hz) and beta (13–30 Hz) frequency is prominent in the sensorimotor cortex in the resting-state [10]. Therefore, in our study, because the tACS was imposed on the primary motor area (M1), 10 Hz and 20 Hz as representative alpha and beta stimulating frequencies, respectively, were adopted. Some previous studies have investigated the stimulation effect of 10 Hz and 20 Hz on M1 in healthy subject. It was observed that beta-tACS could be used to induce neurophysiologically detectable state-dependent enhancement effects [11]. 10 Hz and 20 Hz tACS could both facilitate motor sequence learning during a serial reaction time task (SRTT). Additionally, 20 Hz tACS could further stabilize motor control to retain the initial learning rate under interference [12]. Because of the existence of frequency difference, it is reasonable to expect differential effects and a recent study has suggested that this effect exists not only in motor behavior, but also in M1 excitability [13]. However, the tACS studies on stroke subjects were quite scarce, which implied that further investigation is needed.



It is observed that the effects of tCS are not restricted to the stimulated sites, and it also has an impact on the brain network [14]. Besides, for tACS, if the stimulation frequency matches the endogenous oscillation frequency, more pronounced oscillatory effect could be found at the cortical network level [15]. Hence, it is meaningful to explore the stimulation effect of tACS from the brain network perspective. To investigate the brain networks, functional magnetic resonance imaging (fMRI), especially resting-state fMRI, which measures the blood oxygen level (BOLD) signal of different regions in the resting-state, has been widely utilized [16,17]. On the other hand, the graph theory approach could provide an efficient perspective to model and understand the information of integration and segregation property, as well as regional communication in complex networks. Hereby, graph theory could be applied to brain network that is derived from fMRI to provide a framework to evaluate the properties of the constructed network, which has been generally adopted in human neuroscience [18].



Similar to tDCS, which has been applied in rehabilitation therapies [19], tACS could also be a powerful auxiliary tool added to existing therapies. However, before widely utilizing tACS, it is of considerale significance to understand the underlying mechanism of how tACS influences the patterns of patient’s brain. The current study aims to thoroughly explore the frequency-specific stimulation effect of tACS on chronic stroke subjects using graph theory analysis in resting-state fMRI and investigated the modulation effect in motor-related cortical regions. At the same time, the integration and segregation characteristics of the network at the whole-brain level were also investigated. We hypothesized the potential differential effect of 10 Hz and 20 Hz tACS as well as the resulting modulation difference in brain networks in motor-related regions and at the whole-brain level.




2. Materials and Methods


2.1. Subjects


Thirteen chronic stroke patients (eight males, mean age = 61 ± 10 years) with the right (n = 7) or left (n = 6) hemisphere impairment were recruited from the local community. The inclusion criteria were: (1) first-ever stroke, (2) sufficient cognitive function to understand instructions (Montreal Cognitive Assessment, Moca score ≥ 22), (3) a single unilateral brain lesion, and (4) more than six months before the experiment. The exclusion criteria were: (1) history of alcohol, drug abuse, or epilepsy, (2) severe cognitive deficits, and (3) any contraindication to tACS or MRI. Fugl-Meyer Assessment for upper-extremity (FMA) and Action Research Arm Test (ARAT) were utilized to assess the motor function of the paretic upper limbs for all stroke patients. The lesion map, detailing demographics and clinical properties of the participants, could be found in the Supplementary Materials (Figure S1 and Table S1). This study was approved by the Joint Chinese University of Hong Kong-New Territories East Cluster Clinical Research Ethics Committee. This study was registered at https://clinicaltrials.gov (accessed on 13 February 2021) (NCT04638192). All of the subjects gave written consent before the intervention.




