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Transcranial Magnetic Stimulation to the Middle Frontal Gyrus During Attention Modes Induced Dynamic Module Reconfiguration in Brain Networks
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The interaction between dorsal and ventral attention networks (VANs) is mediated by the middle frontal gyrus (MFG), which is functionally connected to both networks. However, the direct role of the MFG in selective and sustained attention remains controversial. In the current study, we used transcranial magnetic stimulation (TMS) and electroencephalography (EEG) to probe the connectivity dynamic changes of MFG-associated regions during different attention modes. The participants underwent visual, selective, and sustained attention tasks to observe TMS-induced network changes. Twenty healthy participants received single-pulse TMS over the left or right MFG during tasks, while synchronous EEG data was acquired. Behavioral results were recorded and time-varying brain network analyses were performed. We found that the MFG is involved in attention processing and that sustained attention was preferentially controlled by the right MFG. Moreover, compared with the right hemisphere, the left hemisphere was associated with selective attention tasks. Visual and selective attention tasks induced MFG-related changes in network nodes were within the left hemisphere; however, sustained attention induced changes in network nodes were in the bilateral posterior MFG. Our findings indicated that the MFG plays a crucial role in regulating attention networks. In particular, TMS-induced MFG alterations influenced key nodes of the time-varying brain network, leading to the reorganization of brain network modules.
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INTRODUCTION

Understanding the physiological mechanism of complex brain functions, such as attention, is a major challenge in neuroscience. Attention plays a crucial role in our ability to organize thoughts and actions into meaningful behaviors (Kim et al., 2016). Maintaining attention, including selective and sustained attention, is one of the most widely used abilities in humans. Chronic attention difficulties are characteristic of many neurodevelopmental disorders, such as autism spectrum disorder and attention deficit hyperactivity disorder (ADHD; Kooistra et al., 2010; Keehn et al., 2013). Attentional mechanisms are required to selectively enhance the most task-relevant information (Jia et al., 2017). Nonetheless, despite research indicating the importance of the middle frontal gyrus (MFG) for maintaining the integrity of attention networks (Gogulski et al., 2017), no study has systematically compared the role of the MFG in different attention modes (such as selective or sustained attention).

Functional magnetic resonance imaging (fMRI) has provided evidence that the MFG is active in block and event-related analyses of attention tasks, suggesting its importance in sustained attention/vigilance (Neale et al., 2015). Most brain network studies use fMRI-based analyses for functional connectivity because it has higher spatial resolution; however, the relatively slow temporal course of fMRI limits its ability to characterize network operation and observe dynamic processes. In addition, it is susceptible to artifacts produced from head movements (Rathee et al., 2017), and it utilizes either resting or task states of participants without external interfering stimuli. Therefore, fMRI is imperfect for studying top-down attention.

Transcranial magnetic stimulation (TMS) pulses can induce the synchronization of distant cortical areas, and thereby modulate information processing and alter functional connectivity patterns in specialized, interconnected cortical modules (Massimini et al., 2005). Therefore, TMS is a unique method for studying brain-behavior dynamics in humans (Pascual-Leone et al., 1999, 2000; Walsh and Cowey, 2000; Wu et al., 2016). To date, brain connectivity between different regions using electroencephalography (EEG) has shown causal communication mechanisms between distinct attention networks (Pang and Snead, 2016; Christoforou et al., 2017). TMS combined with EEG (TMS-EEG) will provide an important method to study brain networks.

