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Editorial on the Research Topic
 TMS application in both health and disease




Transcranial magnetic stimulation (TMS) can be useful for therapeutic purposes for a variety of clinical conditions. Numerous studies have indicated the potential of this non-invasive brain stimulation technique to recover brain function and to study physiological mechanisms. Following this line, the articles contemplated in this Research Topic show that this field of knowledge is rapidly expanding and considerable advances have been made in the last few years. There are clinical protocols already approved for Depression (and anxiety comorbid with major depressive disorder), Obsessive compulsive Disorder (OCD), migraine headache with aura, and smoking cessation treatment but many studies are concentrating their efforts on extending its application to other diseases, e.g., as a treatment adjuvant. In this Research Topic we have the example of using TMS for pain, post-stroke depression, or smoking cessation, but other diseases/injuries of the central nervous system need attention (e.g., tinnitus or the surprising epilepsy). Further, the potential of TMS in health is being explored, in particular regarding memory enhancement or the mapping of motor control regions, which might also have implications for several diseases.

TMS is a non-invasive brain stimulation technique that can be used for modulating brain activation or to study connectivity between brain regions. It has proven efficacy against neurological and neuropsychiatric illnesses but the response to this stimulation is still highly variable. Research works devoted to studying the response variability to TMS, as well as large-scale studies demonstrating its efficacy in different sub-populations, are therefore of utmost importance. In this editorial, we summarize the main findings and viewpoints detailed within each of the 12 contributing articles using TMS for health and/or disease applications.

The developments in the last two decades have been impressive and as has been shown by Hua et al. a repetitive TMS protocol can have the potential to improve associative memory in health, which can be relevant for many neurological conditions.

In the line of using brain stimulation in healthy volunteers, Ngetich et al., provided evidence for the use of intermittent theta-burst stimulation (iTBS) in visual-spatial working memory enhancement, as well as the safety and effective profile of this technique for investigating the causal role of particular brain areas in specific psychological processes.

Brain stimulation can in fact be used to investigate the neural basis of distinct tasks. Yue and Martin, examined the effects of TMS in working memory (WM) and showed an effect of TMS on task performance, specifically on response time, in a phonological WM recognition task. With their work, they pointed out the relevance of assessing if the memory representations are restricted to local areas or distributed in a network, through studies of functional connectivity or multi-focal brain stimulation (Yue and Martin).

On the other hand, there is the use of TMS in disease, to ameliorate symptoms of e.g., post-stroke depression (PSD). PSD constitutes an important topic of research, given the major prevalence of stroke and its detrimental impact on quality-of-life. Thus, Zhu et al. explored the effects of TMS as an adjuvant to citalopram for post-stroke depression treatment. They found that, TMS in combination with citalopram were able to ameliorate symptoms of depression, as well as the neuropsychological function, in people with PSD. However, the outcome measures or evidence of treatment response of different protocols are still lacking. Strafella et al. provided a systematic review on using EEG markers to that end in major depressive disorder (MDD). They showed that TMS-EEG measures are promising markers to predict response to treatment with brain stimulation, in MDD. Further, these measures may help to non-invasively target cortical regions related to MDD (Strafella et al.).

Repetitive TMS can also be applied as a novel intervention for smoking cessation. Shevorykin et al. studied high-frequency rTMS and delay discounting as a new therapeutic target for smoking cessation. Their preliminary findings supported delay discounting as a possible therapeutic target and suggested that an increase in duration and intensity might lead to greater effect sizes in long-term smoking cessation.

Research on motor related effects of TMS have been also matter of debate and improvement recently. TMS elicits motor-evoked potentials (MEPs), measured by electromyography, but non-MEP points may also affect the estimation of the size and centroid of the excitable area. Jin et al. reported in this Research Topic that the incorporation of non-MEP points can improve the estimate of the active area, suggesting TMS approaches that do not consider the non-MEP points are more likely to overestimate the regions of excitability. Examining motor control of other regions e.g., the lumbopelvic musculature is of high interest to those studying low back pain (LBP). This mapping was done by Jordon et al. utilizing TMS and is also reported in this Research Topic.

The investigation on TMS as a novel type of treatment for several clinical conditions is growing fast due to its safety and non-invasive profile. This has been also the case for pain therapy. However, as reported by the work of Li et al., prospective, multi-center, large-sample, randomized controlled trials would be valuable to assess the effectiveness of TMS parameters in pain.

TMS has great potential to study/interfere with cognitive processes and help disentangle their underlying neuronal networks. Luber et al. took great advantage of TMS to interfere with a deception task and provide spatio-temporal information about the neural activity underlying deception action. In this line, Dong et al. stimulated the cerebellar swallowing cortex with high-frequency rTMS to investigate the effects and possible mechanisms of rTMS on swallowing-related neural networks, with resting-state functional magnetic resonance imaging (rs-fMRI).

TMS applications are really expanding in both health and disease. We summarized here incredible findings related to stroke, depression, pain, smoking, or normal brain function mapping. To finish, we highlight the work by Wang et al., showing that rTMS may also improve the visual function in strabismic amblyopic patients. This is an example of the new meaningful applications that are emerging associated with the broader investigation of this promising therapeutic technique.
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There are a limited number of neuroimaging investigations into motor control of the lumbopelvic musculature. Most investigation examining motor control of the lumbopelvic musculature utilize transcranial magnetic stimulation (TMS) and focus primarily on the motor cortex. This has resulted in a dearth of knowledge as it relates to how other regions of the brain activate during lumbopelvic movement. Additionally, task-based functional connectivity during lumbopelvic movements has not been well elucidated. Therefore, we used functional magnetic resonance imaging (fMRI) to examine brain activation and ROI-to-ROI task-based functional connectivity in 19 healthy individuals (12 female, age 29.8 ± 4.5 years) during the performance of three lumbopelvic movements: modified bilateral bridge, left unilateral bridge, and right unilateral bridge. The whole brain analysis found robust, bilateral activation within the motor regions of the brain during the bilateral bridge task, and contralateral activation of the motor regions during unilateral bridging tasks. Furthermore, the ROI-to-ROI analysis demonstrated significant connectivity of a motor network that included the supplemental motor area, bilateral precentral gyrus, and bilateral cerebellum regardless of the motor task performed. These data suggest that while whole brain activation reveals unique patterns of activation across the three tasks, functional connectivity is very similar. As motor control of the lumbopelvic area is of high interest to those studying low back pain (LBP), this study can provide a comparison for future research into potential connectivity changes that occur in individuals with LBP.

Keywords: task-based functional connectivity, lumbopelvic, motor control, spine, movement


INTRODUCTION

Neuroimaging investigations into motor control have typically focused on either upper extremity or distal lower extremity movements (Grefkes et al., 2008; Grooms et al., 2019; Vinehout et al., 2019; Criss et al., 2020). While these investigations have provided great insight into the motor control of the extremities, relatively little is known about brain activation during motor control for the lumbopelvic region. Investigations into trunk control have either relied on examining non-voluntary, postural corrections to perturbations from the extremities or have used transcranial magnetic stimulation (TMS) (Matthews et al., 2013; Jean-Charles et al., 2017). When used in conjunction with electromyography (EMG), single pulse TMS excites pyramidal neurons within the motor cortex which results in a measurable muscular contraction at the targeted site (Goss et al., 2012). While studies using TMS have provided insight into the neural correlates of lumbopelvic motor control in individuals with and without low back pain (LBP) (Tsao et al., 2008, 2011), this approach is limited for several reasons. First, the presence of pain can alter TMS findings in ways that are unpredictable (Hodges and Tucker, 2011). For example, while there is some evidence demonstrating that motor-evoked potentials (MEPs) increase during local muscle pain (Fadiga et al., 2004), several studies have shown that MEPs can either decrease (Valeriani et al., 1999; Farina et al., 2001; Martin et al., 2008), or stay the same (Romaniello et al., 2000). This variability in findings may be due to the fact that activity within a single muscle can be redistributed in order to protect the body part that is in pain (Hodges and Tucker, 2011). Therefore, findings of either increased or decreased excitability could be influenced simply by slight changes in the placement of the EMG electrode. Second, functional trunk movements require the utilization of multiple muscles working in concert with the sensory feedback. By design, TMS can only assess a single muscle at a time thus limiting its scope in investigating functional movements using multiple synergist muscle groups and sensory feedback to control volitional movements. Lastly, studies assessing motor control using TMS have only assessed the primary motor cortex and not other regions (e.g., those responsible for motor planning or proprioception) of the brain, such as premotor cortices, which might hold important insights into the motor control of the lumbopelvic region.

To better understand the neural control of the trunk, our team developed a protocol which engages the musculature of the lumbopelvic region within the confines of the MRI scanner (Silfies et al., 2020). In a previous preliminary study, modified bilateral and unilateral bridging movements activated numerus trunk muscles including the lumbar multifidus, erector spinae, external obliques, internal obliques, and rectus abdominus; hip muscles were also active (gluteus maximus, hamstrings) with greater activation on the side of movement (e.g., left gluteus and hamstrings during left bridge). During performance of the modified bridging movement, activation was recorded in a bilateral sensorimotor network that included the supplemental motor area (SMA), precentral gyrus (PreCG), postcentral gyrus (PostCG), putamen, parietal operculum, and the superior parietal lobule. During bilateral bridging, brain activation was present in both hemispheres, however, during unilateral bridging, activation was more localized to the hemisphere contralateral to movement. Overall, this previous preliminary study found that it was feasible to collect fMRI data during lumbopelvic motor tasks without excessive head movement. However, functional connectivity during the lumbopelvic tasks was not assessed in that study. A better understanding of the functional connectivity during lumbopelvic tasks could elucidate the functional integration of separate brain regions that might not be observable by looking exclusively at the change in the BOLD signal (Rao et al., 2008). Therefore, the purpose of this study was twofold. First, we aimed to validate the results of the initial feasibility study with a separate larger cohort of participants. Second, we investigated task-based functional connectivity between the sensorimotor regions during bilateral and unilateral bridging. We hypothesized that (1) the whole brain activation patterns of our study would be similar to that of the preliminary paper with bilateral activation for the bilateral bridge and contralateral activation for the unilateral bridging tasks, and (2) functional connectivity would demonstrate unique network connectivity which reflect the different sensorimotor demands of each bridging task.



MATERIALS AND METHODS


Subjects

Twenty-one individuals were recruited to participate in this study. However, one participant was removed due to low-signal amplitude while another participant exhibited abnormal brain morphology and was unable to participate in the study. This left a total of 19 participants [12 female, age 28 ± 3.9 years, range 21–37 (Table 1)] who completed the study. After giving informed consent, participants underwent MRI safety screening to ensure they were safe to participate in the study. Inclusion criteria were: (1) being right-hand dominant; (2) being between the ages of 18–60; (3) no history of activity limiting LBP; (4) no history of inflammatory joint disease or cancer; and (5) no contraindications for undergoing MRI. Handedness was determined by the Edinburgh Handedness Inventory which also assesses for footedness (Oldfield, 1971). All of our participants were right footed. Approval for this study was given by the University of South Carolina Institutional Review Board. This data was collected as part of a larger randomized control trial which was registered with ClinicalTrials.gov (ClinicaTrials.gov ID NCT02828501) prior to the recruitment of the first participant.


TABLE 1. Participant demographics.

[image: Table 1]


Motor Tasks Protocol

Participants were trained in five motor tasks prior to undergoing fMRI. The tasks included a modified bridging movement where participants pushed the back of the left knee (left bridge), right knee (right bridge), or both knees (bilateral bridge) into a firm 22 cm bolster to slightly unweight their hips without lifting them. The reason these tasks were chosen was twofold. First, our previous work demonstrated that they recruited the lumbopelvic musculature without resulting in excessive head movement (Silfies et al., 2020). Second, these tasks resemble exercises that engage muscles in areas that are commonly painful and weak in people with LBP. Two tasks, abdominal tightening and ankle plantarflexion, were also performed but were not the focus of this paper. In order to minimize the potential for physiological noise in the Blood-oxygen-level-dependent (BOLD) response, the participants were instructed to keep their head and upper body still, breathe normally, and to just slightly unweight the hips. Training for each task was done both inside and outside the MRI to familiarize the participant with the scanning environment. A block design was utilized where each motor task was performed in random order for 11 s with a 4 s relaxation period following each task. After each task block, there was an 8 s rest block where the participants were instructed to relax. This sequence was repeated six times per run, with each participant completing two runs. This led to a total of 132 s of each task being performed during the study (Figure 1).


[image: image]

FIGURE 1. Schematic of the task block. Each task block consisted of the performance of five tasks (each for 11 s) followed by a 4 s relaxation period. The order of the tasks were randomized within the task block. Following each task block the participants were given 8 s of rest.




Functional Magnetic Resonance Imaging Acquisition Parameters

Data were collected on a 3T Siemens Prisma scanner using a 20-channel head coil (502 volumes; 58 axial slices; 2.5 mm thick; TR = 1,000 ms; TE = 37 ms; matrix 64 × 64 voxels; flip angle = 61; 220 mm × 220 mm FOV). A sagittal T1-weight MPRAGE protocol was used to acquire high-resolution structural images (192 slices; 1 mm thick; TR = 2,250 ms; TE = 4.11 ms; matrix = 1 mm × 1 mm × 1 mm; 256 × 256 FOV). The task order was recorded and the instructions were delivered to the participants using EPrime (Psychology Software Tools, Inc., Sharpsburg, PA, United States). Throughout data collection, participants were visually monitored to ensure they were performing the correct task.



Data Pre-processing

All data were processed using SPM 12 (Wellcome Department of Cognitive Neurology, London, United Kingdom) implemented in MATLAB R2017a (Mathworks, Natick, MA, United States). Initially, for each run, every volume was realigned to the first and unwarped. Using the anatomical scan, the mean image for each participant was then normalized to standard Montreal Neurological Institute (MNI) space. Once the normalization was completed, the parameters were applied to each volume in the functional run and data were resampled to 2 mm × 2 mm × 2 mm voxels. Smoothing was then applied using an isotropic Gaussian kernel 8 mm × 8 mm × 8 mm full width at half maximum. Head motion was then assessed for all analyzed data using the Artifact Detection Tool toolbox.1 The first derivative of the head motion was used to screen for excessive head motion, and all outliers (defined as a greater than 2 mm difference from the previous volume) were de-weighted during the statistical analysis (mean number of outliers per run = 2, ranged from 0 to 8).



Statistical Analysis


Functional Magnetic Resonance Imaging Whole Brain Analysis

First-level analysis was performed using a general linear model for each participant (Friston et al., 1995; Worsley and Friston, 1995). Contrast maps were calculated for each task period vs. rest using the first derivative of head motion for all six directions as a regressor of no interest. The contrast maps for each of the bridging tasks were then moved to a second-level random effects analysis. A group analysis using a factorial design was performed with a factor for condition (left, right, and bilateral bridge). We analyzed the main effect for each condition, the comparison of one condition against another, as well as the combined effect for all bridging tasks. Group-level results were thresholded at a p-value less than 0.05 that was corrected for multiple comparisons using familywise error (FWE).



Functional Connectivity Analysis

We originally planned to select regions of interest (ROI) based on the results of our previous work using the same motor tasks (Silfies et al., 2020). However, the whole brain analysis found no activation peaks within the PostCG and consistent peaks within the cerebellum. Therefore, we choose the following ROIs to represent a sensorimotor network likely to be utilized during the bridging tasks based on the results of our whole brain analysis: bilateral Precentral Gyrus (PreCG), bilateral Cerebellum, and supplementary motor area (SMA). Using MarsBAR, we created a 5 mm radius sphere centered on the maximum peak of activation found in the group mean bridge analysis. This resulted in ROIs centered on the following MNI coordinates: Left PreCG (−14, −28, 68), Right PreCG (14, −28, 66), Left Cerebellum (−8, −42, −14), Right Cerebellum (6, −42, −16), and SMA (0, −16, 64).

Functional connectivity during movement was analyzed using the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). Each participant’s data was imported into the toolbox along with the task onsets and durations. Confounds were then removed via CONN’s CompCor algorithm for physiological noise to reduce their effect on the functional connectivity values. A GLM approach was used for the ROI-to-ROI connectivity analysis. A bivariate correlation was computed separately on the individual’s BOLD time series between each pair of ROIs; correlation coefficients were then transformed to Fisher’s Z scores to meet the assumptions of normality (Whitfield-Gabrieli and Nieto-Castanon, 2012). The Fisher-Z transformed correlations were then extracted from the first-level analysis using MatLab and imported into SPSS (IBM SPSS Statistics for Windows, Version 25.0). A one-Sample’s t-test was performed to determine if the correlations between each ROI pair were significantly different from 0 using the Holm’s sequential Bonferroni procedure to correct for multiple comparisons (Eichstaedt et al., 2013). Then, an ANOVA with repeated measures (rmANOVA) was used to determine if the correlations between the different ROIs differed based on the task performed. For the rmANOVA, significance was determined using an α = 0.05 with a Bonferroni correction.





RESULTS


Activation During Lumbopelvic Motor Task Performance

Brain activation during each motor task is shown in Figure 2 and Table 2. Activation during the bridging tasks included multiple areas in the sensorimotor network consistent with Silfies et al. (2020) and included the PreCG, SMA, Cerebellum, and Putamen. Motor cortex activation was primarily located in the medial regions of the sensorimotor cortex (Figure 2) consistent with the somatotopic organization of this region (Asavasopon et al., 2014; Saby et al., 2015). As expected, activation was present in both hemispheres during bilateral bridging task while activation was predominantly located in the contralateral cerebral hemisphere (i.e., right motor regions during left bridge and left motor regions during right bridge) and the ipsilateral cerebellum during unilateral bridging tasks.


[image: image]

FIGURE 2. Group analysis of brain activation for each task compared to rest. L, Left; R, Right.



TABLE 2. Whole brain BOLD response of relative activation compared to rest.

[image: Table 2]
Table 3 and Figure 3 outlines the differences in activation between the tasks. When compared to the left bridging task, the bilateral bridge had greater activation in the left PreCG. Similarly, when compared to the right bridge, the bilateral bridge had greater activation in the right PreCG. When comparing the unilateral bridging tasks against one another, both tasks demonstrated greater activity in the contralateral PreCG and Putamen, as well as greater activity in the ipsilateral Cerebellum. However, when comparing the right bridge to the left bridge, there was significantly greater activation in the left PostCG and Insula.


TABLE 3. Whole brain BOLD response of comparative bridging tasks.

[image: Table 3]
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FIGURE 3. Group analysis of brain activation for each task compared against each other. L, Left; R, Right.




Connectivity During Task Performance

Figure 4 summarizes the connectivity values within the proposed sensorimotor network during the bridging tasks. The individual t-tests demonstrated that the only correlations that were not significant at the p = 0.05 level after correction were the connections between the left PreCG and the left cerebellum (p = 0.415) and the right PreCG and the left cerebellum (p = 0.052) during the bilateral bridging tasks. All other connections were significant. The results of the rmANOVAs revealed some significant differences in the connectivity between the tasks. First, the connectivity between the right PreCG and left PreCG during the bilateral bridging task was significantly higher when compared to the right bridging task (z = 0.491 vs. z = 0.395; p = 0.032). This difference was not observed when comparing the bilateral to the left bridging task. Additionally, the connectivity between the right PreCG and the SMA during the bilateral bridge was significantly higher when compared to the right bridging task (z = 0.493 vs. z = 0.396; p = 0.009).
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FIGURE 4. Schematic of the proposed sensorimotor network during the bridging tasks. Values represent Fisher’s-Z transformed correlation coefficients with standard deviation in parentheses. With the exception of left and right PreCG to left cerebellum during the bilateral bridge task, all values were significant at p < 0.05 after correction using the Holm’s sequential Bonferroni procedure (Eichstaedt et al., 2013). (A) Connectivity values during the bilateral bridge task. (B) Connectivity values during the left bridge task. (C) Connectivity values during the right bridge task. SMA, supplemental motor area; PreCG, precentral gyrus.





DISCUSSION

To our knowledge, this is the first study to exam functional connectivity during volitional movements of the lumbopelvic region. The primary aims of this study were to validate the results of a previous investigation (Silfies et al., 2020) and to examine functional connectivity in the sensorimotor network during lumbopelvic motor tasks. Similar to the previous study, robust activation in the medial sensorimotor regions were observed during motor tasks which involved the lumbopelvic musculature. Additionally, during the unilateral bridging tasks activation was shifted toward the contralateral hemisphere, whereas during the bilateral bridging task activation was present in both hemispheres. The functional connectivity analysis demonstrated significant connectivity between each of the ROIs for each of the bridging tasks, with some differences in connectivity exhibited between the right and bilateral bridging tasks.


Sensorimotor Activation During Lumbopelvic Motor Tasks

As hypothesized, during lumbopelvic bridging tasks we found strong activation in the medial motor areas of the brain, consistent with a previous preliminary study (Rao et al., 2008). While the current study utilized tasks which focused on engagement of the lumbopelvic musculature, previous literature investigating cortical activation during other lower limb tasks supports the general activation patterns we found (Mehta et al., 2012). Studies that included unilateral ankle (Debaere et al., 2001; Kapreli et al., 2006, 2007; Cunningham et al., 2013), knee (Fink et al., 1997; Luft et al., 2002; Kapreli et al., 2006, 2007), and toe (Kapreli et al., 2006, 2007) movements have consistently reported activation in the SMA, PreCG, and Cerebellum. Furthermore, previous studies have found that the PreCG is somatotopically organized with the feet represented relatively medially and the hands represented relatively laterally (Rao et al., 1995; Kapreli et al., 2007; Plow et al., 2010; Cunningham et al., 2013; Weiss et al., 2013). Overall, the bridging tasks used in the current study activated a medial sensorimotor network, suggesting this protocol provides an approach to examine the neural correlates of lumbopelvic motor control.

One observation that was different for this study compared to our previous one was the amount of lateralization that occurred with the unilateral bridging tasks. Consistent with our previous study, the bilateral bridge resulted in bilateral activation; however, the unilateral bridging tasks in this study resulted in more lateralized activation. Specifically, the unilateral bridging tasks resulted in activation of the contralateral PreCG, SMA, Thalamus, and Putamen, with ipsilateral cerebellar activation. This pattern resembles previous work investigating sensorimotor activation during movement (Grefkes et al., 2008). However, our previous study reported activation occurring across both brain hemispheres during unilateral bridging. One reason for the difference may be due to the slight differences in the task hold time: in our previous study participants held the tasks for 14 s, whereas in our current study they only held the tasks for 11 s. While the difference is small, the extra 3 s might have been enough to necessitate additional recruitment of the trunk musculature in order to prevent fatigue, thus obscuring the distinct hemispheric pattern we observed in the present study. An alternative explanation could be in the total time engaged in each task. In the previous study, the participants performed 84 s of each task, whereas in our current study this was increased to 132 s. This more than 50% increase in task time might have resulted in the more specific activation patterns that were observed. Regardless, this study demonstrated that the lumbopelvic protocol used in the current study is able to delineate different patterns of activation based on the unique demands of the three bridging tasks.



Functional Connectivity During Lumbopelvic Motor Tasks

With limited exceptions, the sensorimotor network we described was significantly connected during the performance of lumbopelvic tasks. Similar to previous work in the upper and lower limb, the bilateral bridging task resulted in interhemispheric connectivity (Grefkes et al., 2008; Vinehout et al., 2019). However, our findings did not fully support our hypothesis. We hypothesized that the unilateral bridging tasks would demonstrate unique connectivity patterns which reflected the specificity of the task. While this was evident in whole brain activation, we found that the pattern of connectivity did not differ between the unilateral bridging tasks, and only minimally so between the bilateral and right bridging tasks. This is inconsistent with previous work investigating differences in unilateral vs. bilateral tasks (Grefkes et al., 2008; Vinehout et al., 2019). For example, Vinehout et al. (2019) examined differences in lower limb task-based functional connectivity in asymptomatic individuals and individuals who had a stroke. They reported that the strength of the functional connections between each of the ROIs was modulated by the tasks. One possible explanation of why our findings were inconsistent with this previous work using extremity movement could be due to the tasks that were used in each study. In the study by Vinehout et al., the bilateral movement was a multi-joint pedaling task that required the coordination of multiple segments; whereas the unilateral task was tapping of the foot, which would require the use of only a single joint. While our tasks incorporated both unilateral and bilateral lumbopelvic movements, all the tasks required the coordination of multiple segments. Therefore, the uniformity of the connectivity values in our study might reflect the complexity of the movement and the higher demands for sensorimotor integration of multi-segmental motor tasks (Vinehout et al., 2019).