2.2. tACS Intervention


According to the international 10–20 system, one electrode (5 × 5 cm   2  ) was positioned over the ipsilesional M1, while the return one was placed over the contralesional supraorbital ridge (Figure 1B). Both of the electrodes were fixed to the patient’s scalp with straps before MRI scanning. For 10 Hz and 20 Hz tACS, an MRI compatible DC-stimulator (NeuroConn GmbH, Ilmenau, Germany) was utilized to deliver the current with 1-mA peak-to-peak intensity for 20 min. The 30-s ramp-up and ramp-down periods at the beginning and end of stimulation, respectively, were adopted. For the sham group, the stimulator was switched off after the 30-s ramp-up period to induce typical tingling sensation [20] (Figure 1C). Each subject would undergo these three stimulation protocols in a randomized order. Meanwhile, the stimulation conditions were performed with a wash-off period of at least one week between each other [21].




2.3. Image Acquisition and Preprocessing


A 3T Philips MR scanner (Achieva TX, Philips Medical System, Best, The Netherlands) with an eight-channel head coil was used to acquire high resolution T1-weighted anatomical images (TR/TE = 7.47/3.45 ms, flip angle = 8°, 308 slices, voxel size = 0.6 × 1.042 × 1.042 mm   3  ) while using a T1-TFE sequence (ultrafast spoiled gradient echo pulse sequence), and BOLD fMRI images (TR/TE = 2000/30 ms, flip angle = 70°, 37 slices/volume, voxel size = 2.8 × 2.8 × 3.5 mm   3  ) using a GE-EPI sequence (gradient-echo echo-planar-imaging sequence). Resting-state fMRI data were acquired before, during, and immediately after stimulation. Each run lasted for 6 min. with 180 volumes for each fMRI image (Figure 1A). During acquisition, the patient was instructed to keep awake while focusing on a white cross presented in black background.



The fMRI data were mainly preprocessed using DPARSF toolbox [23]. The first four volumes were removed to assure the remaining volumes of fMRI were at magnetization steady state. Subsequently, the remaining volumes were corrected with slice timing and realigned to correct head motion. Nuisance variables, including white matter, cerebrospinal fluid (CSF), global mean signal, and Friston 24 head motion parameters, were then regressed out [24]. To further control for head motion, the scrubbing process were performed for the volumes with framewise displacement (FD) value exceeding 0.3 [25]. If over 25% of all the volumes exceed the threshold, the corresponding data would be discarded, and no data were discarded in our study. Afterward, the fMRI data were aligned to anatomical images. To remove higher frequency physiological noise and lower frequency scanner drift, detrending, and the 0.01–0.1 Hz band-pass temporal filtering was performed [26]. Subsequently, the functional images were normalized to the Montreal Neurological Institute (MNI) template, resliced to 2 × 2 × 2 mm   3   voxels, and then spatially smoothed with a Gaussian kernel with a full-width at half-maximum (FWHM) of 6 mm. The fMRI data of subjects who had left-hemispheric lesions were flipped along the midsagittal plane using MRIcron (www.mccauslandcenter.sc.edu/mricro/mricron (accessed on 13 February 2021)) for group statistical analysis, so that the lesions of all subjects were in the right hemisphere.




2.4. Graph Theory Analysis


2.4.1. Construction of Brain Functional Networks


In order to investigate the modification of brain functioning induced by tACS located at the lesioned motor area, the whole brain was first parcelled into 116 regions based on Automated Anatomical Labeling (AAL) atlas [27] to construct the network at the whole-brain level, and 20 regions of interest (ROIs) related to motor function based on previous studies [28] were extracted to constitute the nodes of the network in motor-related regions (Listed in the Supplementary Materials Table S2). The mean time series of each ROI was averaged. The temporal correlation matrix for each subject under each condition was obtained by calculating the Pearson correlation coefficients between the time courses of each pair of regions.



In graph theory, an adjacency matrix was often adopted to characterize the structure of the graph. In the present study, we would threshold the fMRI temporal correlation matrix to acquire group adjacency matrix as well as individual adjacency matrix for each time point under each stimulation condition. First of all, a Fisher’s r-to-z transform was utilized to map correlation r value to z score value for all individual correlation matrices to improve normality [29]. A two-tailed one-sample t-test was then used to test the significance of the correlation different from zero for each possible pair of nodes across subjects. A significant level of   p < 0.01   with Bonferroni correction was adopted to threshold the temporal correlation matrices to obtain the binarized group adjacency matrices. The ratio of the number of existing edges and the maximum number of all edges derived from the resulting group adjacency matrix were used to binarize individual temporal correlation matrix in a proportional-threshold way [30]. Therefore, the inherent structural property of individual adjacency matrix could be consistent with the group adjacency matrix to maximally reduce the bias that is caused by selecting a priori thresholding parameter [31].