New hardware developments, such as improved EEG amplifier technology and advanced data processing techniques, have removed the TMS-induced artifacts that had previously rendered concurrent TMS-EEG impossible (Rogasch and Fitzgerald, 2013). In addition, EEG analytical methods have developed from a directed transfer function (Kaminski and Blinowska, 1991) to an adapted, directed transfer function (ADTF; Wilke et al., 2007). This method can be used to measure connections between different brain regions at different frequencies in time (Zhang et al., 2017; Li et al., 2018). Hot spots or key nodes can be identified from active regions. These are the core elements of a whole network in a certain time epoch, which can dynamically change with time (Wang et al., 2017; Yan et al., 2018). Furthermore, modules can be identified as a group of nodes that are more strongly connected between each other than nodes in different modules within the network (Rathee et al., 2017). Subsequently, a single-pulse TMS (sTMS) alters neural activity in the stimulated area and modulates the excitability of interconnected distant sites (Siebner et al., 2001). Further, TMS-EEG can be applied to quantify this brain network connectivity (Thut and Miniussi, 2009).

This study aimed to directly test the contributions of MFG to different attention modes in healthy subjects and whether this contribution is asymmetrical relative to different modes. We hope that this research will contribute to a deeper understanding of time-varying brain connections and dynamic changes in key nodes in cortical areas related to the MFG.

MATERIALS AND METHODS

Participants

Twenty healthy, right-handed individuals (10 males, mean age = 27.3 years, SD = 3.81) with normal or corrected-to-normal visual acuity were paid to participate in our experiment. All participants provided written informed consent for the study and publication. The study had the approval of the Xuanwu Hospital Ethics Committee and was in accordance with the Declaration of Helsinki.

Attention Modes

We used three different attention modes in our experiment:


(1)   Visual attention task. Participants were instructed to attend to the numbers that were presented between 0 and 9 randomly, with no choice component (Figure 1Aa).

(2)   Selective attention task. Participants were instructed to attend to the numbers that were presented between 0 and 9 and respond whenever they saw a “0” (Figure 1b).

(3)   Sustained attention task. Participants were instructed to attend to the numbers that were presented 1–9 and respond when they saw three consecutive odd or even numbers (“triplets”) in any sequence (e.g., 1, 3, 5 or 8, 4, 2; see Figure 1c).
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FIGURE 1. Schematic representation of experimental design. (A,a) Example of only visual attention task. (b) Example of target response in selective attention task block (number “0”). (c) Example of target response in sustained attention task block (triplets “8, 4, 2”). (B) Illustration of the concurrent transcranial magnetic stimulation (TMS)-electroencephalography (EEG) protocol and attention modes during sTMS. sTMS, single TMS.



All stimuli were controlled by a stimulus system (STIM, Neurosoft Labs Inc., Sterling, VA, USA) that presented numbers pseudo-randomly and with equal probability. The onset-to-onset interval and duration were 600 ms, without an inter-stimulus interval in all three conditions. All numbers were presented in white font on a black background. To ensure that the selective and sustained attention task blocks were matched for motor activation, both block types presented eight targets (“0” or odd/even triplets) appearing at a rate of four per 30 s. The selective and sustained attention conditions both included four blocks, with each block containing 200 numbers. There was a 1-min rest period between blocks without TMS stimulus.

Neuronavigation

Participants’ heads were co-registered with their T1 MRI images using BrainSight™ frameless stereotaxic software (Rogue Research, Montreal, QC, Canada) to confirm the anatomical locus of stimulation. A Magstim Super-Rapid Stimulator (Magstim Co., Whitland, Dyfed, UK) was used to deliver the magnetic stimulation. TMS sessions corresponded to two targeted areas: (1) left MFG (center of BA 9); and (2) right MFG (center of BA 9).

Measurements of Rest Motor Threshold

sTMS was applied with a figure-of-eight coil (70 mm diameter) connected to a monophasic Magstim stimulator (Magstim Company Ltd., London, UK). The stimulating coil was positioned tangentially to the skull with the coil handle pointing backward and laterally at 45° from the anterior-posterior axis. The left “motor hot spot” was determined as the site where the TMS consistently elicited the largest motor evoked potentials (MEPs) from the right first dorsal interosseous (FDI) muscle. This spot was marked on the scalp with a waterproof pen alongside the front edge of the TMS coil. The surface electromyography was recorded using disc-shaped Ag-AgCl electrodes that were placed in a tendon-belly arrangement. The resting motor threshold (RMT) was defined as the lowest stimulus intensity that elicited a minimum MEP amplitude of 50 μV in the completely relaxed FDI muscle in at least 5 out of 10 consecutive trials.