This hypothesis is further supported by work that has been done in the upper extremity as well. Prior evidence has shown that unilateral hand opening/closing tasks results in connectivity within the contralateral hemisphere, while bilateral hand opening/closing tasks increases the interhemispheric connectivity (Grefkes et al., 2008). However, Wilkins et al. found that when performing a unilateral hand grasping task, by increasing the complexity of the activity and having the participants coordinate motion between multiple joints of the same limb there was an increase in interhemispheric communication (Wilkins and Yao, 2020). This increase in the interhemispheric communication was absent with a simple hand opening task. Thus, the integration of movement from multiple joints might also explain why there was little difference in interhemispheric connectivity between our bilateral and unilateral lumbopelvic tasks. By utilizing lumbopelvic as opposed to upper or lower limb tasks, our results support the notion that an increase in interhemispheric connectivity is related to the complexity of movement independent of the bilateral or unilateral nature of the task being performed.

One contributing factor to the complexity of the lumbopelvic task could be the bilateral recruitment of the trunk musculature required to stabilize the spine during the modified bridging task (Yoon et al., 2018), whereas no such stabilization is required during foot tapping or performance of simple upper extremity motor tasks. Performing a modified bridge is a complex motor task that requires coordination across the lumbopelvic musculature in order to stiffen the spine and maintain balance while the pelvis is being lifted from the mat (Kim et al., 2013; Czaprowski et al., 2014; Yoon et al., 2018). While the activation patterns in the whole brain analysis were different depending on the task performed, it may be that functional connectivity reflects the coordination and communication required between the bilateral trunk musculature which would be needed regardless of the task (Rao et al., 2008). Thus, while the participants exhibited unique activation patterns during the whole brain analysis, the differences in the functional connectivity could be minimal. Strong structural connections between these regions could also drive the similarity in functional connectivity across the tasks (Ansari et al., 2011). The SMA and PreCG work together to help facilitate movement. The SMA, which is largely devoted to movement planning and early motor preparation has structural connections with the PreCG (Ruddy et al., 2017). Considering the strong structural connections and synergies in function, our results fit well within the established literature.



Implications for Low Back Pain Research

There have been numerous investigations into both the functional connectivity and brain activation during motor tasks involving the hand and upper extremities (Grefkes et al., 2008; Xu et al., 2014; Coombes and Misra, 2016). However, more investigation is needed into the lumbopelvic musculature as this region is implicated in those with chronic low back pain (cLBP). Previous research has demonstrated that cLBP results in specific cortical changes linked to the lumbopelvic region; during both muscle (Tsao et al., 2008, 2011; Schabrun et al., 2015) and cutaneous stimulation (Flor et al., 1997; Hotz-Boendermaker et al., 2016). Furthermore, biomechanical research has suggested deficits in the lumbopelvic motor control in individuals with cLBP (Hodges and Richardson, 1996; Henry et al., 2006; Silfies et al., 2009; Jones et al., 2012; Sung et al., 2015). Therefore, a better understanding of the processes behind the motor control of the lumbopelvic musculature could potentially lead to better therapies in the treatment of those with LBP. By providing functional connectivity data in individuals devoid of pain, the results of this investigation can provide a comparison for future research into potential connectivity changes in individuals with cLBP. Furthermore, this protocol provides researchers another method by which to examine motor control and the effects of different interventions in individuals with cLBP.



Limitations

Unlike previous research using lower extremity tasks, we did not incorporate external stabilization devices to reduce motion artifact and control movement (Debaere et al., 2001; Kapreli et al., 2006, 2007; Newton et al., 2008). While stabilizing the joint may decrease task-related head movement, this isolation may influence the findings. There is an inherent motor variability during movement performance (Balasubramaniam et al., 2000) and the ability to compensate for this variation is vital for optimal feedback control (Todorov and Jordan, 2002). Supplementing joint support during a task may reduce the ability to detect changes in individuals with chronic pain who demonstrate movement impairment (Hodges and Richardson, 1996; Henry et al., 2006; Silfies et al., 2009; Jones et al., 2012; Sung et al., 2015). Stabilizing joint motion appears to improve sensorimotor function as well (Wu et al., 2001; de Vries et al., 2017; Smalley et al., 2018), and may inadvertently diminish differences that may be found between asymptomatic individuals and individuals with musculoskeletal disorders such as cLBP (Tsao et al., 2008, 2011; Schabrun et al., 2015). As such, lumbopelvic motor tasks that are unencumbered by external support may be an important approach for elucidating the cortical changes associated with cLBP. Furthermore, with an average of 2 out of 765 volumes being removed for excessive motion, our task did not seem to create excessive artifact. This in in line with our previous work which found that this specific motor protocol resulted in minimal head movement (Silfies et al., 2020).

Another potential limitation of our study is that the method of analyzing connectivity we chose does not allow for insights into directionality of the network, which could help clarify the modulation of activity between our different ROIs. Future studies could consider the interaction between these regions using an effective connectivity analysis approach.




CONCLUSION

We examined brain activation and functional connectivity during the performance of unsupported bilateral and unilateral lumbopelvic motor tasks. Robust activation patterns were observed in the motor network and differences were observed depending on the task being performed. Within our constrained motor network of the PreCG, Cerebellum, and SMA we found extensive connectivity between these regions across tasks. This study helps build a foundation for future investigations designed to examine the changes in the neural correlates of movement in individuals with LBP and inform the development of intervention approaches.
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Noninvasive brain stimulation provides a promising approach for the treatment of neuropsychiatric conditions. Despite the increasing research on the facilitatory effects of this kind of stimulation on the cognitive processes, the majority of the studies have used the standard stimulation approaches such as the transcranial direct current stimulation and the conventional repetitive transcranial magnetic stimulation (rTMS) which seem to be limited in robustness and the duration of the transient effects. However, a recent specialized type of rTMS, theta-burst stimulation (TBS), patterned to mimic the natural cross-frequency coupling of the human brain, may induce robust and longer-lasting effects on cortical activity. Here, we aimed to investigate the effects of the intermittent TBS (iTBS), a facilitatory form of TBS, over the right DLPFC (rDLPFC), a brain area implicated in higher-order cognitive processes, on visuospatial working memory (VSWM) performance. Therefore, iTBS was applied over either the rDLPFC or the vertex of 24 healthy participants, in two separate sessions. We assessed VSWM performance using 2-back and 4-back visuospatial tasks before iTBS (at the baseline (BL), and after the iTBS. Our results indicate that the iTBS over the rDLPFC significantly enhanced VSWM performance in the 2-back task, as measured by the discriminability index and the reaction time. However, the 4-back task performance was not significantly modulated by iTBS. These findings demonstrate that the rDLPFC plays a critical role in VSWM and that iTBS is a safe and effective approach for investigating the causal role of the specific brain areas.
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INTRODUCTION

Working memory (WM) is a daily used and highly researched cognitive domain. In essence, there is a considerably high demand for WM in complex cognitive task processing, but yet it remains a very limited resource (Baddeley, 2003; Luck and Vogel, 2013; Cowan, 2014; Bruning and Lewis-Peacock, 2020). To contextualize this, we need to remember the questions as we actively endeavor to answer them, we also need to remember patterns and sequences of events to do maths. Therefore, it is arguable that WM is necessary for us to carry out complex cognitive processes such as problem-solving and decision making. WM has been defined as a limited-capacity cognitive system that involves actively but transiently maintaining and manipulating goal-relevant information (Baddeley, 2010; Cowan, 2014; Wang et al., 2019). While WM is considered a pivot for cognitive processing, the dorsolateral prefrontal cortex (DLPFC) is a major region involved in the regulation of crucial cognitive processes ranging from WM, attention, cognitive control, to decision making (Goldman-Rakic, 1995; Cieslik et al., 2013; Taren et al., 2017).

The modulation of working memory (WM) performance has been consistently used in the study and intervention of psychiatric conditions such as schizophrenia and major depressive disorders (Oliveira et al., 2013; Hoy et al., 2016; Gärtner et al., 2018). Whereby, stimulation such as the intermittent theta-burst stimulation (iTBS) and continuous theta-burst stimulation (cTBS) have been applied often over the implicated WM brain areas including the dorsolateral prefrontal cortex (DLPFC), to enhance or inhibit their neural activity, respectively (Plewnia et al., 2014; Chistyakov et al., 2015; Cheng et al., 2016). We, therefore, targeted DLPFC for enhancement using iTBS. Specifically, we stimulated the right middle frontal gyrus (MFG), corresponding to the rDLPFC. Importantly, the findings of the previous studies indicate a possible hemispheric specialization in the processing of the verbal and visuospatial content. In essence, the processing of the visuospatial information has been primarily linked to the right hemisphere, and this also applies to the VSWM (Jonides et al., 1993; Kessels et al., 2000, 2002). In addition, a previous fMRI study found increased activation in the right ventrolateral and frontopolar prefrontal cortex during the performance of the spatial WM task (Manoach et al., 2004). On the other hand, a recent study applying lower frequency rTMS over the right DLPFC found a deterioration in visual working memory (VWM) (Fried et al., 2014). Furthermore, a previous meta-analytic study observed task-specific activations in the prefrontal cortex (PFC), with the verbal content associated with increased activation in the left PFC, whereas the visuospatial material was linked with increased activation in the right PFC (Owen et al., 2005). These converging evidence indicate the laterality of PFC in verbal WM and VSWM, with an indication of specialization of the left PFC in verbal WM and the right PFC in VSWM.

Moreover, previous studies suggest that applying transcranial magnetic stimulation over the DLPFC affects WM performance. For instance, (Oliveri et al., 2001) found that applying single-pulse TMS over bilateral DLPFC disrupts visual-object and VSWM task performance. Another study found an enhancement in verbal digit span and visuospatial 2-back task when high-frequency repetitive TMS (rTMS) was applied over the left DLPFC (Bagherzadeh et al., 2016). Furthermore, the extant literature suggests that continuous theta-burst stimulation (cTBS) over the left DLPFC decreases verbal WM task performance (Schicktanz et al., 2015; Vékony et al., 2018). While, our previous study using the visuospatial n-back task, found that applying cTBS over the right DLPFC impairs performance in a 2-back task (Ngetich et al., 2021). On the other hand, a study using the verbal WM n-back task indicates that iTBS over the left DLPFC enhances working memory performance (Hoy et al., 2015). Taken together, these studies underscore the importance of DLPFC in WM and the effectiveness of TMS in neuromodulation.

To assess the impact of iTBS on VSWM, we administered pre-and post-stimulation 2-back and 4-back VSWM tasks and measured the effect of stimulation based on the d prime (d’) scores and the reaction time (RT). We chose iTBS because of its potentiation effect (Huang et al., 2005; Chung et al., 2018a). An outstanding question, however, is how does iTBS modulate VSWM performance? Here, we aimed to establish whether a similar enhancement effect as that reported in Hoy et al. (2015) could be observed in a visuospatial n-back task following iTBS over the rDLPFC. The findings of the present study would greatly contribute to the growing literature on the cognitive effects of TBS over the focal brain areas. Additionally, the evidence that iTBS is efficacious as a treatment complement to pharmacotherapy in refractory neuropsychiatric disorders such as depression (Plewnia et al., 2014; Cheng et al., 2016; Ngetich et al., 2021), makes this study even more crucial.

It is worth noting that theta-burst stimulation (TBS) is a variant of TMS that uses gamma frequency trains applied in the rhythm of theta (thus mimicking theta-gamma coupling involved in the working and the long-term memory processes) (Chung et al., 2018b; Ngetich et al., 2020). The original study by Huang et al. (2005) indicates that TBS consist of a 50 Hz triplet of pulses interspersed at 5 Hz (repeated every 200 ms), and categorizes TBS into three types based on their stimulation patterns. The first type, which has also been applied in the present study is the iTBS. Under this paradigm, a 2 s TBS train is repeated every 10 s for 190 s to obtain a total of 600 pulses per session. The second type is cTBS, which involves a 40 s sustained application of the TBS train (600 pulses). Finally, the third type, intermediate theta-burst stimulation (imTBS) consists of a 5 s TBS train repeated every 15 s for 110 s to yield 600 pulses per session. According to the aforementioned study which is based on the motor cortex, iTBS led to increased motor evoked potential (MEP), while cTBS decreased the MEP, with no significant effect on MEP after imTBS of the motor cortex (Huang et al., 2005). These findings have considerably influenced the neuromodulation studies and intervention, with TBS currently used to investigate the functional roles of brain areas beyond the motor cortex, and importantly, it has been incorporated into the therapeutic approaches for psychiatric conditions.

Furthermore, the various TBS paradigms, especially iTBS and cTBS are associated with varied effects on neuronal activity. It should be noted that the mammalian brain consists of intricately interconnected neurons and synapses. This intricate but flexible neuronal network can be regulated by the plastic nature of the inter-neuron synaptic transmissions (Li et al., 2019). Importantly, the two main long-term manifestations of synaptic plasticity, long-term potentiation (LTP), and long-term depression (LTD) are instigated by postsynaptic Ca2+ changes in concentration (Blitzer et al., 2005). Therefore, it is anticipated that iTBS, which consists of short intermittent trains of bursts, results in excitation related to a temporary influx of Ca2+ and leads to an LTP-like effect. Conversely, cTBS train application facilitates an intensified inter-neuron depression effect through a sustained influx of Ca2+, and in the process, it overpowers the excitatory impact and causes an LTD-like effect (Huang et al., 2011).

However, despite its efficacy in the treatment of neuropsychiatric conditions, a small number of healthy-participant studies including Chung et al. (2018b) have found no significant behavioral impact of iTBS when applied over DLPFC. Interestingly, previous studies have found mixed results, where some studies suggest both iTBS related WM behavioral enhancement alongside the neurophysiological modulation of implicated brain areas (altered inter-regional connectivity) (Hoy et al., 2015). While some studies only demonstrate the neurophysiological effect of iTBS with no significant effect on behavioral performance (Chung et al., 2018b). More studies are thus required to verify whether the iTBS cortical modulation necessarily potentiates behavioral performance. Since most studies indicate that iTBS upregulate cortical activity (Wischnewski and Schutter, 2015; Chung et al., 2017, 2018a,b; Lowe et al., 2018) and DLPFC is implicated in WM (Rottschy et al., 2012; Hoy et al., 2015; Vékony et al., 2018; Ngetich et al., 2021), the present study sought to establish the behavioral impact of iTBS over the rDLPFC on VSWM.



MATERIALS AND METHODS


Participants

Participants were recruited from the undergraduate students of the University of Science and Technology of China (UESTC). To be included in the study, the participants had to be healthy and right-handed [handedness was assessed using Edinburgh Handedness Inventory (Oldfield, 1971)], with normal or corrected to normal eyesight. Exclusion criteria included neurological or psychological illness or history of neuropsychiatric disorders, drug and substance abuse, left-handedness, inability to give informed consent, and having brain ferromagnetic implants. A total of 26 subjects were recruited. However, 2 participants had incomplete data as they could not attend all the sessions due to personal reasons, therefore, they were excluded from the experiment. Ultimately, the data of 24 participants (15 males, M age = 22.25, SDage = 1.6) were included in our analysis. All the experimental procedures adhered to the declaration of Helsinki and were approved by the ethics board of the UESTC.



Procedure

The experiment consisted of 3 sessions, with the second and third sessions separated by a wash-out period of 7 days between them as described in Figure 1. All the participants attended all sessions. During the first session, the participants were screened on their eligibility, had their T1-weighted MRI images acquired, and active motor threshold (AMT) estimated. In the second session, the participants performed the baseline (BL) n-back task before receiving iTBS over either the vertex or the rDLPFC. Following the stimulation, the participants performed an n-back task. The third session was conducted a week after the second session, during which the participants received stimulation over the alternate site to that of the second session, and thereafter performed n-back task. In both stimulation sessions (second and third), iTBS was followed by a 5 min break before the behavioral task performance which lasted for approximately 10 min. The order of stimulation was counterbalanced between the subjects. Also, the order of n-values for the task was different for each session, i.e., session two could be 4-2-4-2-4-2 and session three could be 2-4-2-4-2-4 but was the same for each participant. The visuospatial n-back task experiment was designed using the E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA, United States). It consisted of the blue square presented on a black background computer screen with a resolution of 1,024 × 768 and a refresh rate of 60 Hz, at eight different random positions as shown in Figure 1.
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FIGURE 1. (A) Overview of the experimental paradigm. Our experiment consisted of three separate sessions. During the first session, the participants were screened on eligibility, had their T1-weighted images acquired, and AMT estimated. In the second session, participants performed the baseline n-back task followed by iTBS and then the post-stimulation n-back task. In the third session, the participants received iTBS and performed the post-stimulation n-back task. (B) The iTBS target brain areas, the vertex and the Rdlpfc, respectively.


Moreover, all participants received the same intensity of iTBS, that is, a uniform stimulation of 40% of the maximal machine output (MSO) was administered to either the rDLPFC or the vertex. For this reason, the purpose of measuring the AMT of each participant was to ensure that 40% of MSO did not surpass the individual’s stimulation tolerance level and hence enhanced participants’ safety. Besides, the application of uniform stimulation intensity is consistent with the previous studies including Ott et al. (2011); Vékony et al. (2018), and our recent cTBS study (Ngetich et al., 2021). All the participants gave written informed consent before they began the experiment and were given monetary compensation at the end of the experiment.



Theta-Burst Stimulation and Neuronavigation

The participants received iTBS to either the rDLPFC or vertex in 2 separate sessions, with the site of stimulation counterbalanced across all the participants. This means 12 participants received stimulation over rDLPFC, and the other half received stimulation over the vertex in the second session. In the third session, participants who were stimulated over the rDLPFC in the second session, received vertex iTBS and vice versa.

TBS was administered using a figure-of-eight magnetic coil with an outer diameter of 70 mm (Magstim Company Ltd., Whitland, Wales, United Kingdom). The iTBS procedure adopted was similar to the one described in Huang et al. (2005), with a 2 s triplet of gamma frequency pulses (50 Hz) applied at a theta rhythm (5 Hz) repeated every 10 s for 190 s to yield a total of 600 pulses. This kind of stimulation design has been found to potentiate the neural activity not only when applied over the motor cortex (Huang et al., 2005) but also over other brain areas including the DLPFC (Hoy et al., 2015). Moreover, a uniform stimulation intensity of 40% of the maximal machine output was used for all participants. This was informed by the limitation in the stimulator’s maximal TBS intensity. Nevertheless, applying uniform stimulation intensity has been used previously to study the functional roles of different cortical brain areas (Ott et al., 2011; Kiyonaga et al., 2014; Vékony et al., 2018; Ngetich et al., 2021). The MNI coordinates (x = 43, y = 41, and z = 34) for the rDLPFC were similar to those used by Fried et al. (2014), which correspond to the right middle frontal gyrus (Petrides, 2019). These coordinates were chosen based on the successful modulation of spatial WM task performance using lower intensity rTMS over this specific region in the aforementioned study (Fried et al., 2014).

To control for the iTBS effect over the rDLPFC on VSWM, we used vertex as a control site. The iTBS similar to that of the rDLPFC was applied over the vertex of each participant, located at (x = 0, y = 0, and z = 90) coordinates, corresponding to the midpoint between the inion and nasion. Before applying iTBS, we obtained AMT for each participant to ensure that our stimulation was tolerable and safe for all participants. This was done only in the first session of each participant. The AMT was defined as the minimum most intensity over the right primary motor cortex required to elicit visible movement of the left first index finger in 5 ≥ out of 10 probes. During the AMT estimation, the participants were instructed to maintain a steady muscle contraction at 20% of the maximal voluntary contraction. However, some TBS studies have used electromyography (EMG) to determine an individual’s motor threshold, a method that has the advantage of providing a quantitative measure of muscle response (Westin et al., 2014). The participants were also instructed to report any discomfort during the stimulation, but there was no report of discomfort from any of them.

To accurately target the stimulation sites, and continuously monitor the position and the orientation of the coil, we used neuronavigation. This was achieved by first co-registering normalized MNI brain to each of the participant’s T1-weighted structural magnetic resonance imaging (MRI) using the Brainsight frameless stereotaxic neuronavigation system (Rogue Research, Montreal, QC, Canada). The T1- weighted images were acquired using a 3.0-Tesla GE Sigma scanner with an 8-channel head coil. During the iTBS, the figure-of-eight coil was placed on the specific site over individuals’ scalp.



Visuospatial Working Memory Task

In the present study, we used a visuospatial n-back paradigm previously used in our recent cTBS study (Ngetich et al., 2021) and initially modified from the original version of Carlson et al. (1998). The experimental task consisted of a run of 6 blocks, with 3 blocks each for 2-back and 4-back tasks. Each block had (20+n) trials with six visual targets. The participants were required to respond with a keypress when the position of one of the presented stimuli matched that of the previous nth position presented in the sequence. That is two positions or four positions back for 2-back and 4-back tasks, respectively. For the matched stimuli, the participants were instructed to respond by pressing a key “2” on the numeric keypad of a standard keyboard, and not to react if there was no match. At the beginning of every block, the participants were informed whether the current task is a 2-back or 4-back task. Each session lasted for approximately 10 min and the order of n-values for the task was different for each session, i.e., session one could be 4-2-4-2-4-2 and session two could be 2-4-2-4-2-4 but was the same for each participant. The visuospatial n-back task involved the presentation of blues squares on a black background computer screen with a resolution of 1,024 × 768 and a refresh rate of 60 Hz, at eight different random positions (top, bottom, left, right, top left, top right, bottom left, bottom right, bottom right of the central cross), with each trial lasting for 3 s (stimulus duration of 500 ms, and stimulus interval of 2,500 ms) (for detailed illustration, see Figure 2).
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FIGURE 2. Description of the visuospatial n-back task. The behavioral n-back task consisted of 2-back and 4-back tasks.




Statistical Analyses

The statistical analyses were performed using IBM SPSS 23.0 software. Each Individual’s accuracy (ACC) scores and reaction times (RTs) were used to evaluate VSWM performance. Based on findings of the previous WM study (Hoy et al., 2015), and those of a study on the effects of iTBS over the primary motor cortex on motor evoked potentials (MEPs) (Huang et al., 2005), we anticipated that iTBS over the rDLPFC would enhance VSWM performance, relative to vertex stimulation and the baseline. To assess whether the iTBS over rDLPFC affected VSWM performance relative to vertex stimulation, and the baseline (pre-stimulation), we analyzed the participants’ accuracy and the reaction times (RTs).

First, to assess accuracy performance, a 2× 3 within-subject repeated measure ANOVA (RM-ANOVA), with load (2back vs. 4-back) and stimulation condition (BL vs. Vertex vs. rDLPFC) as within-subject factors. The accuracy was measured in terms of discriminability index, d prime (d’). The d’ scores were computed from the hit rates (H) and false alarm (FA) rates using the formula: d′ = Z(H)−Z(FA), where Z represents the transformation of the two distributions, and therefore, makes it possible to differentiate measures with dissimilar ranges of the absolute values (Haatveit et al., 2010). It should be noted that d’ is an effective and efficient measure of WM performance as it is independent of the response bias (John Irwin et al., 2001).

Subsequently, we evaluated the iTBS effect on the accuracy. The iTBS effect on accuracy performance was considered as the difference between the post-stimulation (rDLPFC and vertex), and the pre-stimulation (baseline) d’ scores. Therefore, we subtracted an individual’s mean baseline from the post-stimulation mean d’ scores to get the net effect of iTBS on accuracy (δd’ scores). Thereafter, we conducted a 2×2 RM-ANOVA with Load (2-back vs. 4-back) and site (vertex vs. rDLPFC) as within-subject factors.

We also conducted a 2 (group: sub vs. supra) * 2 (stimulation: DLPFC vs. vertex) *2 (load: 2 vs. 4-back) ANOVA to ascertain whether the application of lower stimulation (subthreshold) affected VSWM performance differently compared to higher stimulation (suprathreshold). What constitutes sub and suprathreshold in TBS remains indeterminate. While most studies have shown that 80% of AMT is sufficient to modulate cognitive performance when applied over implicated brain areas (Ko et al., 2008; Cho et al., 2010; Ott et al., 2011; Li et al., 2014; Hoy et al., 2015; Mcneill et al., 2018; Pestalozzi et al., 2020), one recent study exploring the efficacy of sub and suprathreshold stimulation in the treatment of Major Depressive Disorder used iTBS of 80% AMT as subthreshold, and 120% AMT as suprathreshold (Lee et al., 2021). However, in the present analysis, we considered stimulation < 80% of AMT as subthreshold, and that > 80% AMT as suprathreshold. Therefore, 10 of the participants were categorized into the subthreshold group and 14 into the suprathreshold group.