2.4.2. Graph Theoretical Measures


After constructions of brain networks, several measures that characterize the property of modular organization and nodes were evaluated. All graph theory analysis was conducted while using Brain Connectivity Toolbox [32] thta was implemented in MATLAB (The MathWorks Inc., Natick, MA, USA).



Modularity. It is often assumed that a brain network always works with several well-partitioned modules or communities, and each community is responsible for specialized functional processing. Modularity is to measure such goodness of graph partitioning, which is defined as [33]:


  Q =  ∑  u ∈ M     e  u u   −     ∑  v ∈ M    e  u v     2    



(1)




where u and v represent the specific modules in the set of all subdivided non-overlapping modules M,   e  u v    represents the proportion of all links connecting nodes in module u and v, respectively. Q is normally treated as an objective function to the maximize the number of within-module links and minimize the number of inter-module links to optimally subdivide the graph into communities.



Within-module degree z-score. Based on the community assignment of all nodes, the role of a specific node could be determined with respect to its own community as well as other communities. The within-module degree z-score is a classical measure to characterize how ‘well-connected’ a specific node is to other nodes that belong to the same community. Normally speaking, a high value of within-module z-score indicates dense within-module linking [34]. It is defined as:


   z i  =    k i   (  m i  )  −  k ¯   (  m i  )    σ  k (  m i  )     



(2)




where   k i   represents the degree of node i, which is equal to the number of links connected to node i in the whole network,    k i   (  m i  )    represents the number of links between node i and other nodes in the same module, and    k ¯   (  m i  )    and   σ  k (  m i  )    represent the mean and standard deviation of degree distribution in the same module, respectively.



Participation coefficient. Some of the nodes might not merely connect with nodes near them within the same community, but also have connections with nodes in other communities. The participation coefficient is used to evaluate such diversity of inter-modular interconnection for an individual node. Complementary to within-module degree z-score, the participation coefficient characterizes ‘how-distributed’ the links of a specific node among various communities [35], which is defined as:


   P i  = 1 −    ∑  m ∈ M       k i   ( m )    k i     2   



(3)




where    k i   ( m )    represents the number of links connecting node i and all other nodes in module m. It is noted that, if almost all links of a node are restricted within its own community, the participation coefficient of this node is close to 0. Otherwise, the participation coefficient of the node with almost uniformly distributed links tends to be 1.



Clustering coefficient. The clustering coefficient is a kind of measure of segregation that is related to the number of triangles in the network. The nodal clustering coefficient is equivalent to the fraction of the node’s neighbors that are also neighbors of each other, which is defined as [36]:


   C i  =   2  t i     k i   (  k i  − 1 )     



(4)




where    t i  =  1 2   ∑  j , h ∈ N     a  i j    a  i h    a  j h      (  a  i j    indicates the link between node i and node j, and N means the set of all nodes in the network) represents the number of triangles surrounding node i.



Local efficiency. Local efficiency is a nodal measure to characterize the efficiency of local information transmission and mainly focus on the property of communication among neighbors for a specific node [37]. It is defined as:


  L  E i  =    ∑  j , h ∈ N , j ≠ h     a  i j    a  i h       d  j h    (  N i  )     − 1       k i   (  k i  − 1 )     



(5)




where    d  j h    (  N i  )    indicates the shortest path length of node j and node h, which contains the only neighbor of node i.



Specifically, since we would like to investigate the modulation effect of tACS in motor-related brain regions, we mainly focused on the analysis of the distribution of nodal metrics. The corresponding measure for a node would be calculated by averaging all values across all subjects. The nodal measures during and after stimulation were baseline corrected by subtracting the corresponding values that were derived from the pre-stimulation session to characterize the modulation effect. Besides, the integration and segregation characteristics of the network at the whole-brain level were also investigated.