EEG Data Acquisition

EEG data were acquired using a magnetic field-compatible EEG amplifier (Yunshen Ltd, Beijing, China) and cap (Greentek Ltd, Wuhan, China) with 32 TMS-compatible electrodes positioned according to the 10/20 system and digitized with a sample rate of 1,024 Hz. The CPz and nasal tip electrodes served as the reference and ground, respectively. During the entire experimental task, electrode impedances were maintained below 5 kΩ.

Experimental Procedure

Participants were positioned on a semi-reclined chair with their forearms lying on armrests; care was taken to maintain a relaxed posture. Participants wore earplugs to avoid ambient and coil discharge noises. They were instructed to stay motionless without falling asleep. Each participant first completed the selective and sustained attention tasks without TMS to compare reaction times and correct response rates with responses during TMS application. We verified that the subjects remained alert by continuous EEG monitoring.

TMS was performed using a monophasic Magstim stimulator (Magstim Company Ltd, London, UK), which generates a maximum magnetic field of 1.5 T. sTMS was delivered through a figure-of-eight focal coil over the left or right MFG. The order of sTMS was randomized and there was a 30-min interval between each experiment (90% RMT). The sTMS interval was 4 s to avoid any TMS effect. Participants completed the three attention tasks during sTMS. The order of tasks was randomized, and there was a 10-min interval between tasks (Figure 1B). Left and right MFG were disturbed separately with a 30-min interval between experiments.

EEG Data Analysis

Time-Varying Network Analysis

EEG data analysis was divided into pre-processing and time-varying network analyses. The time-varying network analysis required several segmentations to enable the construction of a reliable network to capture the brain architectures and networks. In this study, we used TMS disturbances as stimulus labels. For each labeled disturbance event, the time point corresponding to the peak of the label was set as time “0.” Then, data corresponding to 0.5 s before and 1 s after “0” were extracted (total segment length, 1.5 s). Next, to reduce the calculation load in the time-varying network analysis, segments were eight-rate down-sampled (Li et al., 2016), resulting in 32 Hz. ADTF was used to construct the time-varying networks and uncover the dynamic information processing during TMS disturbance (Wilke et al., 2007). We used a time-varying multivariate adaptive autoregressive model and ADTF to calculate the time-varying brain network (Zhang et al., 2017); this process is included in the Supplementary Material Appendix. The normalized total information outflow of the jth node is further estimated in Equation 1 as:

[image: image]

where n is the total number of nodes.

When each node (n) has been calculated for each sample time point (t), a directional edge (i to j) can be displayed. From Equation 1, we can derive an outflow that denotes the time-varying of each node across different time points, as demonstrated in Figure 3. We defined the key node as the node with the highest degree of connectivity at various time points. The key node will change over time and at that sample time point, the edges quantity of this key node determines their connection strength.
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FIGURE 2. Reaction time and accuracy on each attention task. (A) Mean reaction time of correct responses in the selective attention task. (B) Correct response rate in the selective attention task. (C) Mean reaction time of correct responses in the sustained attention task. (D) Correct response rate in the sustained attention task. S, single TMS, L, left hemisphere, R, right hemisphere, MFG, middle frontal gyrus. *p < 0.05.
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FIGURE 3. Application of sTMS to the left MFG (A) and right MFG (B) induced changes in the time-varying networks in different attention modes. Time: after single TMS. Red lines: enhanced connections; black arrows: the direction of information flow; green lines: weakened connections; blue arrows: the direction of information flow.



Behavioral Data Analyses

All results from the attention tasks were averaged across the 20 participants, and statistical analyses were used to identify differences in dynamic network patterns between attention modes.

Post hoc pairwise comparisons were used to compare the reaction times and correct response rates between attentional modes. Statistical significance was set at p < 0.05.