Following the accuracy analyses, we compared the individual’s RTs under different loads (2-back vs. 4-back), and stimulation conditions (RTs at BL, and after iTBS over the vertex, and the rDLPFC). Similar to the ACC analysis, we conducted a 2×3 within-subject RM-ANOVA, with load (2-back vs. 4-back) and stimulation condition (BL vs. vertex vs. rDLPFC) being the within-subject factors. Only the RTs of the correct responses were included in our analysis. We also conducted a correlation analysis to assess whether the BL performance predicted the stimulation effect, both on the d’ and the mean RTs. In this analysis, the stimulation effect was considered as the difference between the performance after the rDLPFC and the vertex iTBS (i.e., d’(rDLPFC)—d’ (vertex) for d’ and mean RTs (rDLPFC)—mean RTs (vertex).

Finally, post-hoc paired t-test analyses for ACC and the RTs were conducted to identify the source of significant effects (both main and interaction effects). In addition, paired sample t-test was conducted to evaluate the effect of counterbalancing on performance. Importantly, Bonferroni correction was applied for multiple comparisons.




RESULTS


Accuracy Performance

Firstly, we performed a two-way repeated measure ANOVA for d’ scores to assess the WM performance under different loads and stimulation conditions. As expected, we found a significant main effect of load [F(1, 23) = 93.468, p < 0.0001,[image: image] = 0.803], and a significant main effect of stimulation condition [F(2, 22) = 10.641, p < 0.001,[image: image] = 0.492]. This suggests that VSWM performance was modulated by both the cognitive load (i.e., 2-back and 4-back), and the stimulation condition (i.e., BL and iTBS over either rDLPFC or vertex). Besides, there was also a significant interaction effect between load and stimulation condition [F(2, 22) = 3.84, p = 0.048,[image: image] = 0.241].

To determine the source of the effects, we performed a 2-tailed paired t-test post-hoc test. Since we were mainly interested in the effects of iTBS stimulation on VSWM performance, we compared the same load performances between different stimulation conditions (i.e., at BL, and after iTBS over the rDLPFC or the vertex control). Interestingly, VSWM performance was only enhanced in 2-back, and only after iTBS over the rDLPFC. In particular, the 2-back task performance after iTBS over the rDLPFC was significantly better than that at BL [t(23) = 4.961, p < 0.0001], and after iTBS over the vertex [t(23) = −2.809, p = 0.01] as illustrated in Figure 3A. Unexpectedly, the 2-back performance after the iTBS of the vertex was also significantly better than the BL [t(23) = −3.046, p = 0.006]. This indicates a possibility of practice effects. However, there was no statistically significant difference in performance in the 4-back task between the BL, and after the stimulation over the rDLPFC [t(23) = −1.901, p = 0.07], or the vertex [t(23) = −1.502, p = 0.147]. Similarly, the 4-back task performance did not vary after either the stimulation over the rDLPFC or the vertex [t(23) = −0.447, p = 0.659]. The lack of improvement in task performance in 4-back may reflect the complexity of non-invasively modulating higher load tasks.
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FIGURE 3. (A) Discriminability index for both 2-back and 4-back tasks under different stimulation conditions, namely: Baseline (BL), iTBS over the vertex, and iTBS over the rDLPFC. (B) The stimulation effect (δd’ scores). The stimulation effect was obtained by subtracting the BL scores from the post-stimulation scores. The yellow and the blue colors refer to the 2-back and 4-back tasks, respectively. The asterisks indicate the level of significance, with ** indicating p ≤ 0.01, and **** indicating p ≤ 0.0001. The errors bars indicate the standard mean error (SME).


Furthermore, to evaluate the actual effect of the stimulation, we conducted a two-way RM-ANOVA for δd’ scores. The δd’ scores were obtained by subtracting the BL d’ scores from the post-stimulation scores (i.e., d’ scores following iTBS over the rDLPFC or the vertex). This was done for both 2-back and 4-back tasks. Our analysis indicated a significant main effect of load [F(1, 23) = 4.216, p = 0.05,[image: image] = 0.155], and stimulation site [F(1, 23) = 5.652, p = 0.026,[image: image] = 0.197]. However, there was no significant interaction effect between load and site [F(1, 23) = 3.192, p = 0.087,[image: image] = 0.122]. Further post-hoc analyses showed that the stimulation over the rDLPFC caused a significantly larger effect on 2-back task performance as compared to that over the vertex [t(23) = −2.809, p = 0.01] as shown in Figure 3B. This suggests a causal role of the rDLPFC in VSWM. Conversely, there was no significant difference between the stimulation effect on d’ scores after the iTBS over the rDLPFC and the vertex in the 4-back task [t(23) = −0.45, p = 0.66]. Therefore, it may be deduced that the stimulation did not significantly modulate the higher load task.

Besides, the mixed ANOVA for the participants who received sub and suprathreshold yielded a significant main effect of load [F(1, 22) = 4.927, p = 0.037, [image: image] = 0.183] and a main effect of stimulation [F(1,22) = 4.902, p = 0.037, [image: image] = 0.182]. There was no other significant main effect or interaction. Post hoc analysis showed a group difference, with better performance in 2-back task following iTBS over vertex in subthreshold group as compared to the suprathreshold group [t(22) = 3.530, p = 0.002]. There were no other group differences.

Additionally, we conducted a paired sample t-test analysis to evaluate the effect of counterbalancing. Our analysis did not find significant difference in d’ between the participants who received the iTBS over the right DLPFC in the two separate sessions, either in 2-back [t(11) = 0.066, p = 0.949] or 4-back [t(11) = 0.008, p = 0.994]. There was also no significant difference in d’ between those who were stimulated over the vertex in separate sessions, both in 2-back [t(11) = 0.580, p = 0.573] and 4-back [t(11) = 0.855, p = 0.411].



Reaction Time

We conducted a two-way RM-ANOVA to evaluate the RT performance under different WM loads and stimulation conditions. Our analysis found a significant main effect of load [F(1, 23) = 27.532, p < 0.0001,[image: image] = 0.545]. There was also a significant main effect of stimulation condition [F(2, 22) = 6.215, p = 0.007,[image: image] = 0.361]. However, there was no significant interaction effect [F(2, 22) = 0.073, p = 0.93,[image: image] = 0.007].

To identify the source of the main effects, we performed 2-tailed paired t-tests. Similar to the accuracy analysis, we compared the same load n-back task RTs between different stimulation conditions. The post-hoc tests indicated that the response speed was significantly faster in the 2-back task after iTBS over the rDLPFC as compared to that at the BL [t(23) = 3.768, p < 0.001]. Other 2-back tasks mean RTs comparisons did not reach significance, with no significant difference between the RTs at BL and after vertex stimulation [t(23) = 1.78, p = 0.85], nor between the performance after the stimulation over either vertex or DLPFC [t(23) = 1.948, p = 0.64]. Moreover, there was no statistically significant difference between the 4-back mean RTs across all the stimulation conditions. The RTs at BL were not significantly different from those after the rDLPFC [t(23) = 1.942, p = 0.061] and vertex [t(23) = 1.121, p = 0.274]. While there was also no significant difference following the stimulation over either the vertex or the rDLPFC [t(23) = 1.443, p = 0.163]. Figure 4 clearly illustrates the mean RTs performance.
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FIGURE 4. The reaction time (RT) performance for both 2-back and 4-back tasks. The yellow and blue colors indicate 2-back and 4-back tasks, respectively. The asterisks indicate the level of significance, with *** indicating p ≤ 0.001. The errors bars indicate the standard mean error (SME).


Finally, we performed a Pearson correlation for baseline performance and the effects of iTBS. However, none of the correlations was significant. The Pearson correlation indicated a lack of significant positive association between the baseline and the post-stimulation d’ both in 2-back (r = 0.133, p = 0.535) and 4-back (r = 0.027, p = 0.90) tasks. Also, there was no positive association between baseline and post-stimulation performance RT, both in 2-back (r = 0.068, p = 0.751) and 4-back (r = 0.092, p = 0.668) tasks. Nevertheless, a recent study has shown that BL performance level together with pre-stimulation brain state may influence the behavioral impact of TMS (Silvanto et al., 2018). Therefore, TMS studies should evaluate this factor to clearly understand the TMS effect over a targeted brain area on human behavior.




DISCUSSION

In the present study, we investigated the causal role of the rDLPFC on VSWM performance. To achieve this, we applied iTBS over the rDLPFC, and the vertex (control site). The impact of iTBS on VSWM was evaluated by comparing the n-back task performance at the BL with that after the stimulation over either the rDLPFC or the vertex. Notably, the VSWM task consisted of medium (2-back) and higher load (4-back) visuospatial n-back tasks. Our results indicate that iTBS over the rDLPFC improved visuospatial task performance in 2-back, but not in 4-back tasks. Specifically, iTBS over this target brain area was associated with increased accuracy performance in the medium load task as compared to the performance both at the BL and after the stimulation over the vertex control. However, task performance after the stimulation over the vertex was also significantly better than the BL performance. Indicating a potential practice effect on the accuracy performance. Besides, iTBS over the rDLPFC improved the RT in the 2-back task relative to the BL RT. This notwithstanding, the higher load task performance (both accuracy and RT) was not significantly impacted by the iTBS.

The enhancement of VSWM following iTBS over the rDLPFC was expected, given the importance of DLPFC in WM and the effectiveness of TBS in neuromodulation. Indeed, several studies have established that DLPFC plays a key role in the WM processes (Hoy et al., 2015; Schicktanz et al., 2015; Chung et al., 2018b; Ngetich et al., 2021). In our recent study, we applied cTBS over the same brain area as the present study and observed impairment in the visuospatial 2-back task, which indicates a contrasting effect of cTBS and iTBS when applied over the rDLPFC. Besides, a recent study by Hoy et al. (2015) applied iTBS over the left DLPFC and administered a verbal WM n-back task to assess the stimulation over this area on the WM performance. They found a significantly improved performance in the 2-back task and not in the 3-back task, after the iTBS over the left DLPFC. More importantly, the aforementioned study found that iTBS was associated with an increase in the frontoparietal connectivity, and more so, prominent parietal gamma power relative to the sham stimulation (Hoy et al., 2015).

Furthermore, a recent study investigating inter-and intra-individual iTBS variability, indicates that iTBS induces robust and relatively consistent cortical modulation effects within and between individuals (Hinder et al., 2014). Perhaps this makes it suitable for both research and clinical application. While recent review and meta-analytic studies alongside the earlier reviewed studies indicate that non-invasive brain stimulation over the DLPFC influences WM task performance (Brunoni and Vanderhasselt, 2014; Lowe et al., 2018; Widhalm and Rose, 2019). It is, therefore, interesting to observe that iTBS over the rDLPFC in the present study led to enhancement in VSWM performance. As mentioned earlier, there is evidence suggesting hemispheric specialization in the processing of verbal and visuospatial information. In particular, the right hemisphere has been reported to be involved in the processing of the visuospatial content (Jonides et al., 1993; Kessels et al., 2000), while the processing of the verbal information has been primarily linked to the left hemisphere (Fried et al., 2014). Therefore, the reported effect in our study is in line with the previous studies and supports the role of the right hemisphere, especially the right DLPFC in VSWM.

Moreover, it should be noted that the strength of the frontoparietal network has been positively correlated with the WM performance both in healthy participants (Nee and Brown, 2013) and patients (Figueroa-Vargas et al., 2020). While high gamma power over the peak but not the trough has been found to boost memory performance (Alekseichuk et al., 2016). Despite not collecting electrophysiological or imaging data, it is deducible from the previous studies that perhaps, iTBS over the rDLPFC significantly improved the frontoparietal connectivity and thus enhanced VSWM performance.

The lack of a significant performance enhancement in the 4-back task in the present study can be attributed to some key factors. Firstly, it is likely that the participants were already performing close to or at their highest possible levels. This does not necessarily imply that the VSWM performance itself was already near the maximum possible levels, but perhaps the participants’ abilities to perform the higher load task were already stretched to the limits. Therefore, despite the facilitatory effect of iTBS, the significant enhancement in cognitive processing could not modulate the “ceiling performance”. Importantly, the extent of facilitation associated with the stimulation, especially in healthy participants, cannot surpass an individual’s natural potential (Hoy et al., 2015). Secondly, it is possible that since the cognitive processing resources are directed naturally toward a relatively complex high-load task, iTBS may not significantly potentiate its already optimized performance. Interestingly, high load task is associated with the deactivation of the default mode network (DMN) (Mckiernan et al., 2003; Thomason et al., 2009), increased activation, particularly in the key brain areas such as the frontoparietal (Tomasi et al., 2008), and generally decreased distractibility (Sörqvist et al., 2016). Therefore, it is expected that the aforementioned occurrences may facilitate the reduction of error rate and the realization of the optimal level performance that may not be significantly improved further by the iTBS.

Additionally, the observed iTBS effect only in 2-back and the lack of it in 4-back tasks may also be explained by a phenomenon called stochastic resonance. This phenomenon is characterized by beneficial effects of unpredictable fluctuations such as facilitation of the response to a weak signal by random noise (Stocks, 2000; McDonnell and Abbott, 2009; Romei et al., 2016). Stochastic resonance has been intensely studied and quantified in several physical and biological systems such as neurons (Stocks, 2000; McDonnell and Abbott, 2009). Recently, a study by Silvanto and Cattaneo (2017) established that varying TMS intensities affect neural firing differently. In particular, the aforementioned study suggests that low-intensity TMS enhances early neural firing while higher intensity suppresses it (Silvanto and Cattaneo, 2017). Considering that the AMT varied from one participant to another in the present study, it is likely that administering iTBS at a uniform intensity of 40% of the MSO for all participants might have led to a situation where some participants received sub or suprathreshold stimulation (corresponding to individual’s AMT). And since an earlier study (Silvanto et al., 2007) found that TMS reactivated WM for weak representations, it is possible that the subthreshold stimulation preferentially improved the performance in the lower load VSWM tasks (2-back). In particular, despite our analysis finding better performance in 2-back only following vertex stimulation in subthreshold compared to a suprathreshold group, such finding is an important indicator of the possible stochastic resonance effect, as there were no observable significant differences in 4-back tasks between the two groups. The significant main effect of group is also an important pointer to how performance can be affected differently by sub and suprathreshold stimulation intensities. Therefore, future iTBS studies should use a larger sample size to elucidate the potential impact of this phenomenon on cognitive task performance.

More importantly, our findings demonstrate that iTBS enhances behavioral performance, thus adding to the critical evidence suggesting that the modulatory effects of iTBS extend beyond the motor cortex (Hoy et al., 2015; Chung et al., 2018b). This is especially interesting since our recent study found that cTBS over the rDLPFC impairs VSWM performance (Ngetich et al., 2021), which is opposite to the results of the present study. Also, other studies have consistently found an impairment of verbal WM performance by cTBS of the DLPFC (Schicktanz et al., 2015; Vékony et al., 2018; Ngetich et al., 2021). As we discussed earlier, the original study by Huang et al. (2005) found that iTBS over the primary motor cortex significantly increased motor evoked potentials (MEPs), while cTBS over the same brain area decreased the MEPs.

Therefore, does it necessarily mean that iTBS over the neural cortex enhances cognitive performance while the cTBS decreases it? The evidence suggests otherwise. Apart, from individuals’ factors such as age, sex, and endogenous brain oscillations (Ridding and Ziemann, 2010), other specific factors such as (1) the cognitive task, and (2) the functional role of the targeted brain area, influence the direction of behavioral effects associated with TBS (Ngetich et al., 2020). Whereas iTBS generally facilitates neural activity, while cTBS inhibits it (Huang et al., 2005, 2011; Li et al., 2019), the behavioral outcome may vary accordingly. For instance, Kaller et al. (2011) found a functional dissociation between the right and the left DLPFC in planning. In particular, cTBS over the left DLPFC resulted in global acceleration, while that of the right led to global deceleration of the planning processes (Kaller et al., 2011). Therefore, it may be argued that the inhibition of the neural activity of the left DLPFC led to suppression of other competing cognitive processes, and thus enhancement of the cognitive performance. This phenomenon has been termed as addition by subtraction (Luber and Lisanby, 2014). Such behavioral effects that are negatively correlated with the size of the neural activity pose an interesting challenge to the clinical application of the TBS. In essence, it is imperative to understand the cognitive deficiencies associated with specific mental health conditions, and specific neurophysiological modulation occasioned by a particular psychiatric condition. For instance, the hyperactivity and hypoactivity of the right and left DLPFC, respectively, in medication-resistant depression necessitates the application of cTBS over the rDLPFC and iTBS to the left when using a combined cTBS + iTBS treatment protocol (Li et al., 2014). Similarly, findings regarding the brain areas significantly involved in VSWM could be beneficial in the treatment of psychiatric conditions characterized by the deficiency of this cognitive process, like schizophrenia (Cocchi et al., 2009).

Nevertheless, the possible influence of the practice effects in the present study makes it necessary to interpret our findings with caution. Despite our attempt to limit practice effects by using different series of VSWM n-back tasks for different sessions, it still exerted its influence on the performance. Although the accuracy performance in the 2-back task was significantly better after iTBS over the rDLPFC than that at the BL and following iTBS of the vertex, the fact that the performance after vertex stimulation was significantly better than the BL performance, suggests that the practice effects influenced VSWM performance. Interestingly, in our previous cTBS study, the practice effects were not apparent (Ngetich et al., 2021), suggesting that while cTBS may suppress practice effects (Vékony et al., 2018), iTBS may not significantly modulate them. However, the influence of practice effects on cognitive task performance is not generally unexpected. One recent study has shown that a repeated practice with a specific task, even when using different sets of stimuli necessarily results in an enhancement of the subsequent task performance (Dutilh et al., 2011). Furthermore, other related studies have reported the possible influence of practice effects on cognitive task performance (Hoy et al., 2015; Vékony et al., 2018). This notwithstanding, the apparent practice effects did not entirely affect the observation of the impact of iTBS on VSWM.

Moreover, the BL performance was only assessed in the second session, and thus it may not be possible to ascertain the level of BL performance in the third session. Therefore, future studies should consider evaluating BL performance in all stimulation sessions to measure the stimulation effect and to balance the number of tasks across the different sessions. Also, the stimulation was applied at a uniform stimulation intensity of 40% of the MSO. Therefore, since motor thresholds may vary from one individual to another, the stimulation intensity should be adapted to individuals’ MTs to ensure uniform stimulation for all participants. Finally, the other limitation of the present study lies in the use of only behavioral tests. This is despite the previous studies including (Polanía et al., 2018) suggesting that it is possible to integrate non-invasive brain stimulation (NIBS) with other techniques such as EEG and fMRI. Thus, future related studies should integrate TBS with EEG or fMRI to determine the most crucial frequency to target and electrophysiological effects of TBS, and to assess the functional connectivity associated with VSWM and the modulation of such connectivity by TBS, respectively. Notably, Romei et al. (2016) suggest that NIBS can be enhanced through rhythmic TMS, which target endogenous neural oscillations via entrainment or phase cancelation.

In conclusion, we have demonstrated that iTBS over the rDLPFC improves VSWM performance. Our findings suggest that the aforementioned brain area plays an important role in VSWM, and that iTBS is a safe and effective technique for investigating the causal role of the specific brain areas. Overall, the present study contributes to the understanding of the modulatory effects of TBS and may have a clinical application, especially in the modeling of the brain stimulation treatment intervention for neuropsychiatric conditions associated with the deficits in the VSWM.
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Objective: Previous studies have demonstrated altered brain activity in strabismic amblyopia (SA). In this study, low-frequency repetitive transcranial magnetic stimulation (rTMS) was applied in children with strabismic amblyopia after they had undergone strabismus surgery. The effect of rTMS was investigated by measuring the changes of brain features using the amplitude of low-frequency fluctuation (ALFF).

Materials and Methods: In this study, 21 SA patients (12 males and 9 females) were recruited based on their age (7–13 years old), weight, and sex. They all had SA in their left eyes and they received rTMS treatment one month after strabismus surgery. Their vision before and after surgery were categorized as pre-rTMS (PRT) and post-rTMS (POT). All participants received rTMS treatment, underwent magnetic resonance imaging (MRI), and their data were analyzed using the repeated measures t-test. The team used correlation analysis to explore the relationship between logMAR visual acuity and ALFF.

Results: Pre- versus post-rTMS values of ALFF were significantly different within individuals. In the POT group, ALFF values were significantly decreased in the Angular_R (AR), Parietal_Inf_L (PIL), and Cingulum_Mid_R (CMR) while ALFF values were significantly increased in the Fusiform_R (FR) and Frontal_Inf_Orb_L(FIL) compared to the PRT stage.

Conclusion: Our data showed that ALFF recorded from some brain regions was changed significantly after rTMS in strabismic amblyopes. The results may infer the pathological basis of SA and demonstrate that visual function may be improved using rTMS in strabismic amblyopic patients.

Keywords: low-frequency rTMS, strabismic amblyopia, amplitude of low-frequency fluctuation (ALFF), spontaneous brain activity, ophthalmological


INTRODUCTION

Strabismus and amblyopia are two common visual developmental disorders that can occur in infancy and persist into adulthood if treatment is not successful (Tarczy-Hornoch et al., 2013; Chen et al., 2014). Strabismus is an optical manifestation disorder associated with the coordination of the external eye muscles. Different conditions of extraocular muscle incongruity may result in different types of diplopic images (Figure 1). Strabismus is generally considered to be associated with maldevelopment of the visual pathways in the brain that mediate eye movement (Min et al., 2018), and inimically affects stereopsis, binocularity, and depth perception (Gunton et al., 2015). Hyperopia, muscle dysfunction, trauma, brain disease, and infection are all important causes of strabismus, and risk factors include premature birth and cerebral palsy. Diagnosis can be made by the observation of light reflected from the anterior eye offset from the center of the pupil. Treatments, including refractive correction and eye alignment surgery, address the impact on vision and are good choices for patients. The incidence rate of adult-onset strabismus is reportedly 54.2 per 100,000 individuals (Mohney et al., 2012), and in adults strabismus is often associated with undiagnosed amblyopia in early childhood and symptoms associated with aging (Chan et al., 2004).


[image: image]

FIGURE 1. Diplopia in each of the external ocular muscles with paralysis.


Amblyopia, also known as lazy eye, is a visual disorder with causes which affect cooperation between the eyes and brain (National Eye Institute, 2016). Because the condition is associated with changes in the brain, visual impairment such as ametropia cannot be fully treated after surgery (Schwartz et al., 2002; Levi, 2013). Early detection can improve the rate of successful treatment (Jefferis et al., 2015) and glasses may be an important part of treatment for children (Jefferis et al., 2015; Maconachie and Gottlob, 2015). Many patients with amblyopia, especially mild cases, are unaware of their condition because one eye is affected and the vision of the fellow eye is normal. However, because two eyes are needed for stereo vision (which is usually lacking for the patients), patients with amblyopia may have relatively poor vision, and relatively low sensitivity to contrast and movement in the affected eye (Fazzi and Bianchi, 2016). Amblyopia features reduced stereopsis, visual acuity (VA), visual sensitivity, and impaired spatial vision and binocular summation (Webber and Wood, 2005).

Diplopia refers to the abnormal phenomenon of one object being perceived as two identical but separated images. There are many causes of diplopia, some of which reflect anomalies of the brain (Cerulli Irelli et al., 2021). Diplopia may occur when one or more of the six muscles that control eye movement become inflamed, injured, or neurologically impaired, and the muscles in both eyes do not accurately coordinate (Goseki et al., 2021). Because strabismus causing diplopia and confusion (perceived superposition of two different images) can make the patient feel unwell, the image from the macula of the strabismic eye may be suppressed for a sustained period, and the amblyopia that accompanies this situation is known as strabismic amblyopia (Peña Urbina et al., 2021).

Magnetic resonance imaging (MRI) has been widely used in various pretreatment imaging diagnoses recently. As a non-invasive neuroimaging method, it is mainly used to evaluate the functional and structural changes of the human brain (Brown et al., 2016). Functional Magnetic Resonance Imaging (fMRI) is a technology with precise spatial resolution and is used for the analysis of brain function (Goodyear and Menon, 2001). This imaging method helps to reveal the mechanism underpinning eye diseases (Conner et al., 2007; Wang et al., 2012; Liang et al., 2017). Repetitive transcranial magnetic stimulation (rTMS) mainly achieve excitation or inhibition of local cerebral cortical function by changing the stimulation frequency, with the aim of effective treatment of disease. Thompson’s present data show that rTMS of the visual cortex can temporarily improve contrast sensitivity in the adult amblyopic visual cortex (Thompson et al., 2008). Spiegel have shown that a-tDCS to the visual cortex would improve contrast sensitivity in adult patients with amblyopia by enhancing the cortical response to inputs from the amblyopic eye (Spiegel et al., 2013). Rehn found that rTMS could improve the symptoms of patients with obsessive-compulsive disorder (Rehn et al., 2018). Chou demonstrated the effect of rTMS on Alzheimer’s disease (Chou et al., 2020). TMS can be used to stimulate the cerebral cortex, such as the visual cortex and somatosensory cortex, to induce local excitatory or inhibitory effects and affect the function of the system. In addition, TMS can also be used in learning, memory, language, and emotional research (Brunoni et al., 2017; Sebastianelli et al., 2017; McClintock et al., 2018; Arns et al., 2019; Yang et al., 2019; Chou et al., 2020; Malkani and Zee, 2020).