2.5. Statistical Analysis


The statistical tests were conducted using SPSS 25 (IBM SPSS, Armonk, NY, USA). A two-way repeated-measure Analysis of Variance (ANOVA) with factors of stimulation (sham, 10 Hz, and 20 Hz) and time (during and post) was carried out in order to investigate the change of distributions of graph theoretically nodal measures, including within-module degree z-score, participation coefficient, clustering coefficient, and local efficiency. The Greenhouse–Geisser correction would be adopted if Mauchly’s test of sphericity was significant. Paired t-tests were applied as post-hoc tests to examine whether there exists significant difference in different combinations of three stimulation conditions for each time point. The significance level was set at   p <   0.05. Bonferroni correction was used to counteract the problem of multiple comparisons.





3. Results


3.1. Community Structure


First of all, we investigated the modulation effect of different stimulation protocols that were imposed on the structure of the network in motor-related regions, which is related to the community assignment and affiliation.



When no stimulation (sham) applied to the brain, it could be observed that the community structure and node affiliation to specific functional modules did not change significantly along with time (Figure 2). Different from sham stimulation, there existed evidence showing that 10 Hz stimulation tended to uniformly distribute the nodes to different communities. In some specific regions, the nodes that belong to various communities became more miscellaneous (Figure 3). Interestingly, opposite to 10 Hz stimulation, 20 Hz stimulation showed the ability to merge sub-modules into a larger community. All of the nodes in the same community dominantly located in one specific region and the space encompassed by nodes of different communities scarcely overlap with each other after 20 Hz stimulation (Figure 4).




3.2. Graph Theoretically Nodal Measures


It is often assumed that the role of a node could be determined by its position in the P-z parameter plane, which is called P-z plot [34]. Hence, we investigated the change of distributions of within-module degree z score and participation coefficient, respectively. From the P-z plots illustrated in Figure 2, Figure 3 and Figure 4, it could be observed that, for within-module degree z-score, the distributions did not show significant fluctuations, and the mean values of all conditions were located around zero. The repeated measure ANOVA also did not show any significant effect in within-module degree z-score.   P o s t − h o c   tests also indicated that no significant difference was observed for pairwise comparison.



However, it is observed that, in 20 Hz stimulation, the distribution of participation coefficient shifted to a small value along with time. The repeated measure ANOVA of participation coefficient change indicated significant   s t i m u l a t i o n − t i m e   interaction effect (F(2, 38) = 5.527,   p <   0.008).   P o s t − h o c   tests indicated a significant difference between   s h a m   and 20 Hz (  p <   0.001, Bonferroni corrected) as well as 10 Hz and 20 Hz (  p <   0.020, Bonferroni corrected) after stimulation (Figure 5A).



For clustering coefficient change, the repeated measure ANOVA showed no significant   s t i m u l a t i o n − t i m e   interaction effect (F(2, 38) = 0.092,   p <   0.912), but indicated a significant   s t i m u l a t i o n   main effect (F(2, 38) = 10.294,   p <   0.001). During stimulation,   P o s t − h o c   tests indicated a significant difference between 10 Hz and 20 Hz (  p <   0.013, Bonferroni corrected). After stimulation,   P o s t − h o c   tests indicated a significant difference between   s h a m   and 20 Hz (  p <   0.047, Bonferroni corrected) as well as between 10 Hz and 20 Hz (  p <   0.027, Bonferroni corrected) (Figure 6A). Similarly, for local efficiency change, the repeated measure ANOVA also showed no significant   s t i m u l a t i o n − t i m e   interaction effect (F(2, 38) = 0.081,   p <   0.923), but indicated significant   s t i m u l a t i o n   main effect (F(2, 38) = 14.174,   p <   0.001). During stimulation, the   P o s t − h o c   tests indicated a significant difference between 10 Hz and 20 Hz (  p <   0.005, Bonferroni corrected). After stimulation, the   P o s t − h o c   tests indicated a significant difference between   s h a m   and 10 Hz (  p <   0.007, Bonferroni corrected), as well as between 10 Hz and 20 Hz (  p <   0.005, Bonferroni corrected) (Figure 6B).