RESULTS

Behavioral Results

We recorded the response time and accuracy of different attention tasks that were used to evaluate the contribution of the MFG to attention processing. There were no significant differences in response time or accuracy in the selective attention task during sTMS in the right or left MFG. Interestingly, participants showed an improvement in accuracy in the sustained attention task when sTMS was applied to the right MFG (p < 0.05; Figure 2).

Dynamic Network Patterns

The corresponding MFG time-varying network patterns of the different attention modes are shown in Figure 3. Specifically, application of sTMS to the left MFG induced changes in the time-varying networks in different attention modes. The left temporal and right central area connection was initially weakened (76–450 ms) but was followed by an enhanced bilateral temporal connection (450–1,000 ms). The left MFG induced a longer inhibition of the left temporal region in the sustained attention task, as compared to the other attention modes (Figure 3A). Additionally, application of sTMS to the right MFG induced time-varying network alterations in different attention modes. The connection between the left temporal and parietal lobes was initially weakened (76–256 ms) but was followed by an enhanced bilateral temporal connection (450–1,000 ms). MFG-induced inhibition of the left temporal connection was observed in the sustained attention task at 560 ms. This inhibition was observed at 450 ms in the other tasks (Figure 3B).

The time-varying network patterns from different attention modes are shown in Figure 3. These data reveal key network nodes located in different brain regions. Moreover, local brain regions close to the attention zones are activated at the differential time-points.

Furthermore, the association between the MFG and key nodes were altered during different attention modes (Figure 4). For example, when sTMS was applied to the left MFG during the visual attention task, key nodes in the left frontal region to the left posterior region were enhanced, and key nodes from the right posterior region to the left frontal region were weakened. When sTMS was applied to the left MFG during the selective attention task, key nodes from the left frontal region to the left posterior region were enhanced and were weakened in the right posterior region. Enhanced key nodes from the left and right posterior region and weakened key nodes in the left and right frontal region were observed when sTMS was applied to the left MFG during the sustained attention task. Following sTMS application to the right MFG during the visual attention task, the key nodes from the right frontal region to the left posterior region were enhanced, and the key nodes from the left posterior region to the right frontal region were weakened. The selective attention task revealed a change in the enhanced key nodes from the right frontal region to left posterior region and weakened key nodes changed from the right posterior region to the right frontal region. The sustained attention task revealed alterations in the enhanced key nodes from the right frontal region to the bilateral posterior region, and weakened key nodes changed from the left frontal region.
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FIGURE 4. Key nodes were altered during different attention modes. Red digits: conversion time of enhanced key nodes. Green digits: conversion time of weakened key nodes. Red lines and arrows: the direction of enhanced key nodes information flow. Green lines and arrows: the direction of weakened key nodes information flow. S, single TMS, L, left hemisphere, R, right hemisphere, MFG, middle frontal gyrus.



Our analyses revealed similar results in the left and right MFG in both selective and sustained attention modes; however, the visual and selective attention tasks revealed a hemispheric asymmetry, with key nodes associated with MFG in the left hemisphere. The sustained attention task revealed bilateral key nodes and increased connections between hemispheres.

DISCUSSION

Previous studies have noted the importance of the prefrontal cortex and frontal-parietal network in attention and our results have shown that the MFG makes a significant contribution to attention processing. Furthermore, we found that sTMS application in the right MFG can improve sustained attention. Interestingly, MFG-associated visual and selective attentional network key nodes were altered in the left hemisphere from the frontal region to posterior regions; however, sustained attention key nodes showed bilateral information exchange with right or left sTMS application.

The prefrontal lobe has been linked to attention in humans; however, its mechanism and role have not been fully elucidated. The earliest therapeutic use of repetitive TMS (rTMS) for ADHD led to an improvement in clinical global depression and ADHD-IV scales (Weaver et al., 2012). Similarly, our results indicate that sTMS application to the right MFG can have a positive effect on sustained attention. The left hemisphere is more associated with selective attention, and our results indicate bilateral MFG activation in sustained attention tasks. Further, disturbance of the right MFG may activate the right hemisphere and facilitate network connections with other regions to improve sustained attention ability. These results indicate a possible therapeutic potential for sTMS in the right MFG in individuals with sustained attention deficits.