Studies suggested the neural networks modulating aspects of emotional behavior to be implicated in the pathophysiology of mood disorders. These networks involve the prefrontal cortex (Rigucci et al., 2010). AhmedA Abdelrahman’s findings revealed that HF-rTMS over L-DLPCF for 10 days reduced cigarette consumption, craving, dependence, and improved associated symptoms of anxiety and depression (Abdelrahman et al., 2021). The abnormal activity of dorsolateral prefrontal cortex (DLPFC) is related to the occurrence of anxiety and depression.



MATERIALS AND METHODS


Subjects

Twenty-one patients (12 males and 9 females) were recruited at the First Affiliated Hospital of Nanchang University. Those eligible for participation met the following criteria: (1) Aged between 7 and 13 years old; (2) Their guardian allowed them to receive rTMS treatment within 1 month after strabismus surgery; (3) Clear diagnosis of strabismus. Exclusion criteria were as follows: (1) Patients suffering from other eye diseases, such as cataract, glaucoma, or retinitis pigmentosa; (2) Mental illness. The 21 patients who met the criteria underwent rTMS treatment before and after surgical treatment. The Medical Ethics Committee of the First Affiliated Hospital of Nanchang University approved the research plan. Patients and guardians were informed about the research and potential risks before signing consent forms voluntarily.

This study sought consent from all patients participating in the diagnosis, treatment, and evaluation stages of the study.



Transcranial Magnetic Stimulation

Repetitive transcranial magnetic stimulation (rTMS) was administered by trained researchers using the Magstim Rapid device (Magstim®, Whitland, Wales, United Kingdom) and Magstim d70-mm-air-cooled figure-of-eight coil. Use of stimulus frequency rate of 10Hz, intensity of 100% resting motion threshold, 5s stimulation, pulse 50/5s, the interval was 10s, with 2000 pulses in total, and the treatment lasted for 10min. The stimulation site is DLPFC. Stimulation was performed between baseline measurements and remeasurements. The two rTMS stimulation groups received 30 treatments 5 times a week for 6 weeks.



Magnetic Resonance Imaging Parameters

All patients underwent scanning using 3-TESLA MR scanners (Siemens, Germany) and a gradient-echo echo-planar imaging pulse sequence was used to acquire fMRI values with the following specific parameters: 240 functional images (repetition time = 2,000 ms, echo time = 30 ms, thickness = 4.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64, flip angle = 90°, field of view = 220 × 220 mm, 29 axial) were obtained. All MRI images were examined for structural abnormalities, and no subject was excluded on this basis.



Functional Magnetic Resonance Imaging Data Processing

The CAT12 toolkit (12.71) from the Statistical Parametric Mapping database (SPM122) was used to analyze the data. All procedures were performed using MATLAB 7.9.0 software (R2009b; The Mathworks, Inc., Natick, MA, United States). Preprocessing included calibration, correction for head movement, image structure and average echo planar imaging alignment, normalization to a standard template, and smoothing using a Gaussian of 8 mm full width at half maximum. The fMRI brain functional images of each subject were co-registered with the T1 brain structure image template of the Montreal Neurological Institute (MNI) space as the reference standard, and the spatial standardization was completed using the Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) method. In addition, the gray matter volumes were normalized and smoothed using a 6-mm full width at half maximum Gaussian kernel.



Correlation Analysis

LogMAR acuity tests were used to assess the patients’ visual monocular acuity. The correlations between rTMS and logarithmic MAR values in the AR (P = 0.0066), FR (P < 0.0001), and CMR (P = 0.0004) regions were analyzed using GRAPHIPAD Prism 8. Correlation graphs were produced.



Statistical Analysis

After controlling for age and sex, the repeated measures t-test was used to compare the amplitude of low-frequency fluctuation (ALFF) between PRT and POT. The significance level was set at P < 0.05, family wise error corrected, voxel level P < 0.001, and cluster level P < 0.05. A color map was created by overlapping the significant voxels by standardization of 3-dimensional magnetization prepared fast acquisition gradient echo sequences.




RESULTS


Demographics and Visual Measurements

There were no significant differences in age and log MAR-R(BCVA) between the POT and PRT. There were statistically notable differences in the log MAR-L(BCVA) (P < 0.05) between the two groups (more details are presented in Table 1).


TABLE 1. Demographics and clinical measurements of pre-rTMS (PRT) and post-rTMS (POT).
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Differences in Amplitude of Low-Frequency Fluctuation

At the PRT stage, the ALFF values were significantly higher in the AR, PIL, and CMR [Figure 2 (red) and Table 2]. and were significantly lower in the FR and FIL compared to the POT stage [Figure 2 (blue), 3 and Table 2]. No significant difference was found in ALFF between PRT and POT in other brain regions (P > 0.05).


[image: image]

FIGURE 2. Significant differences in spontaneous brain activity between the pre-rTMS (PRT) and post-rTMS (POT). The sizes of the spots denote the degree of quantitative changes. The different brain regions were observed in the Angular_R (AR), Parietal_Inf_L (PIL), Cingulum_Mid_R (CMR), Fusiform_R (FR) and Frontal_Inf_Orb_L (FIL). The red areas denote that PRT exhibit higher amplitude of low-frequency fluctuation (ALFF) in brain areas than POT and the blue areas denote brain regions with a lower ALFF [P < 0.001, cluster > 13 voxels, Alphasim corrected)].



TABLE 2. Brain areas with significantly different amplitude of low-frequency fluctuation (ALFF) between groups.
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FIGURE 3. The mean ALFF values between POT and PRT. ALFF, amplitude of low-frequency fluctuation; PRT, pre-rTMS; POT, post-rTMS; L-left; R-right; AR, Angular_R; PIL, Parietal_Inf_L; CMR, Cingulum_Mid_R; FR, Fusiform_R; FIL, Frontal_Inf_Orb_L.




Correlation Analysis

At the POT stage, significant correlations between ALFF signal value and logMAR acuity were found and were positive at AR (r2 = 0.3286, P = 0.0066; Figure 4A) and negative at FR (r2 = 0.8466, P < 0.0001; Figure 4B) and positive at CMR (r2 = 0.4940, P = 0.0004; Figure 4C). Changes in ALFF values in brain regions are associated with changes in visual acuity and brain activity (Figures 5, 6).


[image: image]

FIGURE 4. Correlations between mean ALFF signal values and logMAR acuity. The ALFF signal value of AR showed a positive correlation with logMAR [r2 = 0.3286, P = 0.0066; (A)] and the ALFF signal value of FR showed a negative correlation with logMAR [r2 = 0.8466, P < 0.0001; (B)]. The logMAR showed a positive correlation with the ALFF signal value of CMR [r2 = 0.4940, P = 0.0004; (C)] (A lower LogMAR value means better acuity). ALFF, amplitude of low-frequency fluctuation; AR, Angular_R; CMR, Cingulum_Mid_R; FR, Fusiform_R.



[image: image]

FIGURE 5. Significant differences in spontaneous brain activity between the PRL and POL stages. Different brain regions that were observed: (1) Angular_R and Parietal_Inf_L; (2) Fusiform_R; (3) Cingulum_Mid_R; (4) Frontal_Inf_Orb_L. The red areas indicate increased ALFF values, and the green areas indicate decreased ALFF values. ALFF, amplitude of low-frequency fluctuation; L, left; R, right.



[image: image]

FIGURE 6. Relationship between rTMS and diplopia. Patients with SA may develop diplopia after surgery. Once diplopia occurs, visual function may be affected, leading to abnormal neural activity in brain regions. SA, oblique amblyopia disease.




Receiver Operating Characteristic Curves

We tested the hypothesis that ALFF may be a potential diagnostic indicator of SA patients at the PRT stage by plotting the average ALFF values of each brain region on an ROC curve. Brain regions with significantly different ALFF values showed high accuracy as diagnostic markers (PRT > POT). The AUCs of the ALFF values of the different brain regions were as follows: CMR (0.907, p < 0.001), AR (0.961 p < 0.001), PIL (0.944, p < 0.001), FR (0.874, p < 0.001), FIL (0.899, p < 0.001) (Figure 7).


[image: image]

FIGURE 7. ROC curve analysis of the mean ALFF values of the affected brain regions in SA patients. ROC, receiver operating characteristic; AUC, area under the curve; CI, confidence interval; ROC, receiver operating characteristic; ALFF, amplitude of low-frequency fluctuation.





DISCUSSION

Amplitude of low-frequency fluctuation (ALFF) is a commonly used clinical method which reflects changes in spontaneous brain activity and has been applied in the investigation of several ophthalmological diseases. Amplitude of low-frequency fluctuation is used to measure spontaneous fluctuations in blood oxygen level-dependent fMRI-signal intensity for nervous activity, reflecting the intensity of regional spontaneous brain activity at rest. The increase of ALFF indicated increased blood oxygen dependence level and increased activity in this brain region, on the contrary, activity of the brain area decreased. We used the ALFF sequence to compare the activity of different brain regions in POT and PRT. Our study is the first to determine whether there are ALFF differences in brain regions before and after transcranial magnetic stimulation within SA patients after surgery, and to identify those regions. Functional MRI is one of the most widely used functional brain imaging techniques. ALFF has been applied in ophthalmologic and neurogenic diseases, and in this study (Table 3) we demonstrated that the intrinsic patterns of activity in different brain regions of POT were changed after rTMS.


TABLE 3. Amplitude of low-frequency fluctuation (ALFF) method applied in Ophthalmologic and Neurogenic diseases.
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We collected information on the brain regions where ALFF changed after rTMS treatment, including areas unrelated to visual processing (Table 4). There were significant differences in ALFF values in several brain areas between POT and PRT stages. Values were decreased in the FR and FIL regions, but increased in the AR, PIL, and CMR regions. These results demonstrate bidirectional changes in ALFF values between the POT and PRT stages. The ROC curve shows the clinical diagnostic significance of both the left parietal inferior, right cingulum middle, right angular, right fusiform, and left frontal inferior orb regions. The AUCs of all these brain areas are high, indicating that ALFF may be used in clinical diagnosis of other brain diseases in SA patients after surgery.


TABLE 4. Brain areas with altered amplitude of low-frequency fluctuation (ALFF) and potential impacts.
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Of these areas, the fusiform gyrus is located at the middle inferior part of the visual association cortex. The fusiform gyrus is not only used for face recognition, it is also responsible for the recognition of subcategories of objects (SparkNotes, 2007). In the fusiform face area, most studies have shown that the right hemisphere is more important for face recognition than the left. The face recognition area is located in the right fusiform gyrus, but it is involved in the recognition of a variety of complex stimuli and is a key brain region for acquiring the skills to distinguish similar objects (Tordesillas-Gutierrez et al., 2018). In patients with strabismic amblyopia, rTMS treatment significantly improved the condition of postoperative visual recovery, which may be related to the changes in the activity of the fusiform gyrus.

The angular gyrus, above Wernicke’s area, at the parietal-occipital junction, is an important association area in the back of the brain. If the angular gyrus is removed, the visual and auditory perception of words will lose connection, causing dyslexia (a reading and writing disorder) and audio-visual aphasia. In the latter, the sufferer loses the connection between what is seen and what is heard and is unable to understand the meaning of the words (Tordesillas-Gutierrez et al., 2018; Palejwala et al., 2020).

The middle part of the right cingulate is the gyrus between the cingulate sulcus of the medial part of the brain hemisphere and the sulcus of the corpus callosum, belonging to the cortical part of the limbic system (Creel, 2012). This brain region transmits nerve impulses to the anterior cingulate gyrus and striatum and receives output from the amygdala, orbitofrontal gyrus, and medial frontal gyrus (Li et al., 2017). It has long been understood as an important part of the emotional circuit, involved in processes such as emotion and self-evaluation, and is closely associated with depressive symptoms. Audiovisual hallucinations, sensory illusions, and emotional symptoms caused by diplopia onset usually occur after surgery and accompanied by a slow recovery period of 12 months. After rTMS treatment, the condition will be greatly reduced (Sasaki et al., 2016; Craciun et al., 2018). Primary epileptic seizures in the cingulate gyrus are mainly complex partial seizures with characteristic automaticity, autonomic nervous dysfunction, affective changes, and urinary incontinence. We speculate that rTMS can effectively control epilepsy in part of the cingulate gyrus brain region. SA may cause abnormalities in cerebral blood flow and metabolism in the brain, resulting in hypofunction, which in turn leads to depression in patients (Craciun et al., 2018).

The lower and upper parietal gyrus contain visual segmentation groups, which can be distinguished according to structural or connection standards, topographic organization, or other functional standards. The conventional view that this brain area is a type of visual sensory area and contains numerous optic motor neurons and parietal visual function focuses on its role in spatial perception, so the lesions in this area will cause abnormalities in the relevant visual field. Therefore, our research showing a decreased ALFF of the left parietal inferior region may manifest as a defect in the visual field, and this pathological change will seriously affect the daily life of the patient (Hilbert et al., 2019).

Previous studies have demonstrated a link between the frontal cortex and emotion. The occurrence and development of the clinical symptoms of schizophrenia, major depression, and anxiety depend on the frontal cortex system. Evidence suggests that affective function, experience, expression, and load information processing have different neural representations in the frontal cortex (Wang and Luo, 2004; Makris et al., 2013; Bocca et al., 2015). Therefore, it is reasonable to infer that the effect of rTMS on the activity of the frontal cortex may be useful for the treatment of patients with schizophrenia, major depression, and anxiety disorders.

We believe that ALFF has clinical significance, it can detect abnormal changes in the brain activity of patients through fMRI in advance of this factor, and provide timely interventions to effectively reduce the sequelae and complications of SA such as diplopia. It is worth noting that the limitations of the current study, including differences in measurement standards and other factors, require further unification of measurement scales in in-depth studies to verify the findings. The clinical features we used in this study were not rigorous. For example, different SA patients have different degrees of visual acuity recovery after surgery, some of which were not significantly different from the preoperative stage. Therefore, attention should be paid to these problems in future studies and the sample size should be expanded to accurately evaluate the changes of brain ALFF indexes in SA patients after surgery. In addition, the control group of patients treated with rTMS after SA surgery was not included in this study, changes in ALFF values generated by longitudinal brain recombination after SA surgery were not measured. As a result, in the results obtained in this study, the difference in ALFF value is not solely affected by rTMS treatment, and part of the difference may be related to longitudinal brain reorganization, the specific differences need to be further studied. Despite these deficiencies, this study revealed specific changes and effects of rTMS on ALFF in the brain regions of SA patients.



CONCLUSION

In summary, we confirmed that within SA patients ALFF changes significantly in some brain regions after rTMS. Changes in ALFF reflect increases or decreases in activity within brain regions and may partly reflect the degree of improvement in visual dysfunction caused by postoperative complications in patients with SA. ALFF may be used for clinical diagnosis and evaluation of postoperative rehabilitation in patients with SA.
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Objective: The effects and possible mechanisms of cerebellar high-frequency repetitive transcranial magnetic stimulation (rTMS) on swallowing-related neural networks were studied using resting-state functional magnetic resonance imaging (rs-fMRI).

Method: A total of 23 healthy volunteers were recruited, and 19 healthy volunteers were finally included for the statistical analysis. Before stimulation, the cerebellar hemisphere dominant for swallowing was determined by the single-pulse TMS. The cerebellar representation of the suprahyoid muscles of this hemisphere was selected as the target for stimulation with 10 Hz rTMS, 100% resting motor threshold (rMT), and 250 pulses, with every 1 s of stimulation followed by an interval of 9 s. The motor evoked potential (MEP) amplitude of the suprahyoid muscles in the bilateral cerebral cortex was measured before and after stimulation to evaluate the cortical excitability. Forty-eight hours after elution, rTMS was reapplied on the dominant cerebellar representation of the suprahyoid muscles with the same stimulation parameters. Rs-fMRI was performed before and after stimulation to observe the changes in amplitude of low-frequency fluctuation (ALFF) and regional homology (ReHo) at 0.01–0.08 Hz, 0.01–0.027 Hz, and 0.027–0.073 Hz.

Results: After cerebellar high-frequency rTMS, MEP recorded from swallowing-related bilateral cerebral cortex was increased. The results of rs-fMRI showed that at 0.01–0.08 Hz, ALFF was increased at the pons, right cerebellum, and medulla and decreased at the left temporal lobe, and ReHo was decreased at the left insular lobe, right temporal lobe, and corpus callosum. At 0.01–0.027 Hz, ALFF was decreased at the left temporal lobe, and ReHo was decreased at the right temporal lobe, left putamen, and left supplementary motor area.

Conclusion: Repetitive transcranial magnetic stimulation of the swallowing cortex in the dominant cerebellar hemisphere increased the bilateral cerebral swallowing cortex excitability and enhanced pontine, bulbar, and cerebellar spontaneous neural activity, suggesting that unilateral high-frequency stimulation of the cerebellum can excite both brainstem and cortical swallowing centers. These findings all provide favorable support for the application of cerebellar rTMS in the clinical practice.

Keywords: swallowing, repetitive transcranial magnetic stimulation (rTMS), motor evoked potentials (MEP), cerebellum, resting-state functional magnetic resonance imaging (rs-fMRI)


INTRODUCTION

Dysphagia is a common complication after stroke, and it has been documented that more than half of stroke patients have swallowing problems (Singh and Hamdy, 2006; Geeganage et al., 2012). Dysphagia may lead to various complications such as malnutrition, dehydration, pneumonia, prolonged hospitalization cycle, and even death (Bonilha et al., 2014; Cohen et al., 2016). The traditional rehabilitation methods for post-stroke dysphagia (PSD) include tongue muscle training, levator laryngeal muscle training, sensory stimulation training, dietary modification, and others, but these methods have poor efficacy (Martino and Mcculloch, 2016; Guillén-Solà et al., 2017). In order to accelerate the recovery speed and recovery rate of PSD patients, researchers are constantly exploring new treatment methods (Fisicaro et al., 2019).

Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive brain stimulation technique, which can increase cortical excitability of the target area at high frequency (>1 Hz) and decrease it at low frequency (≤ 1 Hz) (Iglesias, 2020). Several studies have shown that recovery of swallowing function in PSD is associated with regulated excitability of the swallowing-related cortex and that rTMS treatment has a positive effect in patients with PSD (Khedr et al., 2009; Khedr and Abo-Elfetoh, 2010; Kim et al., 2011; Du et al., 2016; Cheng et al., 2017; Zhang et al., 2019). At present, the targets of rTMS treatment for PSD patients are mainly located in the cerebral cortex, but some patients have problems such as suboptimal efficacy and limited application, which promote clinicians to constantly search for new therapeutic targets.

As cerebellar function continues to be explored, multiple studies on healthy volunteers have shown that cerebellar rTMS may have a positive effect on swallowing function (Jayasekeran et al., 2011; Vasant et al., 2015; Sasegbon et al., 2019, 2020). This implies that the cerebellum has the potential to be a novel therapeutic target for PSD. Jayasekeran first demonstrated in 2011 that motor evoked potentials (MEPs) similar to those of pharyngeal constrictors can be generated in healthy humans by cerebellar single TMS. These findings suggested that cerebellar stimulation could induce swallowing movements in humans (Jayasekeran et al., 2011). Subsequently, sustained, high-frequency (5, 10, and 20 Hz) rTMS of unilateral hemispherical cerebellum showed significantly increased MEP amplitude at the swallowing-related cortex of both cerebral hemispheres, with maximum effect maintained for at least 30 min at 250 pulses (Vasant et al., 2015).

In order to verify whether the excitatory cortical effect produced by cerebellar rTMS can improve PSD, Sasegbon (Sasegbon et al., 2019, 2020) simulated post-stroke swallowing disorder in healthy volunteers using a total of 600 low-frequency pulses for 10-min inhibitory stimulation in the cortical region representative of pharyngeal constrictor muscle. Following this, rTMS (10 Hz, 250 pulses) was performed on the cerebellum, and results indicated that unilateral or bilateral stimulation could completely reverse simulated dysphagia and improve the excitability of the cortex related to bilateral cerebral swallowing, with bilateral stimulation more effective than unilateral stimulation. However, the above studies using electrophysiology show changes in the excitability of swallowing-related cortex but not the mechanism by which cerebellar rTMS affects this cortical region, or whether cerebellar stimulation affects other swallowing-related networks. Before cerebellar rTMS can be applied clinically, its effects on brain function need to be explored.

Recently, resting-state functional magnetic resonance imaging (rs-fMRI) has played an important role in studying brain functional activity as a safe, noninvasive technique, which reflects neural activity via blood oxygen level-dependent (BOLD) signals (Mosier et al., 1999; Mosier and Bereznaya, 2001; Suzuki et al., 2003; Zhang et al., 2020; Ma et al., 2021). Amplitude of low-frequency fluctuations (ALFF) and regional homogeneity (ReHo) are two classic local indices of rs-fMRI, which are widely used due to good stability (Qiu et al., 2019; Wu et al., 2020). ALFF has been calculated as the mean amplitude of the BOLD signal deviating from baseline over a short period of time, reflecting the strength of the spontaneous neural activity in voxels (Zang et al., 2007). ReHo can indirectly reflect the synchrony of neural activity in local brain regions by calculating the time series consistency between the response at each voxel and its neighbors (Zang et al., 2004). Increased ReHo indicates that neural activity in local brain regions is synchronized. Reduced ReHo indicates a consistent reduction in neural activity.

Most of the current research on rs-fMRI focuses on low-frequency oscillatory signals in the classical frequency band (0.01–0.08 Hz), which are considered most relevant to neural activity. However, it has also been found that sensitivity to oscillatory signals in different frequency bands varies with brain regions and that sensitivity to wider frequency bands is reduced in some brain regions, leading to reduced detection of brain activity in those regions. Therefore, ALFF and ReHo are assessed in response to several different frequency bands, such as the slow-4 band (0.027–0.073 Hz) and the slow-5 band (0.01–0.027 Hz), for more targeted investigation of brain functional activity (Zuo et al., 2010).

In this study, we used the multifrequency ALFF and ReHo methods to observe regional changes in brain function after high-frequency rTMS of the cerebellum. The study aimed to explore the effects and mechanisms of cerebellar rTMS on swallowing-related neural networks and ultimately to facilitate its clinical application.



MATERIALS AND METHODS


Participants

This study included 23 healthy volunteers recruited at the Department of Rehabilitation, the Affiliated Hospital of Qingdao University, from September 2020 to February 2021. The study was reviewed by the ethics committee of the Affiliated Hospital of Qingdao University (ethics approval number: qyfy wzll 26154), and all volunteers provided a signed declaration of informed consent for participation. All volunteers received unilateral (dominant side) cerebellar hemisphere 10 Hz, 250 pulse rTMS stimulation.


Inclusion Criteria

1). Age ≥ 18 years.

2). No history of diseases, such as Parkinson's disease or stroke, which may cause dysphagia.

3). No contraindications to the use of rTMS or to fMRI (history of seizures, intracorporeal implantation of pacemaker or drug pump, cranial metal implant, claustrophobia, and others).

4). Normal cognitive function and ability to cooperate with the study procedures.



Exclusion Criteria

1). Current use of drugs affecting the central nervous system.

2). Current pregnancy, late-stage malignancy, history of brain surgery, or central nervous system disease.

3). Mandibular skin breakdown, infection, and other effects of surface electrode sheet placement.

4). Combined heart, lung, liver, kidney, and other important organ diseases, and if the condition is critical.




Experimental Procedure

One group of healthy volunteers was included. Single-pulse TMS was used to stimulate bilateral cerebellar hot-pot of suprahyoid muscles, observing and comparing the bilateral resting motor threshold (rMT) and MEP. The dominant cerebellar hemisphere was defined as that with lower rMT, or if rMT was symmetrical, higher MEP was observed in the hemisphere. The dominant cerebellar representation of suprahyoid muscles was stimulated with 10 Hz rTMS, 100% rMT, and 250 pulses, with every 1 s of stimulation followed by an interval of 9 s. Before and after stimulation, the MEP amplitude of bilateral cerebral representation of suprahyoid muscles was measured to evaluate the excitability of swallowing-related cerebral cortex.