Additionally, the modulation of the modular organization from the whole-brain network was also investigated. The repeated measure ANOVA of participation coefficient change indicated a significant   s t i m u l a t i o n − t i m e   interaction effect (F(2, 230) = 3.536,   p <   0.035). During stimulation,   P o s t − h o c   tests indicated a significant difference between   s h a m   and 20 Hz (  p <   0.004, Bonferroni corrected) as well as 10 Hz and 20 Hz (  p <   0.001, Bonferroni corrected). After stimulation,   P o s t − h o c   tests indicated a significant difference between   s h a m   and 10 Hz (  p <   0.001, Bonferroni corrected), as well as between 10 Hz and 20 Hz (  p <   0.001, Bonferroni corrected) (Figure 5B). For a comprehensive understanding, the results of clustering coefficient and local efficiency analysis at the whole-brain level were also provided in the Supplementary Materials (Figure S2).





4. Discussion


This study aimed to investigate the tACS stimulation effect with 10 Hz and 20 Hz frequencies being applied in chronic stroke subjects using resting-state fMRI from a graph theoretical perspective. The results showed differential modulations induced by tACS with various frequencies. Meanwhile, the difference was also observed from brain networks in motor-related regions and whole-brain level, respectively. Our findings might facilitate effectively designing stimulation protocols with tACS in chronic stroke.



Evidence has accumulated that brain oscillations play an essential role in normal functioning through modulating the timing of neuronal spiking at the microscale and synchronizing distributed related cortical regions at the macroscale [39,40]. Specifically, the oscillations in alpha and beta bands were important and widely investigated by researchers. During relaxed alert states, alpha oscillations are supposed to be the most pronounced across most of the brain regions [41], and its functions were speculated to be involved in some aspects of attention and sensory processing [42,43]. Beta oscillations, especially those in sensorimotor brain regions, were usually motor-related and linked to activities, including motor observation, imagery, and execution [44]. In this context, non-invasive tACS has emerged as a powerful tool to modulate the brain activities and the internal brain states via entrainment of intrinsic frequency-specific oscillations [6,7]. In our study, the significant decrease of participation coefficient that indicated a higher segregation of communities was observed in motor-related regions after 20 Hz tACS, but no such effect was induced by 10 Hz tACS. In an age-related study, it has been exhibited that the participation coefficient was increased in older as compared with younger participants in the somatomotor networks probably due to less efficient use of neural resources [45]. This implied that 20 Hz tACS might be able to improve the cost efficiency of neural resources and make functional modules more differential and specific in the motor system. It has also been proposed that beta-band activity might correspond to an idling rhythm in the motor system [46] and allow for more efficient processing of feedback [47]. Hereby, the entrainment of beta oscillation after 20 Hz tACS might facilitate such processing by assembling sub-modules with higher functional coupling in motor-related regions.



It has been suggested that brain oscillations in different frequency ranges might enable regional interactions at different spatial scales [48]. Previous modeling studies implied that alpha and beta oscillations might support functional coupling over long distances [49]. Hence, the stimulation effect of tACS was also expected to be observed from the whole-brain perspective, although the stimulation site was located at the primary motor cortex. Our results illustrated that, at the whole-brain level, 10 Hz tACS facilitated segregation and 20 Hz facilitated the integration of communities. It has been revealed that the presence of alpha generators existed across all cortical layers [50] and similar alpha physiology was found across the whole brain, which implied an integrative function of alpha wave, especially under the resting condition [51]. Different from alpha oscillation, the function of beta frequency in the whole-brain level was not explicit. In our study, it seemed that, the communication of whole-brain communities, was enhanced after 20 Hz tACS, characterized by an increase in the participation coefficient. This could be partially explained by the findings in previous studies, which exhibited that beta oscillations are ideally suited for communicating across long conduction delays [49,52,53].