Selective and sustained attention are primarily controlled by the dorsal attention network (DAN) and the ventral attention network (VAN; Corbetta and Shulman, 2002). There is a hemispheric asymmetry between attention networks, which results in the functional lateralization of the MFG (Corbetta and Shulman, 2011; Koch et al., 2011; Thiebaut et al., 2011; Neale et al., 2015). Lesion-based studies in ADHD have indicated that unbalanced interhemispheric interactions between the bilateral MFG account for the hemispheric specialization of attention function (Epstein et al., 2009; Nagashima et al., 2014). Current data indicate that the functional asymmetry of MFG is linked with different brain networks. This is supported by our data showing asymmetric connectivity of the MFG between different attention modes.

sTMS application to the MFG induced changes to time-varying networks in different attention modes, which included enhanced and weakened connections. The visual and selective attention task revealed alterations in the location of enhanced connections from the frontal region to the posterior region in the left hemisphere and weakened connections from the posterior region to the front brain. In contrast, the sustained attention task revealed changes to enhanced connections bilaterally in the posterior region and altered weakened connections in the frontal region. This indicates that the MFG has different roles in different attention modes, and right MFG has its most important role in sustained attention processing (Caruana et al., 2015; Han et al., 2018). Previous data have shown that TMS affects performance when applied to either hemisphere (Duecker et al., 2013; Platz et al., 2016); however, we found a strong right MFG effect. This indicates that this frontal region may have a spatially biased functional role.

Previous studies of brain structure analysis, based on functional connectivity patterns, have shown modular organization. These are classified into four modules that are associated with different functions: occipital (perception), central and sensorimotor (action), and frontoparietal (executive functions) modules; and the default mode network (spontaneous cognition). This indicates that there is a well-defined network organization in the brain at rest and during task performance (Laird et al., 2005; Crossley et al., 2013). The present study revealed that reorganization of brain network modules might contribute to attention processing. Furthermore, there are differences in network topology between different attention modes. We have demonstrated that the left hemisphere plays a leading role in visual and selective attention processes (Fink et al., 1997; Yamaoka and Michimata, 2015; Sweeti et al., 2018).

The time-varying network in this study highlighted that the MFG plays an important role in dynamic network changes that are involved in attentional processing and may have a regulatory function in attention processing, particularly the right MFG in sustained attention. Studies have reported that the right posterior parietal cortex has stronger anatomical connections with the ipsilateral MFG than the left posterior parietal cortex (Wu et al., 2016). In the current study, we discovered that the right hemisphere preferentially mediates sustained attention, due to unbalanced interactions between the bilateral frontoparietal networks. Correct response rate can be improved by stimulating the right MFG during sustained attention tasks and increasing the interhemispheric parietal network connections. These asymmetric connections were associated with behavioral performances.

This study has a few limitations, some of which may merit future investigation. First, the brain regions to which sTMS was applied were relatively limited and only located in the prefrontal cortex. Next, although we used three attention modes in the present study, there are many attention-related tasks that can be used to assess network changes. Finally, the sample size of this study was small. Future studies should address these limitations.

CONCLUSIONS

We sought to assess the role of the MFG in different attention modes by using sTMS to induce dynamic changes to brain networks. We have confirmed that the MFG is involved in attention processing, and our findings suggest that there is an asymmetry of sustained attention control towards the right MFG. Moreover, the left hemisphere is more involved in selective attention tasks than the right hemisphere. Our principal findings demonstrate that during visual and selective attention, MFG-related networks were situated in the left hemisphere, whereas sustained attention led to a greater activation of key nodes in the bilateral posterior region of the brain. These findings suggest that sTMS-induced MFG disturbances can cause key nodes in brain networks altered and reorganized.
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