Forty-eight hours after elution, rTMS was repeated using the same parameters. Rs-fMRI was performed before and after stimulation to observe changes in ALFF and ReHo at 0.01–0.08 Hz, 0.01–0.027 Hz, and 0.027–0.073 Hz. Figure 1 shows the study design and flow chart.


[image: Figure 1]
FIGURE 1. The study design and flowchart.




TMS and Electromyography

A circular coil (outer ring diameter: 70 mm) connected to CCY-IA TMS (Yiruide CCY-IA, Wuhan, China) was used, with a maximum stimulator output of 3.0 Tesla. Volunteers were seated, and alcohol was used to cleanse the neck skin and increase electrode conductivity. The circular coil was positioned at 45° tangential to the skull, and suprahyoid muscles electromyography was recorded via surface electrodes. The recording electrode was placed 2 cm left and right at the midpoint of the line connecting the mandible to the middle of the hyoid bone, and the reference electrode was affixed to the angle of the mandible. Coil movements were made in a region of 2–4 cm anterior and 4–6 cm lateral to the vertex of the skull, using 80% output, to obtain the maximal MEP at the location of suprahyoid muscles' motor representation of the cerebral cortex. Similarly, to find the cerebellar representation of suprahyoid muscles, the coil was moved around 1 cm lateral to and below the occipital external carina.


Resting MT

Resting MT was defined as the lowest TMS intensity that can evoke MEP amplitude greater than 50 μV in five out of ten trials, expressed as a percentage of the stimulator's maximum output intensity.



The MEP Amplitude

The MEP amplitude used for comparison was measured in the bilateral cerebral motor representation of the suprahyoid muscles, with 100% rMT as the stimulation intensity, measured for five times, and the average value was taken.




Image Data Acquisition

A Signa HDX 3.0T (GE Healthcare, USA) nuclear magnetic resonance instrument was used to collect fMRI data. Volunteers were in the supine position with their head position fixed bilaterally using foam pads, eyes closed using an eye mask, and earplugs to protect hearing. Volunteers were instructed to relax, slow their breathing, and refrain from falling asleep during the scanning procedure. The fMRI scanning procedure began with a 3PL localizer scan, followed by an assessment calibration, and a subsequent blood signal scan. A total of 128 volumes were acquired using an echo-planar imaging sequence (30 axial slices, repetition time = 3,000 ms, echo time = 40 ms, flip angle = 90°, matrix = 128 × 128, in-plane resolution of 1.875 mm × 1.875 mm, thickness/gap = 5/0 mm). Subsequently, 3D T1-weighted anatomical images were acquired (248 sagittal slices, repetition time = 5.5 s, echo time =1.7 ms, matrix = 256 × 256, voxel size 1 mm × 1 mm × 1.2 mm).



Image Data Preprocessing

Based on the Matlab 2018a software platform, preprocessing was performed using RESTplus v1.24. The image of the left dominant side was flipped to the right before statistical analysis, using a new version of RESTplus_v1.25.


Image Preprocessing

Image preprocessing was conducted using REST plus v1.24 as follows: (1) Data conversion from DICOM to Neuroimaging Informatics Technology Initiative format; (2) Removal of the first 10 time points; (3) Slice timing; (4) Image realignment; (5) Image normalization; (6) Image detrending; (7) Nuisance covariates regression: Friction 24, white matter signal, and cerebrospinal fluid signal; (8) ALFF and ReHo were calculated at three filtered bands: 0.01–0.08 (classical frequency band), 0.01 – 0.027 (slow-5), and 0.027–0.073 (slow-4); and (9) Data exclusion due to poor normalization or head movement more than 3 mm or 3°.

The global mean ALFF (mALFF) maps and mean fractional ALFF (mfALFF) maps at three bands were calculated for each subject using RESTplus v1.82 software in MATLAB prior to statistical analysis.



Smoothing

The mALFF and mean ReHo (mReHo) in the above frequency bands were smoothed using a 4 x 4 x 4 kernel in SPM software version 12.



Flip

Subjects turning to the right in response to the left side of the stimulus used the software package RESTplus v1.25.




Statistical Analysis

SPSS version 22.0 was used to conduct paired samples t-tests comparing the MEP amplitude before and after stimulation.

Resting-state fMRI analysis was conducted using paired t-tests and FD_Power taut regression as a covariate in the Matlab 2018a software platform and the DPABI V5.1 software package. The resulting T-maps were Gaussian random field corrected, voxel p < 0.05, cluster p < 0.05, two-tailed test, default corner connected, default cluster size adopted, and finally output reported.




RESULTS


Participants

Of a total of 23 healthy volunteers recruited for this study, two withdrew due to poor compliance or tolerance of the rTMS and fMRI procedures, and data from another two were excluded from preprocessing due to movement exceeding 3 mm or 3°, or poor registration. Therefore, data from 19 participants were included (thirteen female and six male participants, mean age 25.53 ± 4.29 years). In six out of the 19 participants, the dominant cerebellar hemisphere was on the right, while in others, it was on the left.



MEP Amplitude Changes in Cerebral Swallowing Cortex

We found that the MEP amplitude in the swallowing-related cortex was significantly elevated in both ipsilateral and contralateral hemispheres after stimulation (p < 0.05; Figure 2), indicating that high-frequency rTMS stimulation of the dominant lateral cerebellum can induce bilateral elevation of the swallowing cortex excitability.


[image: Figure 2]
FIGURE 2. Comparison of MEP amplitude between rTMS and baseline. MEP amplitude increased in both cerebral hemispheres *p < 0.05.




Rs-fMRI Analyses Under Different Frequency Bands
 
Resting-State fMRI Results Based on the ALFF Method

After cerebellar stimulation, in the classical frequency band we found that ALFF was significantly elevated at the pons, right cerebellum, and medulla and significantly reduced at the left temporal lobe (p < 0.05; Figure 3 and Table 1), indicating that unilateral cerebellar stimulation can produce increased spontaneous neural activity in the cerebellum and brainstem and suppress activity at the contralateral temporal lobe. In addition, we found that ALFF at the left temporal lobe was also decreased in the slow-4 band and slow-5 band (p < 0.05; Figures 4, 5 and Table 1).


[image: Figure 3]
FIGURE 3. Statistical maps showing ALFF change pre- and post-rTMS in the classical frequency band. Warm colors showing ALFF increased and cool colors showing ALFF decreased after rTMS p < 0.05.



Table 1. Brain regions with alteration of ALFF after cerebellar rTMS.
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FIGURE 4. Statistical maps showing ALFF change pre- and post-rTMS in the slow-4 band. Cool colors showing ALFF decreased after rTMS p < 0.05.



[image: Figure 5]
FIGURE 5. Statistical maps showing ALFF change pre- and post-rTMS in the slow-5 band. Cool colors showing ALFF decreased after rTMS p < 0.05.




The Results of rs-fMRI Based on ReHo Method

After cerebellar stimulation, in the classical frequency band we found significantly decreased ReHo at the left insula, right temporal lobe, and corpus callosum (p < 0.05; Figure 6 and Table 2). In addition, a decrease in ReHo was also found at the left insula and corpus callosum in the slow-4 band and at the right temporal lobe, left putamen, and left motor accessory area in the slow-5 band (p < 0.05; Figures 7, 8 and Table 2).


[image: Figure 6]
FIGURE 6. Statistical maps showing ReHo change pre- and post-rTMS in the classical frequency band. Cool colors showing ReHo decreased after rTMS p < 0.05.



Table 2. Brain regions with alteration of ReHo after cerebellar rTMS.
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[image: Figure 7]
FIGURE 7. Statistical maps showing ReHo change pre- and post-rTMS in the slow-4 band. Cool colors showing ReHo decreased after rTMS p < 0.05.



[image: Figure 8]
FIGURE 8. Statistical maps showing ReHo change pre- and post-rTMS in the slow-5 band. Cool colors showing ReHo decreased after rTMS p < 0.05.






DISCUSSION

By examining neuroimaging and electrophysiological changes after rTMS, this study demonstrated that cerebellar rTMS may improve swallowing function. The electrophysiological findings are consistent with those of previous studies, showing that MEP amplitude at swallowing-related areas of bilateral cerebral hemispheres increased after unilateral cerebellar high-frequency stimulation (Vasant et al., 2015; Sasegbon et al., 2019, 2020). This means that high-frequency rTMS stimulation of the unilateral cerebellum can have a positive effect on the swallowing-related cortex of bilateral cerebral hemispheres. In addition to this, rs-fMRI results based on the ALFF method showed that neural activity in the pons and medulla was significantly enhanced after stimulation, providing the first validation that high-frequency stimulation of the cerebellar dominant hemisphere can produce excitatory brainstem effects. These findings provide supportive evidence for the application of cerebellar rTMS in the treatment of PSD.


ALFF Results in Different Frequency Bands

In the classical frequency band, ALFF of posterior pons and medulla oblongata after cerebellar rTMS increased after stimulation, suggesting that brainstem spontaneous neural activity may be enhanced by high-frequency rTMS stimulation in the dominant cerebellar hemisphere. The generation of physiological swallowing activity requires oropharyngeal sensory stimulation afferent to the swallowing control center of the brainstem. This process is mainly mediated by the brainstem, whereas cortical higher-order centers act to initiate and regulate voluntary swallowing (Torii et al., 2012). The brainstem swallowing center, also called the central pattern generator (CPG), is located dorsolaterally in the medulla oblongata and is responsible for controlling and modulating the swallowing reflex. The CPG includes two bilaterally symmetrical regions, namely, the dorsal region comprising the nucleus tractus solitarius and its reticular formation; and the ventral region comprising the nucleus ambiguus and its reticular formation (Jean, 2001). Under physiological conditions, there is bilateral synergy between the two CPG regions, and their nerve fibers cross the midline in the brainstem to induce contraction of swallowing-related muscle groups bilaterally (Aydogdu et al., 2001). As a swallowing center, the brainstem is crucial in the swallowing process, and elevated ALFF values at the pons and medulla imply that high-frequency rTMS of the cerebellar dominant hemisphere may play a positive role on the efferent process of swallowing movements.

We also observed elevated ALFF in the cerebellum in the classical band. The cerebellum is a major site for the coordination of fine limb movements (Glickstein et al., 2009; Stoodley and Schmahmann, 2009). Several studies have previously shown that the cerebellum similarly plays an important role in swallowing movements. For example, fMRI research shows significant activation of the cerebellum during the oral phase of swallowing movements and coordinated orofacial and labial lingual movements (Onozuka et al., 2002). In addition, the accuracy of swallowing can be improved by cerebellar rTMS as measured using challenging swallow response tasks (Mistry et al., 2007; Sasegbon et al., 2019), and this finding may reflect the cerebellum increasing its role in modulating fine motor activity, thereby increasing movement accuracy.

In addition, we also found decreased ALFF in the contralateral temporal lobe after cerebellar rTMS, suggesting a possible inhibitory effect of cerebellar rTMS on the contralateral temporal lobe. Previous studies have shown that swallowing is governed by multiple parts of the cerebral cortex, such as the sensory/motor cortex, prefrontal areas, anterior cingulate, insula, parietal and temporal lobes (Hamdy et al., 1999; Martin et al., 2001; Suzuki et al., 2003; Babaei et al., 2012, 2013; Ushioda et al., 2012). The temporal lobe is thought to be involved in taste recognition during swallowing (Small et al., 1999). Since the swallowing action directly induced by cerebellar rTMS skips taste recognition, the temporary lobe suppression may be related to the negative feedback between cerebellum and temporal lobe. The cortical ALFF results showed an inhibitory effect of cerebellar rTMS on the contralateral temporal lobe in both the slow-4 and slow-5 frequency bands. However, unlike the classical band, no functional changes in the pons, medulla oblongata, or cerebellum were found in either frequency band. This suggests that the activity of these regions may be manifested in the entire classical frequency band rather than in some part of it.



ReHo Results in Different Frequency Bands

In the classical frequency band, we observed that functional changes in the cerebral cortex were induced after rTMS stimulation in the cerebellum. The ReHo was decreased after stimulation in the left insula and right temporal lobe. The insula and temporal lobe function, similar to their involvement in swallowing, are jointly involved in taste recognition (Ertekin and Aydogdu, 2003). In addition to taste, the insula processes information such as food touch in the mouth and plays an important role in oral motility (Ushioda et al., 2012). We observed reduced ReHo in the temporal lobe, putamen, and motor supplementary area at slow-5, which may be more sensitive at slow-5. The supplementary motor area is involved in the planning of swallowing movements and has a role in coordinating bilateral movements (Welniarz et al., 2019; Sadler et al., 2021). The cerebral cortex plays a role in the initiation and regulation of voluntary swallowing (Suzuki et al., 2003). After stimulation of the cerebellum, the spontaneous neural activity of the stimulated lateral cerebellum and brainstem was enhanced, while multiple regions of the cerebral cortex were negatively affected. Swallowing movements induced by cerebellar rTMS probably require neither the planning of the cerebral cortex nor the afferents of the orofacial sensation. This external stimulation may cause decreased ReHo in the cingulate gyrus, insula, temporal lobe, and supplementary motor areas. In addition, negative feedback regulation occurs between higher cortical centers and subcortical centers such as the brainstem. The elevated brainstem function after rTMS in the cerebellum may contribute to the suppression of generalized cortical function (Mosier and Bereznaya, 2001).

Our study also revealed reduced ReHo in the corpus callosum, the largest commissural connection between the cerebral hemispheres, after cerebellar rTMS. It has been suggested that the bilateral cerebral hemispheres are under interactive inhibition and that the inhibition of unilateral hand motor areas by low-frequency rTMS is beneficial by elevating contralateral hand innervation (Bajwa et al., 2008). Similarly, bilateral innervation via the corpus callosum may exert excitatory contralateral modulation of swallowing (Mistry et al., 2012). The findings of this study suggest that while performing bilaterally controlled swallowing movements, the inhibitory effect of the corpus callosum may be reduced.

As we all know, swallowing is divided into oral, pharyngeal, and esophageal phases. The oral phase mainly involves the formation and transport of food boluses, which are regulated autonomously by the cerebral cortex. The main activity of the pharyngeal phase is to swallow food to the esophagus, which is a reflex action, and is controlled by the CPG of the medulla oblongata (Torii et al., 2012). Our results suggest that cerebellar rTMS may not only regulate swallowing during the oral phase by inhibiting the cerebral cortex but also directly improve the performance of swallowing during the pharyngeal phase by enhancing the descending efferent pathways of the brainstem.




CONCLUSION

In this study, we found that rTMS of the swallowing cortex in the dominant cerebellar hemisphere increased the bilateral cerebral swallowing cortex excitability and enhanced pontine, bulbar, and cerebellar spontaneous neural activity, suggesting that unilateral high-frequency stimulation of the cerebellum can excite both brainstem and cortical swallowing centers. Furthermore, we found reduced ReHo in the corpus callosum, which may facilitate the execution of this bilaterally innervated action of swallowing. These findings all provide favorable support for the application of cerebellar rTMS in the clinical practice.



LIMITATIONS

Our study has some limitations. First, unlike previous clinical studies that have simulated stroke damage, we stimulated and observed healthy volunteers. This does not directly mimic the recovery process of swallowing function in stroke patients. Second, because of the higher acquisition and analysis costs of rs-fMRI, we studied a limited number of volunteers, and studies with larger samples are still needed to further confirm these conclusions.
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Transcranial magnetic stimulation (TMS) was used to test the functional role of parietal and prefrontal cortical regions activated during a playing card Guilty Knowledge Task (GKT). Single-pulse TMS was applied to 15 healthy volunteers at each of three target sites: left and right dorsolateral prefrontal cortex and midline parietal cortex. TMS pulses were applied at each of five latencies (from 0 to 480 ms) after the onset of a card stimulus. TMS applied to the parietal cortex exerted a latency-specific increase in inverse efficiency score and in reaction time when subjects were instructed to lie relative to when asked to respond with the truth, and this effect was specific to when TMS was applied at 240 ms after stimulus onset. No effects of TMS were detected at left or right DLPFC sites. This manipulation with TMS of performance in a deception task appears to support a critical role for the parietal cortex in intentional false responding, particularly in stimulus selection processes needed to execute a deceptive response in the context of a GKT. However, this interpretation is only preliminary, as further experiments are needed to compare performance within and outside of a deceptive context to clarify the effects of deceptive intent.

Keywords: TMS, deception, parietal cortex, fronto-parietal network, guilty knowledge task (GKT)


INTRODUCTION

Deception is an active cognitive process by which the deceiver must inhibit truth-telling while generating false information (Mitchell, 1986). Due to its negative social consequences, there has long been a keen interest in an objective method of detecting deception in the fields of law and security, given for example the inaccuracy of juries and judges in assessing veracity (Appelbaum, 2007). Such objective measures could also aid in the understanding and treatment of psychiatric disorders in which the ability to deceive is impaired (e.g., autism: Sodian and Frith, 1992) or is a symptomatic component (e.g., antisocial personality disorders: Ford et al., 1988). In the early 20th century, the polygraph, relying on peripheral, anxiety-induced autonomic indicators, was proposed as a tool to study lie detection (Larson and Haney, 1932). However, the ability of individuals to defeat these methods by learning to manipulate physiological measures such as skin conductance and heart rate (Honts et al., 1985, 1996), as well as their intrinsic variability (Saxe et al., 1985), has suggested that an objective technology of deception detection requires a greater understanding of the brain processes underlying deception itself. Thus, attention has since turned toward direct measures of brain activity involved with deception utilizing electrophysiological and functional magnetic resonance imaging (fMRI) techniques.

Research on deception using electrophysiology dates back three decades and indicates that scalp electrical potential measures are sensitive to deceptive contexts. There has been a great deal of work focusing on the relationship of deception and event-related potentials (ERPs) with a later onset latency, especially P300s (e.g., Farwell and Donchin, 1991; Johnson et al., 2005). The literature suggests that deceiving requires a higher cognitive workload than truth-telling and that this difference is reflected by changes in the magnitude and latency of specific ERPs (Czigler et al., 2002). However, ERPs with latencies much earlier than P300s are also influenced by deception manipulations, suggesting that deception can influence processing in earlier stages as well. For example, for tasks using visual stimuli, a negative component appearing around 80–180 ms post-stimulus onset, the N1, with greatest amplitudes in the occipital area, is more negative when deception is required, probably due to greater use of early attentive processes (Hu et al., 2011). From about 180–325 ms post-stimulus, an N2 waveform is prominent in frontal and central regions and its change found with deception has been proposed to reflect the mental task of categorizing a stimulus to be lied about and preparing that response (Wu et al., 2009; Hu et al., 2011, Leng et al., 2019).

Neuroimaging has also been shown to be sensitive to experimental manipulation of deception, with studies finding regional activation differences when subjects are practicing deception vs. truth-telling. A recent meta-analysis (Delgado-Herrera et al., 2021) demonstrated substantial involvement of the fronto-parietal network in deception (see also Christ et al., 2009; Lisofsky et al., 2014; Yu et al., 2019), with frontal activations associated with executive functions required to deceive, such as working memory, inhibition, and task switching (Christ et al., 2009); and parietal activations linked to the recruitment of additional resources such as socio-cognitive processes when the task involves social or virtual interactions (Lisofsky et al., 2014); or additional attentional resources when instances requiring deception arise (Christ et al., 2009). However, the ability to use neuroimaging for the detection of deception is hampered by the sheer number and complexity of processes involved in deception such as the cognitive and emotional processes necessary to generate the rationale, intent, and strategies for deception within a given context, as well as those needed to execute a response which is incompatible with the truth (Johnson et al., 2003). Acts of deliberation over deception include weighing risks and benefits, the mind of the other(s) to be lied to, the content and context of the lie, and the recognition of the truth and its inhibition, all governed by many overlapping cognitive processes most likely having a great degree of individual variability (Keckler, 2005). Even the most general taxonomy of the processes involved in deception is complex, grouping them under four sets of cognitive resources: information management, risk management, impression management, and reputation management (Sip et al., 2008). This processing complexity, and the concomitant complexity of its neural underpinnings, has been acknowledged (e.g., Nuñez et al., 2005), and some studies have attempted to differentiate component executive processes used in the deceptive act with manipulations of working memory load (Ganis et al., 2003) or memory content (Nuñez et al., 2005). Nevertheless, the correlative nature of imaging studies, especially when several neural processes are involved, has made interpretation difficult.

Several groups have attempted to use non-invasive brain stimulation such as transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) as a more direct approach to detection of deception than imaging. By using results found in electrophysiological and imaging studies to target cortical regions involved with specific aspects of deception, stimulation holds the attractive potential to directly interfere with brain processes involved with producing a deceptive response to produce a measurable difference in performance when being truthful or deceptive (Luber et al., 2009). TMS and tDCS have already been shown to affect behavioral performance in deceptive contexts. Two early studies applied TMS over the motor cortex and found greater cortico-spinal excitability while subjects responded with lies compared to truth (Lo et al., 2003; Kelly et al., 2009). Five studies focused on stimulation of prefrontal cortex (PFC), and while one of them did not show any differences between truth conditions caused by TMS (Verschuere et al., 2012), a series of four other experiments conducted by the same group demonstrated significant TMS effects on deception processes (Karton and Bachmann, 2011, 2017; Karton et al., 2014a,b). Indeed, using both online and offline TMS, Karton and associates found hemispheric differences between truth and lie conditions, with a lower number of deceptive responses with stimulation to left PFC compared to right, as well as an abolishment of the difference seen between truth conditions in the electrical P300 evoked response.

There have also been several studies of deception using tDCS. Two studies stimulated the right temporo-parietal junction and found decreased deceptive responding in a social context (Tang et al., 2017; Noguchi and Oizumi, 2018), while most have focused on PFC stimulation (Priori et al., 2008; Karim et al., 2010; Mameli et al., 2010; Fecteau et al., 2013; Maréchal et al., 2017; Sánchez et al., 2020). Priori et al. found bilateral stimulation increased reaction time in deceitful responses compared to truth, while Mameli et al., Karim et al., and Fecteau et al. found faster RT in lie conditions. Marechal et al. found tDCS to right DLPFC decreased the number of lie responses, and Sanchez et al. found right ventrolateral PFC tDCS disrupted truth-telling, with no effects on lies. Overall, while these TMS and tDCS studies vary in their specific findings, they do indicate that brain stimulation can be effective in producing behavioral differences which depend on deceptive intent. However, most of these studies used offline stimulation—i.e., they evaluated performance changes before and after stimulation. While the offline approach provides important information about the role of specific brain regions in deception, results may be contaminated by the cumulative effects of stimulation that can spread to other brain regions transsynaptically (Beynel et al., 2020). Moving toward a paradigm of direct, online stimulation which can affect behavioral performance on a trial-by-trial basis in specific contexts could afford a means of disrupting deceptive processes on an individual basis with temporal and spatial precision. In addition, these cited studies used trains of rTMS or continuous tDCS which, while effective, cannot provide precise temporal information of the neural mechanisms involved in deception. Single pulses of TMS provide a much more fine-grained time-resolution and allow the experimenter to precisely dissect network activity in time as well as space. This approach was first used by Amassian et al. (1989) to disrupt letter identification, and has successfully been used by our group and others to disrupt complex object recognition in higher visual areas (Luber et al., 2020), self-related episodic memory and self-judgments (Lou et al., 2004, 2010; Luber et al., 2012), numerical cognition (Garcia-Sanz et al., 2022) or cognitive functions assessed via the stop signal task (Bashir et al., 2020), suggesting that single pulse TMS can provide important information regarding the chronometry of complex cognitive functions. The present study attempted to target processes involved with the execution of deceptive responses in a simplified behavioral context as a proof-of-concept for this paradigm.