Additionally, since the stimulation site was located over the primary motor cortex, we were also interested in the modulation effect of nodal properties in the motor system. Hereby, the nodal measures of clustering coefficient and local efficiency, which shared similar meaning, were adopted. For both local measures, the increasing trend was observed after 20 Hz stimulation in motor-related regions, but the only decreasing trend was observed after 10 Hz stimulation. This implied that 20 Hz tACS might improve the efficiency of information transmission within specific modules and such an effect could maintain after stimulation [18]. Opposite with 20 Hz tACS, 10 Hz tCAS led to decreased local efficiency which might indicate a pruning of task-irrelevant connections [54]. Together, it suggested that the motor system might show frequency-specific responses to extrinsic stimulation and be prone to be more sensitive to entrainment of beta-band oscillations.



It is also worth noting that, although some previous studies have exhibited the modulation effect of tACS with different frequencies on healthy participants, few studies have investigated the influence of tACS in stroke patients [12,20,55,56]. One study claimed that tACS might facilitate lesioned brain self-regulation during neurofeedback intervention [57]. Our study tried to uncover the modulation effect of frequency-specific tACS in the chronic stroke from the view of brain networks with fMRI data at the same time. On the other hand, it has been proposed that the human brain always seeks a balance between the local segregation of function and the global integration of information [58]. Based on our findings, 20 Hz might have the potential to assist the lesioned brain to reach such an optimal state and it could be a promising tool applied in routine rehabilitation therapies. However, randomized controlled trials were needed in order to verify this point and determine the frequency that can maximally accelerate the recovery process for stroke patients in the future. In the current study, the investigation of the effect on motor function and motor learning after the single-session tACS could not be evidenced by the results directly and was quite limited due to the lack of behavioral assessment. Some previous studies have indicated that a single-session tDCS could help chronic stroke subjects to shorten the response time of tasks and improved pinch force in the paretic hand [59,60]. Lefebvre et al. suggested that a single-session dual-tDCS could enhance online motor skill learning and facilitate precision grip as well as dexterity for chronic stroke patients [61,62]. Different from tDCS, the acute effect of a single-session tACS was merely investigated. Hence, the experimental design could be improved by collecting some behavioral data before and after the stimulation to better understand this point in the future.



Several limitations should be noted in our study. The network status of the stroke subjects may be different due to the various lesions in sizes and locations. In the present study, we did not take the lesion information into account, because most subjects had relatively homogeneous lesions in sizes and locations. Meanwhile, we adopted the repeated measures design (each subject underwent all stimulation conditions) which could control for factors that cause variability between subjects. In this way, the influence of network status variations that are caused by lesions could be reduced to some extent. However, to make the results more precise, in the future subjects with sufficiently homogeneous neural injury should be recruited and more advanced analytical methods that take the lesion formation into account should be utilized. On the other hand, to make the findings more valid, it is better to check the difference in the node topography between stroke patients and healthy adults. Caution should be taken when interpreting our findings due to the lack of such comparison in the present study. Besides, it is really inevitable that there are multiple co-existing states when resting as well as diversity among stroke subjects in different experimental sessions, which might introduce some variations in the pre-stimulation community structures. Therefore, due to the existing variability of community structures in the baseline, precaution should be taken while qualitatively interpreting these observations. Although we proposed to mainly stimulate the primary motor area, the current montage with huge stimulation pads might lead to the diffusion of stimulation effect. Hence, a high-definition tACS with the centering montage [56] could be adopted to be more specific in the future. Besides, the sample size was not large, which might limit the generalization power to some extent. More patients should be recruited to validate and extend the findings of the current study.




5. Conclusions


In summary, we investigated the frequency-specific stimulation effect of tACS in chronic stroke while using resting-state fMRI data. The graph theoretical analysis mainly indicated the differential modulation effect of network integration and segregation properties in motor-related regions as well as at the whole-brain level after 10 Hz and 20 Hz tACS intervention. This study might facilitate designing neurorehabilitation protocols with tACS for stroke survivors in the future.
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Figure 1. (A) The protocol of MRI acquisition and transcranial alternating current stimulation (tACS) intervention. (B) The montage of stimulation electrodes (drawn by SimNIBS [22]). The yellow one was put on the ipsilesional primary motor cortex, and the blue one is on the contralesional supraorbital ridge. (C) The currents of sham, 10 Hz, and 20 Hz. 
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Figure 2. The node topology and community structure of sham stimulation in motor-related regions at (A) pre, (B) during, and (C) post time points (drawn by BrainNet Viewer [38].). Left orientation represents left side of the brain. Node size was determined by local efficiency. The nodes with the same color belonged to the same community in each subplot. (D) illustrated P-z plot for sham stimulation and the dashed line represents the mean P value for each time point. 
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Figure 3. The node topology and community structure of 10 Hz stimulation in motor-related regions at (A) pre, (B) during, and (C) post time points. Left orientation represents left side of the brain. Panel (D) illustrated P-z plot for 10 Hz stimulation. 
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Figure 4. The node topology and community structure of 20 Hz stimulation in motor-related regions at (A) pre, (B) during, and (C) post time points. Left orientation represents left side of the brain. Panel (D) illustrated P-z plot for 20 Hz stimulation. 
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Figure 5. The bar chart of participation coefficient change of brain networks (A) in motor-related regions as well as (B) at the whole-brain level for various conditions during and after stimulation. Error bar stands for the standard error. Asterisk (*) indicates that a significant difference was observed at   p <   0.05. 
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Figure 6. The bar chart of (A) clustering coefficient change and (B) local efficiency change of the network in motor-related regions for various conditions during and after stimulation. Error bar stands for the standard error. Asterisk (*) indicates that a significant difference was observed at   p <   0.05. 






Figure 6. The bar chart of (A) clustering coefficient change and (B) local efficiency change of the network in motor-related regions for various conditions during and after stimulation. Error bar stands for the standard error. Asterisk (*) indicates that a significant difference was observed at   p <   0.05.



[image: Brainsci 11 00377 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
o o
+ € 4
+ §28
O O+x [3
X
O& 40
O X
”__.x X 3
X
HHHHHHHHHHHHHHH%H&IHHH@HTHHHHHHHU
g @) X O T
© + S
% ﬂvﬂ-@ X
xOx n
+
O +
+ +
o () a g o 3 rMu_, m B
Z






nav.xhtml


  brainsci-11-00377


  
    		
      brainsci-11-00377
    


  




  





media/file2.png
6 mins

:4— 6 mins

6 mins
11

Pre-stimulation

a

20 mins

q I
lgd

During-stimulation

Post-stimulation

sham

10 Hz






media/file5.jpg





media/file3.jpg





media/file1.jpg
Pre-stimulation Post-stimulation

B ¢
sham
10Hz

o,
20w

LR
T | 308

308






media/file7.jpg
20m






media/file10.png
>

participation coefficient change

0.4

0.3 A1

0.2

0.1 -

0.0 -

e sham
10Hz
L 20Hz

T | J}[_E

duﬁng pdst

vs)

participation coefficient change

0.3 A1

0.2

0.1 -

0.

o
L

—0.1 1

—0.2 -

—0.3 A1

-0.4

e sham
10Hz
e 20Hz

duﬁng

pdst






media/file12.png
>

clustering coefficient change

0.6

0.4 -

0.2 -

0.0 -

—0.2 -

—0.4 -

i sham
10Hz
o 20Hz

-0.6

vs)

local efficiency change

0.6

i sham
10Hz
0.49 wow 20Hz

0.2 -

0.0 -

—0.2 -

~0.4 A

-0.6






media/file9.jpg
during





media/file0.png





media/file8.png
O pre
<+ during
X  post

T
0.6

0.7





media/file11.jpg





media/file6.png
T
0.6

0O
3+
o

)
s

N x+d#@
Xx 0 o
= O O+
N3 +
v% + s