Disrupting deception with non-invasive brain stimulation, however, is not straightforward. There is no “deception region” of cortex, no “deception network.” Correspondingly, cognitively there is no process central to deception. Deception describes a family of behaviors, all intended to instill a false belief in another person's mind. A particular deceptive action chosen from this family of behaviors is generated from a set of general cognitive processes (e.g., risk processing, Theory of Mind, attention, working memory, etc.). Therefore, studying deception using TMS involves the careful dissection of cognitive processes called on within a deceptive context, which can only be done over a series of experiments. In our preliminary experiment, to focus the application of TMS on the output stages of a deceptive act, we chose a validated deception task, the Guilty Knowledge task (GKT) (Lykken, 1960; MacLaren, 2001). The GKT, in its original form, posed questions concerning a “crime scene” with multiple answer options. The correct answers involved details that only the “criminal” would know. The examiner used physiological indicators during the GKT to look for differences in responses to true and false alternatives (Lykken, 1960; MacLaren, 2001). A simplified analogous playing card version of the GKT was developed for imaging studies using a computer monitor instead of a human examiner (e.g., Langleben et al., 2002). In this type of GKT, subjects are given playing cards, divided into those the subject is instructed to tell the truth about and those they are instructed to deny having. This version of the GKT is arguably the most simplified model of the act of deception. We expected the playing card GKT to minimize the deliberative aspects of deception related to cognitive and emotional processes used in generating a lie since the experimenter controlled what to lie about and when to lie. As Sip et al. (2008) observed, the greatest advantage of using the GKT is that it does not address deception in its totality, but only focuses on a limited set of processes, primarily those involving response selection and inhibition: “if deception is a goal, the most basic scenario requires inhibition of prepotent truth responses to make others believe what we want them to believe,” which is the focus of the GKT. TMS was applied to dorsolateral prefrontal cortex (DLPFC) and medial parietal cortex, two nodes of the fronto-parietal network (FPN) involved with executive processing of the type used in the GKT. The two most important roles of the executive system in the present task were to select the response category (lie/truth), and to inhibit the prepotent truth response related to the lie category. We expected the DLPFC to be involved primarily with truthful response inhibition, and the medial parietal cortex to be involved with response selection given its large role in the mapping of salient stimuli to the proper response category. Both have been shown to be activated in imaging studies of deception (DLPFC: Spence et al., 2001; Lee et al., 2002; Ganis et al., 2003; Kozel et al., 2004; Nuñez et al., 2005; Phan et al., 2005; Feredoes et al., 2011; Ito et al., 2011; medial parietal cortex: Lee et al., 2002; Ganis et al., 2003; Langleben et al., 2005; Mohamed et al., 2006; Sip et al., 2010; Hu et al., 2011; Ito et al., 2011). Executive functions relevant to the GKT such as working memory have long been shown to be affected by TMS to DLPFC (Pascual-Leone et al., 1994), including situations in which the task involved handling of relevant and irrelevant stimuli (Feredoes et al., 2011). The medial parietal cortex was chosen as a target over lateral parietal cortex given that TMS to medial parietal cortex has been shown to modulate executive processing (Lou et al., 2004; Luber et al., 2007); working memory, especially in cases where the number of items to be remembered was high (Luber et al., 2007, 2008); and to disrupt selection of salient stimuli (Mevorach et al., 2006). Past imaging work found a strong network node in midline parietal cortex when subjects used working memory to manipulate items in memory, as opposed to just maintaining them over a delay period (Davis et al., 2018). This involvement of midline parietal cortex during item manipulation, high-capacity item maintenance, and categorization suggested this region's involvement in processing related to the GKT task used here.

The high temporal resolution of TMS also allows not just spatial targeting of deceptive processes of selection and inhibition, but temporal targeting as well. We were able to test whether single pulse TMS, applied at various latencies in relation to onset of test playing cards (0, 80, 160, 240, and 480 ms after stimulus onset), reduced performance during the accuracy of deceptive responses. We based our range of pulse times on the N2 complex of ERP components of visual response, which are observed over a range 150–350 ms after stimulus onset, and whose elements associated with executive processing in the FPN peak between 200 and 300 ms (Folstein and van Petten, 2008; Pires et al., 2014). We expected only the pulses in the middle of this range of times (240 and possibly 160 ms) to disrupt performance in deception conditions.



METHODS


Subjects

Fifteen healthy subjects (8 females) with a mean age of 30.5 ± 6.7 (SD) years were recruited and signed written informed consent to participate in this 3-day study, approved by the New York State Psychiatric Institute IRB. Seven subjects were Caucasian, three were African American, three were Hispanic, and two were Asian. Subjects were required to have normal or corrected-to-normal vision. All subjects were screened with psychiatric, physical, and neurological examinations, urine drug screens, and pregnancy tests for women of childbearing capacity. Potential subjects were excluded if they had a history of current or past Axis I psychiatric disorders (including substance abuse/dependence) as determined by the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-NP), a history of neurological disease, or seizure risk factors. The SCID for Axis II personality disorders was also administered, and any potential subject with a history of antisocial personality disorder was excluded.



Guilty Knowledge Task

Deception studies using GKTs require subjects to answer a series of yes/no questions about stimuli with instructions to answer some questions truthfully and other questions untruthfully (Lykken, 1960; MacLaren, 2001). In a playing card GKT (e.g., Langleben et al., 2002, 2005), subjects are “dealt” a hand and are then shown a playing card on a monitor, along with the question, “Do you have this card?”. They are to respond “no” to designated cards in their hands (those that were to be lied about) and to respond truthfully with a “yes” response to the other cards in their hand or to other cards in the deck. In our design, the GKT is repeated over three sessions and subjects are asked to perform six blocks of 60 trials each in each session (see task procedure). The subjects were “dealt” six cards: three to be lied about and three to be responded to truthfully, and 34 “other” cards not in hand (i.e., all non-face cards in an ordinary deck of playing cards were used). Beyond the large number of card stimuli used, the identity of the six cards in hand was changed every block of trials. This continual change in the identity of the lie and truth cards prevented subjects from learning automatic responses based on a constant stimulus-response mapping, and instead forced them to continue to use the executive processes used by the FPN. By using this variable mapping procedure (e.g., Shiffrin and Schneider, 1977), we expected to keep controlled processing in play: executive processes to continually maintain Lie and Truth categories. Similar information management processes must be used in everyday deceptive behavior, when one must remember what was said to whom while weighing what truth or lies will be told (Sip et al., 2008). The variable mapping procedure also mimicked what happens in a card game, where the cards that might be lied about fluctuate with each new hand.

We also attempted to increase the difficulty for control processes to maintain the Lie and Truth categories by preceding each “Deception” block of trials in which the subject was to attempt to deceive the computer or to say the truth, by an “All-Truth” block using the same hand of cards in both blocks, in which subjects were asked to always respond truthfully (i.e., respond “yes” if the displayed card was in hand, and “no” if it was not). It was expected that in the deception block, in a “Lie” trial, subjects would need to inhibit a more prepotent truthful “yes” response temporarily established by stimulus-response mappings generated in the previous block, thus making the control process involved more vulnerable to TMS disruption.

Further, we attempted to maintain a personal context of being deceptive on the part of the subjects by creating a virtual “Other” they would be deceiving. Subjects were told that the computer would use their responses during a block of trials to guess which cards they had in their hand and that the computer's guess would be displayed at the end of the block. They were told that this guessing program was a work in progress, that they were there to test it by actively trying to fool the computer by lying about some of their cards, and that they succeeded if the computer's guess was wrong. This manipulation was performed to increase subject's incentive to deceive convincingly throughout a session. Moreover, such continued virtual interactions have been shown to elicit strong parietal activations in imaging studies (Lisofsky et al., 2014), leading to an expectation that parietal stimulation might affect the processing associated with that interaction and virtual interaction processes that would elicit stronger parietal activations. The order of card presentation in a block of trials was designed to reinforce the perception that the computer was gradually homing in on the cards in the subject's hand by presenting the subject's cards more and more frequently over the course of the block. One indication that this had been effective came during subject debriefing after their last session. All subjects were surprised to find out that the computer was not trying to guess their cards, and that their efforts to fool it were unnecessary.



Task Procedure

Subjects were seated in a cushioned chair in the middle of the testing room, facing a computer monitor 100 cm away, with their heads resting on a chin rest. In each session, subjects were asked to perform six blocks of 60 trials. In each block, they were dealt a “hand” of six physical playing cards, displayed along the bottom of the monitor to allow for continuous viewing of the cards throughout the trial. Cards were chosen randomly by a computer before the session, with the only constraint being that the hand contained a mixture of suits.

The blocks alternated between “All-Truth” blocks, in which subject had to answer truthfully to all trials; and “Deception” blocks, in which they had to either: deny having three of the cards (“Lie” cards: 20 trials), answer truthfully about three others (“Truth” cards: 20 trials), or answer truthfully about not-in-hand cards (“Other” cards: 20 trials) (Figure 1A). Before this second block, they were told that the computer would use their responses to guess which cards they had in their hand. The computer's “guess” of the subject's hand appeared at the end of the block of trials. The trial type for each trial was randomly chosen with two constraints: first, that there were twenty of each of the three trial types over the 60-trial block, and second, that as trial number increased, the probability of an “Other” trial decreased. For a given trial, a number between 1 and 60 was randomly chosen by the computer. If the number was less than the trial number + 6, the card would be chosen from the “in hand” cards (+6 was arrived at empirically to lead to more in hand cards earlier in the block). This resulted in an increased frequency of “in hand” cards over the block of trials. On each trial, a digital image of a playing card was displayed on the monitor for 4 s, with a randomized 2.0–2.5 s interval between displays (Figure 1B). Only numbered cards and aces were used (a forty card “deck”). The display of a card was the cue to respond as to whether it was in their hand or not. Subjects were instructed to confirm or deny their possession of a given card by making a speeded response by button press.
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FIGURE 1. (A) Illustration of the experimental design. (B) Example of one trial with each card presented for 4 s, during which single pulse TMS was applied, and separated from each other by a random inter-trial interval. (C) Stimulation parameters with randomized stimulus onset asynchrony (SOA) relative to the card presentation onset.




TMS Application

Single pulse TMS were applied using a figure 8 coil (9 cm diameter) powered by a Magstim 200 stimulator (Magstim Co., Whitland, Southwest Wales, UK). Stimulation intensity was set at 125% of resting motor threshold of the left hemisphere. Resting motor threshold was defined as the lowest intensity needed to evoke motor potentials of at least 50 μV recorded via EMG from the right first dorsal interosseus muscle (FDI) in at least 5 out of 10 stimulations (Rossini et al., 1994). Stimulation was applied over the left DLPFC, right DLPFC, and medial parietal cortex on three different days, with the order counterbalanced across subjects. These three areas are associated with deception (see Introduction) and were targeted using the International 10–20 EEG system (F3, F4, Pz, respectively). Monophasic TMS pulses were used, with the TMS-induced electric field going in the posterior-anterior direction. Without electric field modeling or participant's anatomical MRI to serve as a guide, the coil was positioned perpendicularly to the midline for the frontal targets with the handle pointing down for the left and the right DLPFC. For the medial parietal cortex, the coil handle was parallel to the midline and pointing downward. The coil was positioned and continuously monitored during each session using a computerized frameless stereotaxic system (Brainsight, Rogue Research, Montreal, Canada) based upon a standard brain (MNI). In each trial, single pulse TMS was delivered with a stimulus onset asynchrony (SOA) between card presentation and the TMS pulse of either 0 (Control condition), 80, 160, 240, or 480 ms (Figure 1C). The SOA in each trial was randomized, with the constraint that there were four trials of each SOAs for each of the three trial types (truth, lie, other) in each 60-trial block. This resulted in 24 trials per SOA per trial type over a given scalp location. There were three sessions per subject, each session lasted ~3 h. At the end of the third session, the subject was debriefed as to the purpose of the study and the real nature of the stimulus presentation program.

Performance was assessed by measuring response accuracy and reaction time (RT), as well as a score that combines accuracy and RT into a composite score called the inverse efficiency score (IES = RT/Accuracy: Townsend and Ashby, 1978). We included the IES as it is a robust predictor in detecting deception from truth telling (Monaro et al., 2021). We expected single pulse TMS to disrupt deception processes specific to executive control of stimulus/response selection and inhibition, as reflected by lower accuracy, slower RT and/or higher IES, only for “Lie” cards for stimulation applied over the parietal cortex and the DLPFC; and only for stimulation applied at 240 ms (and possibly 160 ms), when these specific processes are critically active, as reflected by the peak activity of N2 ERP components. We did not expect any changes for stimulation applied at 0 ms, when these executive processes had not yet been called into play. While the “extra” processing required to select a deceptive response was expected to make performance in the Lie category vulnerable to TMS, we did not expect any changes in reaction time, accuracy, or IES when “truth” or “other” cards are presented, as response selection can occur according to the truthful well-learned default.



Analysis

Omnibus repeated measure ANOVAs were run for median reaction time (RT), mean accuracy (% correct), and inverse efficiency score (IES) calculated as the ratio between RT and accuracy. The All-Truth Blocks were not included in the analysis since they were only used as a primer to make the inhibition of truthful answers more challenging in the subsequent Deception Blocks. Analyses were performed only on the Deception Blocks with the following within-subjects factors: Site (Left DLPFC, Right DLPFC and medial parietal), Card Conditions (Truth, Lie, and Other), and SOA (0, 80, 160, 240, 480 ms).




RESULTS

Fifteen subjects were enrolled. Data from one subject was excluded due to excessively long reaction times which were greater than two standard deviations above the group mean in all conditions (our a priori defined criterion for drop-out). All data are reported as mean ± standard deviation.


Accuracy Performance in the GKT Task

There were no effects on performance accuracy caused by TMS or by deception. The repeated measures ANOVA revealed a main effect of Card Condition [F(2, 26) = 3.85, p = 0.03, η2 = 0.031] on accuracy. Post-hoc Bonferroni comparisons showed that, while no differences were found between “Lie” (95.18 ± 5.99%) and “Other” cards (97.43 ± 4.14%) [t(13) = −2.05, p = 0.15] or between “Lie” and “Truth” cards (94.52 ± 5.91%), [t(13) = 0.59, p > 0.05], a significant difference was found between “Truth” cards and “Other” cards (97.43 ± 4.14%) [t(13) = 2.64, p = 0.04], suggesting that participants were more accurate when responding truthfully about the cards that were not in their hand compared to the cards that were. Results also revealed a main effect of SOA [F(4, 52) = 3.20, p = 0.02, η2 = 0.003] but Bonferroni corrections did not reveal any significant differences between each pairwise comparisons (p > 0.05 for all, see Table 1). There was no main effect of Site [F(2, 26) = 0.686, p = 0.51] and no interaction was found between Site and Card Condition, Site and SOA, or Card Type and SOA (F < 1 for the three interactions), nor was the two-way interaction between the three factors significant [F(16, 208) = 1.25, p = 0.23].


Table 1. Mean percent accuracy and reaction time (in seconds) and their standard deviation for each SOA, card condition, and site.
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Reaction Time Performance in the GKT Task

The repeated measures ANOVA did not reveal a main effect of Card Condition [F(2, 26) = 1.27, p = 0.30], Site [F(2, 26) = 0.49, p = 0.62], or SOA [F(4, 52) = 2.45, p = 0.06] (see Table 1). However, a significant interaction was found between Site and SOA [F(8, 104) = 2.26, p = 0.03, η2 = 0.010], suggesting that TMS had location and latency specific effects on RT. Post-hoc Bonferroni comparisons, performed to decompose this interaction revealed a significant difference between stimulation applied at 240 ms SOA at the parietal site (1,080 ± 330 ms) compared to TMS applied at 0 ms SOA (980 ± 240 ms) [t(13) = 3.97, p = 0.01] (see Figure 2). No other comparison reached statistical difference threshold. This suggests that applying TMS at 240 ms after stimulus onset slowed participants' performance compared to our control condition. Another interaction was found between Stimulation Site and Card Type [F(4, 52) = 3.05, p = 0.03, η2 = 0.013], and Bonferroni corrected post-hoc comparisons revealed a trend toward significance between parietal stimulation when subjects were instructed to lie (1,080 ± 330 ms) vs. when responding to “Other” cards (990 ± 0.210 ms) [t(13) = 3.20, p = 0.07]. Subjects tended to take longer to lie than to respond neutrally when the parietal region was stimulated.
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FIGURE 2. Reaction Time in seconds for each stimulation site at each stimulus onset asynchrony (SOA). The red star indicated a significant difference between reaction times for TMS applied at 0 and 240 ms, only when the parietal cortex was stimulated.




Inverse Efficiency Score in the GKT Task

The repeated measures ANOVA performed on the IES, a composite measure that integrates reaction time and accuracy and to be a good indicator of deception, found no main effect of Site [F(2, 26) = 0.39, p = 0.68], SOA [F(4, 52) = 1.64, p = 0.18], or Card Type [F(2, 26) = 2.78, p = 0.08]. The interactions between Card Type and SOA, and Site and SOA were not significant [F(8, 104) = 0.84, p = 0.57; and F(8, 104) = 1.52, p = 0.16, respectively]. However, the interaction between Card Type and Site was significant [F(4, 52) = 2.67, p = 0.04, η2 = 0.019]. Post-hoc Bonferroni-corrected t-tests showed that only when the parietal cortex was stimulated, participants were less efficient in responding with a lie about the cards in their hands than with the truth about the cards that they did not have in their hands (“Lie” cards = 0.011 ± 0.003 ms vs. “Other” cards = 0.010 ± 0.003 ms, p = 0.02). Finally, the two-way interaction between the three factors was close to significance [F(16, 208) = 1.63, p = 0.06, η2 = 0.021], and the decomposition of this interaction with Bonferroni correction showed that applying TMS over the parietal cortex at 240 ms made participants significantly less efficient when asked to lie (0.013 ± 0.005 ms) than when stimulation was applied at 0 ms (0.011 ± 0.002 ms, p = 0.05), mirroring the effect seen with RT alone. Moreover, participants were less efficient at lying when TMS was applied at 240 ms compared to responding with the truth about “Other” cards at every SOA (0 ms = 0.009 ± 0.002 ms, p < 0.01; 80 ms = 0.010 ± 0.002 ms, p = 0.012; 160 ms = 0.010 ± 0.002 ms, p = 0.03; 240 ms = 0.010 ± 0.003 ms, p = 0.02; and 480 ms = 0.010 ± 0.002 ms, p = 0.016, see Figure 3). In contrast with these TMS effects related to the deception condition found with parietal stimulation, no differences were found in IES with TMS applied over right or left DLPFC.
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FIGURE 3. Inverse efficiency score (IES) in milliseconds for TMS applied over the parietal cortex at each SOA and for each card type. Red stars indicate significant IES difference when stimulation was applied at 240 ms after the stimulus onset and subjects were asked to lie, compared to when stimulation was applied at 0 ms in the same condition; or to any other timing when subjects were asked to being truthful about cards not in hand.


When considering the effect of TMS on IES at the individual level, and focusing on the Lie condition, where the TMS effects were found, some influential interindividual variability can be seen, with some participants less efficient than others (Figure 4). However, this is specific to some of our conditions, for example, participants with high IES in parietal cortex stimulation do not display high IES for left DLPFC stimulation, suggesting that stimulation effects are different at the parietal site. Therefore, future studies might want to reproduce this experiment with larger sample size to understand why some participants show stronger TMS effects than others.
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FIGURE 4. Inverse efficiency score (IES) in milliseconds for each stimulation site, at each stimulus onset asynchrony (SOA) for Lie cards only.





DISCUSSION

In this preliminary study, we tested whether applying single pulse TMS at specific time points over three nodes of the fronto-parietal network while participants performed a playing card guilty knowledge task could disrupt behavioral performance conditional on deception instructions. Our results demonstrated a site- and latency-specific effect of TMS, since performance to “Lie” cards was disrupted only when the parietal cortex was stimulated 240 ms after stimulus onset, therefore supporting a functional role for the midline parietal cortex processes supporting deception.


Parietal Cortex Involvement in Processes Supporting Deception

The disruption of processes used for deception, as reflected by an increase in reaction time and IES when TMS was applied over the parietal cortex at 240 ms after the stimulus onset, is in keeping with the expanding knowledge of the role of parietal cortex in control of task processing as part of the fronto-parietal executive network. While parietal association cortex has traditionally been associated with sensorimotor control (e.g., grasping with hands, or eye movements toward, salient visual objects; e.g., Rafal, 2006), research over the last few decades has expanded the role of posterior parietal cortex to include more processing preparatory to such actions: identifying objects within a visual scene according to their salience in relation to goals (Buschman and Miller, 2007; Egner et al., 2008) and their affordances (i.e., understanding objects by the actions they afford; Binkofski and Buccino, 2018). Such mapping is done laying out relational inferences between objects and categories structurally in a scene (Summerfield et al., 2020) with object representations formed in relation to their action affordance and task salience but independent of action planning (Kastner et al., 2017). This independence from action allows for the involvement of working memory on object representations (Marois and Todd, 2004; Davis et al., 2018; Papagno, 2018; using TMS Luber et al., 2007), although ultimately all is in the service of visuomotor transformation based on task-related salience and object affordance (Binkofski and Buccino, 2018). In the present study the choice of the GKT removed many of the processes associated with deception such as risk management, impression management, and reputation management (Sip et al., 2008). Instead, it focused on information management processes requiring involvement of the fronto-parietal network to carry out a deceptive response, primarily those involving response selection and inhibition of prepotent truth. In particular, the categorization of Truth and Lie cards by spatial position, the concurrent placement of the test card in the visual field with the cards in hand, and the complexity of the individual stimuli (six cards in hand, thirty-two other cards, all varied across blocks of trials) would be expected to require the mapping-for-action processes the posterior parietal cortex specializes in. Moreover, it has become clear that the dorsal visual processing stream flowing through the parietal cortex (Mishkin and Ungerleider, 1982) is itself divided into multiple processing streams, with a ventro-dorsal pathway that handles more constant object properties, and a more medial dorso-dorsal stream handling more variable visual context (Sakreida et al., 2016). Given the continued variation in card stimuli, it is not surprising that TMS to the medial parietal cortex could disrupt performance in the present study which would be dependent on this latter pathway, although that remains to be tested by comparing TMS to the two paths.

The finding that the performance disruption only occurred in the Lie condition provides evidence that the added requirement to suppress a prepotent truth and respond with a no places an extra processing burden on the parietal visuomotor transformation mechanisms. The timing of the TMS generating the parietal performance disruption at 240 ms post visual stimulus onset also lines up with event-related potential (ERP) findings: namely, the N2B and N2C components, which occur between 200 and 300 ms post stimulus onset, and which are associated with executive processing in the fronto-parietal control network and with task-related stimulus classification in posterior cortex (Folstein and van Petten, 2008; Pires et al., 2014).

Beyond its involvement in goal-related representation, visuomotor transformation, and executive functions, the parietal cortex is also known to be highly involved in theory of mind and social cognition, and this leads to a second possible mechanism behind the effect on performance in a deceptive context with parietal TMS. The location of the stimulating coil was near the precuneus, which is involved in self-processing (Cavanna and Trimble, 2006; in TMS: Lou et al., 2004) and which has been activated in tasks involving deception in imaging studies (Lisofsky et al., 2014). In our modified version of the GKT, a game-playing context was created in which subjects were trying to fool a device that was trying to guess their cards by trying to “read” their responses. At the same time, the computer appeared to be narrowing in on the cards in their hands by querying about them with a greater and greater frequency, although it did not always guess them correctly at the end of a block. According to debriefings, subjects were generally convinced that this back-and-forth game with the computer was real, and that the computer was getting closer and closer to knowing what cards were in their hands, even though they were lying about half of them. Thinking about their active deceptive role while moving progressively closer to being “caught” may have resulted in precuneus self-related processing in our subjects which contributed toward the Lie response, which TMS to this site could disrupt. However, given our current design, it is difficult to dissociate those two cognitive vs. socio-cognitive potential explanations, and will require future studies to better answer this question.



Lack of Prefrontal Effect on Deceptive Performance

As major nodes in the fronto-parietal network, right and left DLPFC were chosen as TMS sites, given that, as with the parietal cortex, we expected they could be active during the GKT task, where the sorts of controlled processing performed by DLPFC might be needed to execute the deception task. This expectation has been supported by several electrophysiologic, neuroimaging and brain stimulation studies with TMS and tDCS all demonstrating significant involvement of the DLPFC in processing during deception tasks. However, our results failed to show an effect of our deception manipulation. Several factors could have been responsible for this.

First, using the present version of the playing card GKT, DLPFC processing might not be essential to performance, a possibility supported by the present results. It is possible that the parietal part of the FPN network alone was sufficient to perform the task, as the DLPFC tends to be activated with added task complexity (e.g., Feredoes et al., 2011). Given that the GKT used here has arguably the simplest form a deception task can take, with a framework of simple categorization using well-known stimuli, this may well be the case. The addition of a working memory component to the deception task (e.g., Ganis et al., 2003), or a greater number of categories, such as a “yes” lie condition, or a more complicated decision rule about which cards to lie about, could be expected to promote the involvement of DLPFC and give TMS applied there something to disrupt.

Second, the site of TMS application may not have been optimal, both within the DLPFC, or more generally, within prefrontal cortex. Supporting the latter case, some previous imaging studies using GKT found deception-related activations in ventrolateral PFC rather than DLPFC (Langleben et al., 2005; Spence et al., 2008). Future TMS research investigating GKT and deception processing should utilize targeting using individualized fMRI (Beynel et al., 2020)—a limitation of the present study (see below). Along the lines of choice of stimulation site, both imaging and stimulation studies of deception have noted more lateral, and bilateral, prefrontal involvement (e.g., Priori et al., 2008; Sandrini et al., 2008). Interhemispheric compensation could have prevented a TMS effect, especially in response to single pulse TMS. Future studies might be designed to explore this possibility by using bilateral stimulation of the DLPFC concurrently using two stimulation coils (Santarnecchi et al., 2018).

A third potential reason for the lack of a PFC-based disruption could have been the timing of the TMS pulses. The range of SOAs for TMS (0–480 ms) was centered on the time period between 150 and 300 ms, when visual processing involved with task-relevant classification that we hoped to affect primarily occurs, as reflected in the activity (and frontal and posterior distribution) of the N200 complex of ERP components. However, TMS pulsed at later SOAs beyond the range used here may have affected frontal processing also associated with deception, as indicated by later frontally distributed ERP components that have been shown to be involved with deception (e.g., Johnson et al., 2008). Future studies might want to more closely coordinate ERPs, as proxies for the dynamics of processing, with the timing of TMS pulses: for example, using a closed loop TMS approach by sending pulses when changes in ERP magnitude are detected, therefore replicating, and extending Karton and Bachmann (2017).

A fourth potential reason is more general: while a single pulse at 240 ms SOA might work to disrupt the kind of processing occurring in parietal cortex when deception is required, the stimulus parameters used in this study may have not been appropriate to do so in DLPFC. For example, while a single pulse might not be effective, a short train of pulses might be, or single pulses at a higher intensity than used here.



Lack of Difference in Truth and Lie Performance

An interesting result in this study was the absence of difference between Truth and Lie conditions, in contrast to the observed worsening of performance in the Lie condition compared to the “Other” card condition. It is worthy of consideration that in many deception tasks, RT in lie conditions is observed to be slowed relative to truth conditions (e.g., Seymour et al., 2000; Spence et al., 2001; Ganis et al., 2003), and that this is offered as evidence that the act of deception requires additional, time-consuming executive processing beyond what is required for truthful responses. While this is often the case, there have been other studies in which there was no difference in RT between lie and truth (Kozel et al., 2005; Abe et al., 2006), or in which truth response was actually slower (Langleben et al., 2005). As these studies indicate, RT differences in lie vs. truth conditions are task dependent. Relative increases in the lie condition in some deception tasks may have to do with increased executive processing as responses are produced which conflict with prepotent responses to the truth. Production of a deceptive response in our playing card GKT may have relied less upon these processes, as what is to be lied about has been clearly demarcated well ahead of response production. Here, deception may rely upon keeping lie and truth categories clear in working memory, as a visual search matching the test card and cards in hand proceeds, while this was not the case in responding to “Other” cards.



Conclusions and Limitations of the Study

While TMS offers a means to interfere with cortical processing associated with deception, there are many challenges due to the large number of processes contributing to deceptive acts, including: deciding who to lie to, when to lie in a given context, and what to lie about, assessing the social consequences of lying, monitoring the success of the lie and keeping track of what was lied about, as well as the immediate processing involved with performing an act of deception, categorizing the perceptual stimuli in the context of the lie and suppressing the default of telling the truth in response to a query. In this study, we deliberately limited the set of processes needed for deceptive performance to the latter group needed for immediate response selection and inhibition, to establish an initial proof-of-concept for this TMS paradigm to explore the underlying neural mechanisms of deception. Single pulse TMS applied to medial parietal cortex at 240 ms after visual stimulus onset significantly slowed response and decreased performance efficiency when stimuli were presented to be lied about, while no effects of TMS on performance were observed with stimuli to be responded to truthfully. This result provides evidence that TMS can be used to target specific processes and network nodes involved with producing deceptive actions in the GKT, and that medial parietal cortex is such a node. However, TMS to DLPFC, a prefrontal region implicated in deception across many imaging, electrophysiological and brain stimulation studies, did not produce any change in deceptive performance in our specific implementation of the GKT. A number of reasons for this lack of frontal effects were suggested, involving the choices of GKT task, target site and method, and TMS timing and other parameters, and a number of future directions for future TMS research were pointed out.

Two other limitations should be pointed out. First, the sample size was relatively small, such that although significant and interpretable effects were found they cannot be generalized, and more subjects would be required to reduce interindividual variability and conduct more powerful and meaningful statistical analyses. Second, the targeting approach represents another limitation since the 10–20 EEG approach was used to target the DLPFC and the parietal cortex. While this method offers easy and cheap technique it has been found to often miss the desired target (e.g., Herwig et al., 2003). Spatial targeting could be improved by first obtaining functional brain images specific to this version of the GKT with fMRI, and then using the individual brain images to guide the selection of TMS targets on an individual subject basis, which has been found to be the most effective TMS targeting approach (Beynel et al., 2020). In addition to allowing for finer positioning of the coil, using anatomical MRI could also increase TMS efficacy with an optimal coil orientation, defined by maximizing the strength of the electric field perpendicularly to the closest sulcus (Janssen et al., 2015). Finally, the use of a playing card GKT provided information on the dynamics and neural substrates necessary for the execution of a simple deceptive response, corresponding most directly to bluffing or deceiving in a card game. Future TMS studies are needed to test whether these results generalize to other tasks in which the substance of the deception is not based on simple, arbitrary categories. A more ecologically valid approach might examine deception using real-world knowledge, both autobiographical and more general. Using more complex knowledge representations could illuminate more prefrontal processes of interference and conflict resolution, response inhibition, and higher-level cognitive control that may be more central to understanding and manipulating real-world deception.

To summarize, we demonstrated that single pulse TMS can interfere with ongoing processes used in a deceptive action, providing spatial and temporal information about the neural activity underlying them, and providing an initial step toward using brain stimulation to work out the complex interplay of neural processing required for deception. The utility of such research is broad and could be developed, for instance, as an objective method of detecting deception in the fields of psychiatry and of law and security. In carrying out our paradigm, we succeeded in what must be the first order of business in any study of deception- maintaining a continuous context of deception for the participants throughout their performance of the task- as supported by the fact that each believed they were working against a computer that was actively trying to guess their cards, and were surprised to find out that this was not so. However, these preliminary results cannot clarify whether the TMS affected processes of category selection and inhibition of prepotent response while they were specifically employed under a deceptive intent, or whether the TMS would have had similar performance effects under different (non-deceptive) intent. This requires further studies manipulating deceptive context, for instance by adding a control condition using the same experimental design in which participants would be asked to inhibit the predominant response for certain cards but without being asked to lie. This would be a next step in a series of future studies using TMS needed to explore the neural basis for deceptive actions by examining the component general processes used, both within and outside of a deceptive context, for which the present study provides an initial first step.
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Transcranial magnetic stimulation, as a relatively new type of treatment, is a safe and non-invasive method for pain therapy. Here, we used CiteSpace software to visually analyze 440 studies concerning transcranial magnetic stimulation in pain research from 2010 to 2021, indexed by Web of Science, to clarify the research hotspots in different periods and characterize the process of discovery in this field. The United States ranked first in this field. Lefaucheur JP, Fregni F, and Andrade ACD made great contributions to this field of study. The most prolific institution was University of São Paulo. The four main hot keywords were neuropathic pain, motor cortex, connectivity, and non-invasive brain stimulation. There were three main points that were generally accepted: (1) definite analgesic effect of high-frequency rTMS of M1 contralateral to pain side in neuropathic pain; (2) there are inconclusive recommendations regarding rTMS of the dorsolateral prefrontal cortex (DLPFC) in fibromyalgia and neuropathic pain; (3) there is low-quality evidence that single doses of high-frequency rTMS of the motor cortex may have short-term effects on chronic pain. This bibliometric analysis indicated that prospective, multi-center, large-sample, randomized controlled trials are still needed to further verify the effectiveness of various transcranial magnetic stimulation parameters in pain research.

Keywords: transcranial magnetic stimulation, pain, citation burst, Web of Science, CiteSpace


INTRODUCTION

Pain is termed as an unpleasant sensory and emotional experience associated with, or resembling that associated with, actual or potential tissue damage (Raja et al., 2020). Pain is a subjective emotional experience, and there are few effective treatments. At present, application of analgesic drugs is the main way to relieve pain (Klit et al., 2009; Alles and Smith, 2018). However, long-term use of analgesic drugs is not only prone to addiction, but also has many side effects (Koob, 2021). Transcranial magnetic stimulation (TMS) is considered to be a safe and non-invasive treatment method that has been extensively used in pain therapy (Leung et al., 2009; de Andrade et al., 2011; O’Connell et al., 2014). Different frequencies of TMS can achieve different therapeutic purposes.

Studies of the motor cortex indicate that high frequencies (>1 Hz) mainly produce excitatory effects, while low-frequency stimulation (≤ 1Hz) produces inhibitory effects (Hallett, 2007; Pitcher et al., 2021). TMS can affect local nerves by altering neural function at multiple sites through the connectivity and interactions between neural networks (Nurmikko et al., 2016; Li et al., 2021). Thus, TMS may have therapeutic effects on pain intensity resulted from various diseases.

Visualization analysis is to use of relevant visualization software to import and convert a large amount of literature data into a visual atlas, so that readers can have a more intuitive and clear understanding of the data contained in the literature through the atlas (Chen, 2004). Based on co-citation analysis theory and pathfinding network algorithm, CiteSpace software can analyze literature of specific disciplines or fields from multiple perspectives and draw visual maps, so as to explore the critical paths, research hotspots, and frontiers of the evolution of this discipline or field (Chen and Song, 2019). In recent years, using CiteSpace software combined with relevant authoritative databases to analyze the literature visualization of a certain discipline or field has become a hot research topic for scholars all over the world (Chen et al., 2012; Ugolini et al., 2013; Xu and Sun, 2020; Wang et al., 2021).

The aim of this study was two-folded: (1) perform a visual analysis of TMS in pain studies using CiteSpace software, and (2) objectively clarify the time changes of research hotspots and dynamic frontiers in this field.



MATERIALS AND METHODS


Data Source and Search Strategy

Published papers were retrieved via a topic search of Web of Science (WOS) Core Collection Database. The search terms were as follows: (((((TS = (transcranial magnetic stimulation)) OR TS = (TMS)) OR TS = (rTMS)) OR TS = (iTBS)) OR TS = (cTBS)) AND TS = (pain). Time span were retrieved from January 01, 2010 to December 31, 2021.



Inclusion Criteria

Studies related to the application of TMS in pain research were selected after reading the title and abstract. Only articles and reviews were included. Other document types, such as letters, commentaries, and meeting abstracts, were excluded. In addition, the publication language was restricted to English. The flow chart of the inclusion is shown in Figure 1. Finally, 440 records (344 articles, 96 reviews) were used in the final analysis.
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FIGURE 1. Flow chart of studies inclusion.




Analytic Methods


Software Parameter Settings

CiteSpace is a bibliometric analysis visualization software developed by Prof. Chen Chaomei (Drexel University, United States) for bibliometric analysis. We used CiteSpace 5.8.R3 to analyze the final records. The “Time Sliding” value was set to 1 year and the type of Node was selected according to the purpose of analysis.



Interpretation of Main Parameters in Visualization Map


Citation Tree Rings

The citation tree ring represents the citation history of a paper. The color of a citation ring denotes the time of the corresponding citation, and the thickness of an annual ring is directly proportional to the number of citations in the corresponding time sliding.



Node Circle and the Link Between Nodes

The radius of a node circle indicates the number of papers published in the author or institutional co-authorship network, and also indicates the frequency of keywords in the co-occurrence network. A link indicates the presence of co-authorship or a co-occurrence relationship. The node colors range from cold to warm to represent the chance of time, blue for earlier years, and red for recent years.



Betweenness Centrality

Betweenness centrality is an index that measures the importance of nodes in the network. CiteSpace uses this index to discover and measure the importance of studies and highlights such studies with purple circles.



Cluster View and Burst Detection

Cluster view is carried out on the generated map, and each cluster is labeled by citing the title, keywords, and subject headings in the abstract of the citing reference. The function of Burst detection is to detect the situation where there is a great change in the number of citations in a certain period. Thus it can be used to find the decline or rise of keywords.



Dual-Map Overlaps

Dual-map overlaps are a new method to display the distribution and citation trajectory of papers in various disciplines. As a result, there is a distribution of citing journals on the left side and a distribution of cited journals on the right side. The curve is the citation line, which completely shows the context of the citation.






RESULTS


Publication Outputs

A total of 440 publications were included in the analysis. Figure 2 shows the distribution of the annual publication of TMS in pain research from 2010 to 2021. The overall trend is positive and the time trend of publications indicated a significant correlation (R2 = 0.9384, p < 0.001) between the annual publication outputs and the years in the last 11 years.
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FIGURE 2. Annual publication outputs and the model fitting curve of the time trend of transcranial magnetic stimulation (TMS) in pain research.




Journal Co-citation Analysis

Journal co-citation analyses of reference from 2010 to 2021 cited by 440 publications found that among the earliest journals, CNS SPECTRUMS, ARCH NEUROL-CHICAGO, and COGNITIVE BRAIN RES had the earliest hotspots in 2010, and PAIN PHYSICIAN had hotspots for the longest period and also had recent frontier hotspot from 2016 to 2021 (Figure 3). Among the top 10 cited journals, CLIN NEUROPHYSIOL was the most frequently cited, which was cited 345 times, followed by PAIN (340 times) and NEUROLOGY (285 times) (Figure 4).
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FIGURE 3. Top 25 cited journals with the strongest citation burst.
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FIGURE 4. Top 10 most cited journals among 440 studies published from 2010 to 2021.


Based on the Blondel algorithm, dual-map overlaps of journals are displayed in Figure 5. The citing journals of 440 studies were mainly from the fields of MEDICINE, MEDICAL, NEUROLOGY, and SPORTS. The cited journals were mainly from the fields of HEALTH, MEDICINE, SPORTS, and REHABILITATION. As shown in the center of the circle on the right, rehabilitation medicine was the most concentrated one in the cited journals. While in the center of the circle on the left, neurology medicine was the hotspot of current research on TMS in pain research.
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FIGURE 5. Visualization of dual-map overlays of citing journals and cited journals of 440 studies published from 2010 to 2021. The colored curve indicates the path of citation, which originates from 11 fields of the citing journals on the left and points to 14 fields of the cited journals on the right.




Reference Co-citation Analysis

The clustered research categories of reference co-citation analysis were divided into 14 groups (#0-13). The timeline view of clusters was shown in Figure 6, which presents the characteristics of the time-span citation information for the cluster domains. The cluster category with the largest time span for the cited references was #1 migraine from 2006 to 2015, which was also the most frequently cited category. Moreover, there were a series of important landmark achievements in this cluster. Rossi et al. (2009) released guidelines for the use of TMS in clinical practice and research. Lipton and Pearlman (2010) published a review of TMS in the treatment of migraine. Lefaucheur et al. (2011) assessed the value of rTMS in the prediction of the efficacy of epidural motor cortex stimulation to treat neuropathic pain. Lefaucheur et al. (2014) released evidence-based guidelines on the therapeutic use of rTMS.
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FIGURE 6. Timeline view of reference co-citation analysis.


The top 10 cited reference information of the 440 included studies are summarized in Table 1. The studies by Lefaucheur et al. (2014); Klein et al. (2015), Rossini et al. (2015) were guidelines for the efficacy and safety of TMS in clinical research. A study by Mhalla et al. (2011) focused on the long-term maintenance of the analgesic effects of TMS in fibromyalgia. A study by Hosomi et al. (2013) was a randomized crossover sham-controlled trial focusing on the effect of daily rTMS of primary motor cortex for neuropathic pain. A study by de Andrade et al. (2011) investigated the role of endogenous opioid systems in the analgesic effects induced by rTMS. A study by Leung et al. (2009) was a meta-analysis of rTMS for suppressing neuropathic pain.


TABLE 1. Ten representative studies of transcranial magnetic stimulation (TMS) in pain research among the cited references of the included 440 studies.
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Innovative Reference Analysis

The Sigma value can be used to identify innovative references. Five innovative references are summarized in Table 2. A study by Lefaucheur et al. (2011) was a retrospective study that assess the value of rTMS to predict the efficacy of epidural motor cortex stimulation to treat neuropathic pain. A study by de Oliveira et al. (2014) found that rTMS of the premotor cortex/dorsolateral prefrontal cortex was not effective in relieving central poststroke pain. A study by Lindholm et al. (2015) found that the right S2 cortex is a promising new target for the treatment of neuropathic orofacial pain with high-frequency rTMS. Kang et al. (2009) found that the therapeutic efficacy of rTMS was not demonstrated when rTMS was applied to the hand motor cortical area in patients with chronic neuropathic pain at multiple sites in the body. A study by Picarelli et al. (2010) was a controlled randomized trial that highlighted an add-on therapy of high-frequency rTMS for refractory CRPS type I patients.


TABLE 2. Five innovative studies about TMS in pain research among the cited references of the included 440 studies.
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Analysis of Keywords

The keywords co-occurrence analysis in the 440 included studies revealed 355 keyword nodes and 821 connection lines. The keyword clusters were divided into 11 categories (#0-10) (Figure 7). The largest cluster (#0) has 53 members and a silhouette value of 0.847. It is labeled as neuropathic pain by LLR. The most relevant citer to the cluster is “Motor cortex stimulation for deafferentation pain” (Hussein et al., 2018). The second-largest cluster (#1) labeled as corticomotor system has 49 members and a silhouette value of 0.752. The most relevant citer to the cluster is “Paired associative electroacupuncture and transcranial magnetic stimulation in humans” (Huang et al., 2019). The third-largest cluster (#2) labeled as analgesic effect has 43 members and a silhouette value of 0.763. The most relevant citer is “Neural correlates of the antinociceptive effects of repetitive transcranial magnetic stimulation on central pain after stroke” (Ohn et al., 2012).
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FIGURE 7. Cluster of keywords from 440 inclusion studies. The keyword clusters (LLR algorithm) were divided into 11 categories (#0-10). Those without # are high-frequency keywords.


The ten representative keywords of TMS in pain research from 440 included studies are shown in Table 3. Studies of TMS in pain have focused on stimulating the motor cortex and dorsolateral prefrontal cortex. Existing studies have focused on pain including neuropathic pain, chronic pain, intractable deafferentation pain, and pain related to spinal cord injury. At present, more attention is paid to theta-burst stimulation.


TABLE 3. Ten representative keywords of TMS in pain research from 440 included studies.

[image: Table 3]
Figure 8 shows the years when hot keywords began to appear and end. The hot keywords indicated three main points. (1) In the first stage, chronic neuropathic pain (2010−2013) was the first hot keyword. (2) In the second stage, intractable deafferentation pain (2012−2013), spinal cord injury (2016−2018), and fibromyalgia (2018−2019) were the keywords, mainly describing the effects of TMS in different pain types. (3) In the third stage, connectivity (2018−2021) and area (2019−2021) were the keywords, indicating that studies are increasingly focusing on brain mechanisms in the area of TMS in pain.
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FIGURE 8. Top 18 keywords with the strongest citation bursts of the 440 included studies from 2010 to 2021.




Authoritative Authors Analysis

Authoritative authors analysis is presented in Table 4. In terms of publications number, Jeanpascal Lefaucheur and Felipe Fregni both published 19 papers separately, followed by author Daniel Ciampi De Andrade (11 publications) and Youichi Asitoh (9 publications). In terms of co-citation counts, Lefaucheur (284 citations) ranked first as the most co-cited author, followed by author Khedr EM (136 citations), Rossi S (126 citations).


TABLE 4. The top 10 authors and co-cited authors in TMS research in pain.

[image: Table 4]


Co-country and Co-institution Analysis

Collaboration networks of authoritative countries and institutions were presented in Figure 9. Amongst the 440 publications included in this study, the top-ranked country by citation counts was the United States (111 publications). The second one was France with citation counts of 67 and the third was Italy with citation counts of 40. In terms of authoritative institutions, Univ São Paulo (22) ranked first in the number of publications, followed by Harvard Univ (19) and Hop Henri Mondor (14), as presented in Table 5.
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FIGURE 9. Network map of countries and institutions in TMS in pain research.



TABLE 5. The top 10 countries or institution among 440 studies.
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DISCUSSION


General Trends of Transcranial Magnetic Stimulation in Pain Research

From 2010 to 2021, TMS has received great attention, and research related to pain has been increasingly performed. It is reasonable to expect a promising future for TMS in pain research based on analyzing the time trend of annual publication outputs.

Among the 10 top-performing journals, Brain (IF, 2021 = 13.501) had IF score > 10, and six journals, namely, Pain (IF, 2021 = 6.961), Neurology (IF, 2021 = 9.91), Brain Stimulation (IF, 2021 = 8.955), Journal of Pain (IF, 2021 = 5.828), Neuroimage (IF, 2021 = 6.556), Journal of Neuroscience (IF, 2021 = 6.167) had IF scores between 5, 000 and 10, 000. Amongst the top 10 countries, eight are developed countries and only Brazil and China are developing countries. From this perspective, there was still a wide gap between developed and developing countries in this field. The United States ranked first in terms of publication count (111) and is the leading country in terms of the over influence in this area. Among the 10 top institutions, University of São Paulo ranked first in terms of publication count (22) but it lacks international cooperation. Amongst authoritative authors, Jeanpascal Lefaucheur and Felipe Fregni both ranked first in terms of publication count (19). Jeanpascal Lefaucheur is a doctor in Henri Mondor Hospital from France and Felipe Fregni is a researcher in Harvard Medical School from the United States.



Emerging Trends of Transcranial Magnetic Stimulation in Pain Research

The evolution of a knowledge domain can be reflected by keywords. Therefore, keywords analysis can reveal emerging trends and provide directions for future research.


(I)Neuropathic pain: Neuropathic pain refers to pain initiated or caused by a primary lesion or dysfunction in the somatosensory system (Finnerup et al., 2021). Neuropathic pain is thought to be associated with peripheral nerve problems such as diabetes, but injuries to the brain or spinal cord can also lead to chronic neuropathic pain (Cohen and Mao, 2014). As a non-invasive brain stimulation, TMS now has become a treatment for neuropathic pain. However, it is difficult to determine which specific parameters are best for clinical use. The effectiveness of TMS depends on the type of neuropathic pain, and significant results have been reported when employing rTMS at 20 Hz (Aamir et al., 2020; Attia et al., 2021). Therefore, multi-centers, large sample sizes, randomized controlled trials are needed to carry out.




(II)Motor Cortex: The most commonly targeted area of TMS in pain research is represented by the M1 contralateral to the position corresponding to the somatotopic location of the pain source (O’Connell et al., 2018). With further research, the secondary somatosensory cortex (S2) and supplementary motor area (SMA) show as promising targeted areas for pain research (Lockwood et al., 2013; Rao et al., 2020).

(III)Connectivity: The pain caused by central nervous system injury may be caused by the lack of connectivity between various parts of the brain caused by neuron damage. Regardless of the etiology and pain model, chronic pain may trigger various forms of maladaptive structural connection. TMS can strengthen the plasticity of neuronal connections. Locally, within one hemisphere, increased EEG activity can be seen in several neighboring electrodes, suggesting the spread of TMS-evoked activity to anatomically interconnected cortical areas (Martin et al., 2013; Weissman-Fogel and Granovsky, 2019).

(IV)Non-invasive brain stimulation: In addition to TMS, transcranial direct current stimulation (tDCS) is also a common non-invasive brain stimulation technique for pain treatment (O’Connell et al., 2018; Lloyd et al., 2020; Pacheco-Barrios et al., 2020). tDCS is a non-invasive technology that uses a weak current (1−2 mA) to regulate the activity of neurons in the cerebral cortex. Existing studies have proved that both TMS and tDCS can effectively treat pain caused by different diseases (O’Connell et al., 2018). However, the comparative study of the two technologies is still lacking. Further research is needed to prove the difference and connection between the two technologies in the field of pain.





Generally Accepted Conclusion Regarding Transcranial Magnetic Stimulation in Pain Research


(1)Definite analgesic effect of high-frequency rTMS of M1 contralateral to pain side in neuropathic pain (Level A). Low-frequency rTMS of M1 to pain side is probably ineffective in neuropathic pain (Level B). Possible analgesic effect of high-frequency rTMS of M1 contralateral to pain in complex regional pain syndrome type I (level C) (Lefaucheur et al., 2014). (2) There are inconclusive recommendations regarding rTMS of the dorsolateral prefrontal cortex (DLPFC) in fibromyalgia and neuropathic pain (Cruccu et al., 2016). (3) There is low-quality evidence that single doses of high-frequency rTMS of the motor cortex may have short-term effects on chronic pain (O’Connell et al., 2014).





Future Research Trends

At present, TMS is still in the development stage of pain treatment, and future research can be carried out from the following aspects. First, it is necessary to explore the influencing factors of TMS in the treatment of pain. Second, we need to explore the mechanism of TMS in treating pain. Third, it is necessary to explore the clinical therapeutic effects of potential therapeutic targets.



Limitations of This Study

To the best of our knowledge, this study is the first to access the trends of TMS in pain research based on literature published from 2010 to 2021 through a bibliometric approach. Nevertheless, this work has some limitations. Because of a limitation of the CiteSpace software, we only analyzed references in the WOS database. Some papers could inevitably have been missed. In addition, large-sample randomized controlled data are lacking.




CONCLUSION

This study may help investigators discover the publication patterns and emerging trends of TMS on pain research from 2010 to 2021. The most influential author, institutions, journals, and countries were Jeanpascal Lefaucheur, University of São Paulo, Clinical Neurophysiology, and the United States. The visual map shows the hot research directions of TMS on pain research in recent years, such as TMS on neuropathic pain, motor cortex, and connectivity. Our bibliometrics analysis of 420 studies using CiteSpace software is in line with current clinical studies of TMS on pain research, indicating that the methodology is valid. In the future, large sample, randomized controlled trials are needed to carry out for TMS in the pain area.
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The neural basis of phonological working memory (WM) was investigated through an examination of the effects of irrelevant speech distractors and disruptive neural stimulation from transcranial magnetic stimulation (TMS). Embedded processes models argue that the same regions involved in speech perception are used to support phonological WM whereas buffer models assume that a region separate from speech perception regions is used to support WM. Thus, according to the embedded processes approach but not the buffer approach, irrelevant speech and TMS to the speech perception region should disrupt the decoding of phonological WM representations. According to the buffer account, decoding of WM items should be possible in the buffer region despite distraction and should be disrupted with TMS to this region. Experiment 1 used fMRI and representational similarity analyses (RSA) with a delayed recognition memory paradigm using nonword stimuli. Results showed that decoding of memory items in the speech perception regions (superior temporal gyrus, STG) was possible in the absence of distractors. However, the decoding evidence in the left STG was susceptible to interference from distractors presented during the delay period whereas decoding in the proposed buffer region (supramarginal gyrus, SMG) persisted. Experiment 2 examined the causal roles of the speech processing region and the buffer region in phonological WM performance using TMS. TMS to the SMG during the early delay period caused a disruption in recognition performance for the memory nonwords, whereas stimulations at the STG and an occipital control region did not affect WM performance. Taken together, results from the two experiments are consistent with predictions of a buffer model of phonological WM, pointing to a critical role of the left SMG in maintaining phonological representations.

Keywords: phonological working memory, supramarginal gyrus, buffer, functional magnetic resonance imaging, representational similarity analysis, distractor, transcranial magnetic stimulation


INTRODUCTION

Verbal working memory (WM) storage (also known as short-term memory, STM) refers to the capacity of maintaining verbal information in an accessible format to support cognitive operations and the planning of behavioral responses. A failure of maintaining verbal WM representations (e.g., due to damaged neural substrates of verbal WM) would impair subsequent behavioral performance (e.g., reducing recall of memory items). Thus, an important property of the verbal WM store is to prevent memory representations from being degraded by task-irrelevant interference coming from internal or external sources. To date, the theoretical basis and neural loci of verbal WM storage are still under debate.

At a theoretical level, embedded processes models claim that WM consists of the activated portion of long-term memory (LTM; Oberauer and Lange, 2009; Cowan et al., 2021); thus, WM is assumed to recruit the same brain regions which are involved in processing a specific type of information (Jonides et al., 2005; Postle, 2006). The lateral superior temporal gyrus (STG; particularly on the left) is involved in the processing of speech through which low-level acoustic representations are mapped onto long-term memory representations for phonological features (Turkeltaub and Coslett, 2010; Price, 2012; Yi et al., 2019). According to the embedded processes models, such temporarily activated phonological representations in the left STG constitute verbal WM. If the left STG serves as the sole neural substrate of short-term maintenance of phonological information, the disruption of memory representations maintained in this region (e.g., by either task-irrelevant verbal distractors or external neural stimulation) would cause a reduction in verbal WM performance. If successful WM performance is achieved despite this interference, such would suggest a separate module other than the processing system that is capable of temporarily housing WM representations while the speech processing system continues to process up-coming stimuli that are irrelevant to WM performance. Such a module has been conceptualized in multi-component buffer models of WM. These models propose dedicated temporary stores (i.e., buffers) for different types of information (e.g., visual-spatial vs. phonological), and these stores are different from long-term memory (LTM) or processing systems (e.g., visual and speech perception systems) in that domain (Baddeley et al., 2021; Martin et al., 2021a; Purcell et al., 2021). According to buffer accounts, once representations have been transferred into the buffer, the processing of distractors in perceptual regions would not disrupt WM performance (Xu, 2017, 2018), and interference would occur only if the representations held in a buffer were disturbed (e.g., by external neural stimulation). A way of addressing these claims is to test the causal role of the speech processing region and the buffer region in verbal WM. Neuropsychological studies with brain-damaged patients have provided evidence bearing on this issue, showing that an impairment of the left inferior parietal lobe (particularly the ventral part of the left supramarginal gyrus, SMG) was associated with deficits in verbal WM (Baldo and Dronkers, 2006; Paulesu et al., 2017; Martin et al., 2021b; Purcell et al., 2021). This inferior parietal lobe region is different from the speech perception region in the STG1 and has been proposed as the neural substrate of a phonological buffer (Martin, 2005). However, some studies using lesion-symptom mapping approaches have reported an association between the degree of damage in the left STG and phonological WM performance, suggesting that the left STG serves as the neural substrate of phonological WM (e.g., Leff et al., 2009; Baldo et al., 2012), but these studies have limitations. For example, in Leff et al. (2009) study, performance on a nonword repetition task was partialled out in the lesion-behavior correlational analyses. Nonword repetition has been argued to reflect an important component of phonological WM (Gupta, 2003; Majerus, 2013). In Baldo et al. (2012) study, speech perception abilities were not controlled for. In a recent study in our lab, when these issues were addressed, the lesions associated with impaired phonological WM capacity were primarily localized in the left SMG (Martin et al., 2021b). Neuroimaging work with healthy subjects also found mixed evidence regarding the neural substrate of phonological WM. Some studies found that the speech processing regions showed neural evidence for phonological WM (e.g., Ravizza et al., 2011; also see Buchsbaum and D’Esposito, 2008), though in those studies the speech processing region in the left STG was not well defined. In a recent study, using an independent localizer task involving syllable discrimination, we defined the phonological processing region in the left STG but did not find significant neural evidence for phonological WM in this region. Instead, consistent evidence for a phonological WM buffer in the left SMG was found (Yue et al., 2019). One means of providing converging evidence with healthy subjects is to apply neural stimulation (e.g., transcranial magnetic stimulation, TMS) to the SMG to temporarily disturb neural activity at this putative buffer region (Cohen et al., 1997; Pascual-Leone et al., 1999) and determine how behavioral performance is affected. TMS is a noninvasive technique of brain stimulation which uses an electromagnetic coil that is placed on the scalp to induce electric current applied to a specific brain region via electromagnetic induction. The induced current has been assumed to produce either excitatory or inhibitory effects on the neuronal activity of the stimulated area, depending on its intensity and frequency (Hallett, 2007; Valero-Cabré et al., 2017; Pitcher et al., 2021). Previous studies using either single-pulse, triple-pulse, or repetitive TMS procedures have been shown to disrupt WM functions (e.g., Oliveri et al., 2001; Desmond et al., 2005; also see a detailed discussion in the introduction to the TMS experiment). Thus, testing distractor and neural stimulation interference effects and examining their neural loci provides a means of evaluating the theoretical debate of embedded processes vs. buffer accounts of verbal WM by determining whether it is the processing region or the buffer region that plays an essential role in WM storage.

In the current study, we carried out two experiments with neuroimaging and brain stimulation approaches to examine the neural locus for phonological WM storage and test its resistance to inference. The first was an fMRI experiment in which we used a representational similarity analysis (RSA) approach which explicitly modeled phonological WM representations for individual items (Yue and Martin, 2021) during the delay period of a recognition memory task. The task included a distractor manipulation with distractors presented during the delay period to enable us to assess the resistance of neural representations in phonological WM to the distracting information. In a second experiment, with the same group of participants, we used TMS to directly test the causal role of the speech processing region (i.e., the left STG) and the putative buffer region (i.e., the left SMG) in phonological WM. The region that is crucial to maintaining phonological WM representations would be disturbed by TMS applied during the delay period of the phonological WM task and hence behavioral performance would be affected.



EXPERIMENT 1: FMRI OF DISTRACTOR EFFECTS ON WM

In early behavioral studies in the verbal domain, the Brown-Peterson task paradigm (Brown, 1958; Peterson and Peterson, 1959) was used to explore the effects of interpolated tasks on STM performance (e.g., recall; Crowder, 1976). In this paradigm, a short list of memory items (e.g., letters) is presented to subjects, followed by a short delay period filled with some distracting activity (e.g., reading aloud numbers during the delay or counting backward). Then the memory list items are recalled. Many studies have investigated the effects of the interpolated material on performance (Posner and Rossman, 1965; Crowder, 1967; Dillon and Reid, 1969). For example, Posner and Rossman (1965) found that a difficult interpolated task (e.g., judging if the sum of a pair of digits is odd or even) interfered more with memory performance than did an easy task (e.g., simply reading a pair of digits). One component of the interference from the interpolated tasks has been postulated to be a diversion of subjects’ attention from rehearsal of the memory stimuli, thus reducing recall of the memory list items (Peterson, 1969). Both buffer and embedded processes models include an attentional component [e.g., central executive in Baddeley et al. (2021) model; focus of attention in Cowan et al. (2021)], and thus an effect of diversion of attention is accommodated by both approaches. However, the effects of distractors cannot be accounted for solely on such grounds, as the degree of interference depended on the properties of the task-irrelevant materials per se (Wickelgren, 1965; Corman and Wickens, 1968; Landauer, 1974), specifically, the phonological similarity of the distractor items to the memory list items. For instance, Wickelgren (1965) found that recall of letters decreased as the number of phonologically similar interfering letters increased when subjects were required to write down the interfering items presented between the memory list and recall. Interference from the content of interpolated materials has been explained as overwriting of the memory items by the distracting items (Nairne, 1990). Such overwriting is assumed to be greater as the degree of similarity increases. In these studies, however, subjects were required to carry out a secondary task with the interpolated materials, and thus it is hard to attribute the interference solely to the interpolated materials automatically engaging WM due to perceptual processing of the stimuli, as the need to perform a task on the interfering material would necessitate that the information entered WM (Barrouillet et al., 2004). However, according to an embedded processes account, the interfering material should have an effect even if no task is required as that information should be processed in the perception region, causing interference with neural representations of the list items being maintained in that region. Another behavioral paradigm has examined the effects of irrelevant background speech on verbal WM performance, with detrimental effects on recall even though the irrelevant speech is to be ignored (see Neath, 2000 for a review). Unlike the effects of performing a task on interpolated material, the decrement from irrelevant speech does not depend on the phonological similarity of the background to the memory items and can be observed even with tonal stimuli (Jones and Macken, 1993). Also, the effect is typically demonstrated by presenting the irrelevant speech at the same time as the memory list items (which may be presented visually or auditorily), with effects of distractors presented after the set of memory items only occurring under certain conditions. The findings have thus led some to propose that the effect is an attentional one, rather than one due to a disruption of phonological storage (e.g., Jones and Macken, 1995). Recent behavioral studies continue to find mixed evidence regarding the explanation of the irrelevant speech effect in verbal WM, with some supporting the feature overwriting account (e.g., Oberauer and Lange, 2008) whereas others show that overwriting cannot explain a proactive interference effect in a memory list (i.e., earlier encoded items impact the recall of newly presented items which share features with those early items; e.g., Roodenrys et al., 2022).

More recently, neuroimaging approaches have been directed at assessing the effects of distractors on WM and the neural locus of such effects. Recent studies with multivariate approaches (e.g., multivariate pattern analysis, MVPA) have provided a way to assess the cortical response to distractors in the visual domain (Bettencourt and Xu, 2016; Lorenc et al., 2018; for a review see Lorenc et al., 2021). As compared to the traditional univariate neuroimaging approach, MVPA determines activation patterns associated with a few stimulus conditions or different features of items and has been regarded to be more sensitive in detecting WM storage representations (Sreenivasan et al., 2014; Sreenivasan and D’Esposito, 2019; though see Naselaris and Kay, 2015). For instance, Bettencourt and Xu (2016) found that while visual WM representations for grating patterns could be decoded in both the visual processing cortex and a proposed visual buffer region in the parietal lobe (e.g., superior intra-parietal sulcus) during a delay period when no distracting stimuli were presented, such decoding was only possible in the parietal lobe but not sensory cortex when distraction from various types of irrelevant visual items was present during the delay. In addition, in-scanner behavioral performance was not affected by the presence of distractors. Based on these findings, the authors suggested that since sensory regions need to be available to process other incoming stimuli (e.g., distractors), storage in the parietal lobe is needed to maintain a representation during distraction in order to achieve successful WM performance. The results are more consistent with a buffer model, suggesting a central role of the parietal lobe as a neural substrate for a buffer in maintaining visual WM representations.

In the present fMRI experiment, we employed an RSA approach (Yue and Martin, 2021) and included a distractor manipulation analogous to that of Bettencourt and Xu (2016). As compared to MVPA, which associates a few stimulus conditions to neural activation patterns, RSA can be used to evaluate the representational correspondence between the neural activation patterns and theoretical predictions based on the phonological similarity of stimulus items, thus providing a more sensitive approach to determining the nature of maintained representations (Naselaris and Kay, 2015). We manipulated whether there were distractors during the delay period or not and used nonwords as both memory items and distractor items to avoid an influence from semantics (Yue et al., 2019). In a prior study (Yue et al., 2019), we found converging MVPA evidence for phonological WM during the delay period in a proposed buffer region (e.g., the left supramarginal gyrus, SMG), as well as some MVPA evidence in a speech processing area (e.g., the left superior temporal gyrus, STG). Although the evidence in the SMG was stronger than that for the STG, the nature of MVPA decoding evidence is still vague. For instance, in the Yue et al. (2019) study, the MVPA decoding assessed whether speech vs. nonspeech could be discriminated but could not determine the basis of this discrimination. More recently, using an RSA approach, Yue and Martin (2021) further examined the phonological WM codes maintained in the left SMG and confirmed that the decoding evidence was attributed to phonological representations. In the present experiment, using RSA with the nonword stimuli allowed us to test whether phonological decoding was possible and whether such evidence was affected by distractors. We focused on the effects of distraction on decoding from the left SMG and the left STG. According to the embedded processes account, if the left STG serves as the neural substrate for phonological WM storage, RSA decoding evidence would be observed during the delay period in this region. In addition, to achieve successful recognition performance, the presence of distractors during the delay period would have no effect on the neural representations in the left STG if this region was the sole neural substrate for phonological WM storage, or the neural representations in the left STG would be reduced by the presence of distractors though they are still decodable. In contrast, according to the buffer account, the neural representations during the delay in the left STG (if any) would be affected by the presence of distractors (e.g., being wiped out by the distractors), whereas the left SMG should maintain memory representations, to achieve the undisrupted memory performance, even if distractors were presented.


fMRI Experiment: Materials and Methods


Participants

Ten subjects (18–22 years old, mean: 19.7 years old, six females) recruited from Rice University participated in this experiment. All subjects were native speakers and reported no hearing, neurological, or psychiatric disorder. Subjects signed consent forms according to procedures approved by the Rice University Institutional Review Board to participate in the fMRI experiment and received monetary compensation or credit toward course requirements for their participation.



Materials and Procedure

A set of 16 one-syllable nonwords were used as the target memory items in the fMRI experiment in both the no-distractor condition and the distractor condition, allowing us to assess the effect of distractors on the phonological WM representations of the target nonwords. The 16 nonwords were created using online text-to-speech software2 mimicking a female speaker of standard American English and recorded at a sampling rate of 22.05 Hz. All nonwords were matched for the average sound amplitude by using the software Praat3. The average duration of the nonwords was 648 ms.

A delayed recognition task was used (Figure 1). Each trial began with a fixation cross being presented for 500 ms in the center of a gray background screen. Then a spoken memory nonword was played to the subjects with a maximum duration of 1.5 s, followed by a 9-s delay period. Subjects were instructed to maintain this nonword over the delay period. Then a probe nonword was presented, and subjects were instructed to judge whether the probe nonword matched the memory nonword by pressing the left button if the probe matched the memory nonwords or the right button if not. There were two delay-period conditions. In the no-distractor condition, there were no other stimuli during the delay. In the distractor condition, the trial procedure was the same except that during the 9-s delay, a set of six distracting nonwords were presented at a rate of 1.5 s per each nonword. Subjects were instructed to remember the target nonword as their memory for that would be tested, but not for the delay period distractor stimuli. Thus, subjects just passively listened to the distracting nonwords without any explicit task. To reduce the potential confusion between the distracting stimuli and the memory items, the distracting nonwords were produced by a male speaker using the same software as for the memory nonwords. Previous studies have shown that speaker identities and phonemes are separately and independently represented in the human cortex (Formisano et al., 2008; Bonte et al., 2014), thus speaker identity information should not confound the ability to detect phonological representations (if any) of the memory nonwords which were of interest in this experiment.
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FIGURE 1. (A)An example trial with a non-matching probe in the delayed recognition task in the fMRI experiment. In the no-distractor condition, the delay period was silent with a fixation cross; in the distractor condition, the delay period was filled with six auditory distracting nonwords, presenting at a rate of 1.5 s per each. In the TMS Experiment, a similar delayed nonword recognition task was used except that a short duration of the delay period (3 s) was used. The memory nonword was presented for 700 ms, and triple-pulse TMS stimulation was triggered at either 700 ms (early) or 1,300 ms (late) after the onset of the memory nonword. (B) Functional regions of interest used in Experiment 1 derived from a prior study (Yue et al., 2019): the left superior temporal gyrus (STG), the left supramarginal gyrus (SMG), the opercular part of the left inferior frontal gyrus (IFG.oper), and the left precentral gyrus (PreCG). (C) The blue dots indicate the target sites stimulated by TMS in the left SMG and in (D) the left STG, with each dot representing a subject. White dashed line represents the Sylvain fissure. The underlying red regions mark the anatomical parcellations of the left SMG and left STG for reference.



For both the no-distractor and the distractor conditions, half of the probes were matching trials and half non-matching. The non-matching probes differed in a single distinctive feature of one phoneme from the target memory nonwords (e.g., sirb vs. sirp). For each trial, the distractor nonwords had no overlapping phonemes with the target memory nonword.



fMRI Procedure and Data Acquisition

In the fMRI experiment, the task was administered to subjects via E-prime 2.0 software (Psychology Software Tools4). The auditory nonwords were played binaurally via MRI-compatible earphones, and foam canal tips were used to reduce scanning noise. To ensure that subjects could clearly hear the nonwords and were aware of variation of phonetic features against the scanning noise, a short scanning session including 10 speech perception trials (i.e., discriminating pairs of nonwords which differ a single distinctive feature, “ba”-”pa”) was administered to each subject before the experimental functional scanning. The sound volume was adjusted to a comfortable level for each subject.

Each functional scan run contained trials from only one condition (either no-distractor condition or distractor condition), and in each scan, all unique 16 memory nonwords were played to subjects randomly with the inter-trial interval jittered at 4.5 s, 6 s, and 7.5 s. The average duration for each trial (stimuli presentation and post-trial interval) was 18 s. There were 9-s rest periods at the beginning of each scan, to allow equilibrium of the magnetic field, and at the end, to accommodate the hemodynamic delay of the last trial. The total duration for each functional scan was 306 s (5 min 6 s). There were six no-distractor runs and six distractor runs, with two types of runs being presented alternatively, and the order of two types of runs was counterbalanced across all subjects. There were 192 trials in total across the whole fMRI experiment for each subject, with 96 trials in the no-distractor condition and 96 in the distractor condition. Although the same memory nonwords were represented six times (across six runs) in both no-distractor and distractor conditions, the same memory nonword was never repeated within a run, and across six runs, the probe nonwords were never repeated. In other words, each time the subjects heard the same memory nonword, they encountered a new probe nonword.

The fMRI experiment was performed at the Core for Advanced Magnetic Resonance Imaging (CAMRI) at the Baylor College of Medicine. Images were obtained on a 3-Tesla Siemens Magnetom Tim Trio scanner (Prisma) equipped with a 64-channel head coil. Foam pads were used to keep subjects’ heads stabilized during the scanning. Functional scans were acquired by using a modified Massachusetts General Hospital Simultaneous Multi-Slice (SMS) EPI sequence which featured both high spatial and high temporal resolutions for the RSA approach with the following parameters: TR = 1.5 s, TE = 30 ms, FA = 72°, matrix size = 100 × 100, FoV = 200 mm, voxel size = 2 × 2 mm2. Each scan had 204 volumes and for each volume 69 2-mm thickness slices were acquired along the axial direction to cover the whole brain, with an SMS factor of 3. After the functional scans, an anatomical scan was also obtained with MPRAGE sequence: TR = 2,600 ms, TE = 3.03 ms, FA = 8°, matrix size = 256 × 256, voxel size = 1 × 1 × 1 mm3.



Data Analyses


Preprocessing

fMRI data preprocessing, general linear modeling and univariate group-level analysis were performed using AFNI software (version: AFNI_18.0.00; Cox, 1996). Preprocessing includes de-spiking of large fluctuation for some time points, slice timing, and head motion correction. The functional images were aligned to that individual’s anatomical image. The images were kept in the native space for the RSA approach and no spatial smoothing was applied to the data in order to preserve the spatial information across neighboring voxels. Spatial smoothing with a 4-mm full width half-maximum Gaussian kernel was applied to the functional data only for univariate activation analyses. A whole brain mask was generated and applied to the functional data, and voxel-wise signal scaling was calculated for each run. The resolution of functional data was kept in the native space with a voxel size of 2 × 2 × 2 mm3. For univariate voxel-wise group level testing, each subject’s data were warped to the Talairach standard space (Talairach and Tournoux, 1988) and registered to the TT_N27 template in AFNI.



General Linear Model

A general linear model was applied to the preprocessed time series to estimate the regression coefficients (i.e., beta values) for the no-distractor condition and the distractor condition respectively. For the RSA approach, a regressor was modeled for each individual memory nonword, with six repetitions across six runs for that nonword. Thus, 16 regressors of interest for 16 nonwords were included in the regression model. For the univariate analyses, a single regressor was modeled across all nonwords and all runs. A multiple parameter shape-free hemodynamic response function model (i.e., “TENT” function in AFNI) was used for each regressor to estimate the amplitude of signal change at each time point across the whole period for a trial (i.e., from the onset to 21 s later). The correct and incorrect trials were modeled separately, and all the following analyses were based on correct trials. Besides the experimental regressors, some nuisance regressors, including third-order polynomial baseline trends, six head motion correction parameters, and six temporal derivatives of head motion parameters, were also modeled. To reduce the influence of potential outliers, censoring was applied in the general linear model to the time points in which head motion exceeded a distance (i.e., Euclidean norm) of 0.3 mm with respect to the preceding time point or in which more than 10% of whole brain voxels were regarded as outliers by AFNI 3dToutcount. According to our calculation, on average across subjects, there were only 5.3 volumes (i.e., TRs; out of 2,448 across 12 runs, 0.22%) detected by 3dToutcount as outliers and censored out, indicating only a small proportion of outliers in the data.



Univariate Activation Analysis

For the group-level univariate analyses, the average amplitude of responses at the third and the fourth TRs (4.5 s and 6 s) after the onset of memory nonword was used as the signal change for the encoding period, and the average amplitude of responses across the sixth and the seventh TRs (9 s and 10.5 s) after the onset of memory nonword was calculated as the signal change for the delay period. Paired t-tests were performed on the signal changes to compare the distractor and no-distractor conditions, as well as the single condition vs. fixation baseline, during the encoding and the delay periods, respectively. Multiple comparison correction was conducted to estimate the cluster size threshold based on a permutation approach with a voxel-wise p-value of 0.001 and then corrected at the cluster-wise α value of 0.05. This simulation approach has been shown to effectively control the false positive rate under 5% (Cox et al., 2017).



Representation Dissimilarity Matrix

The phonological representation dissimilarity matrix (RDM) was constructed using the same procedure as in Yue and Martin (2021). The RDM represents the pairwise distances among 16 memory nonwords. Specifically, pronunciations of sixteen nonwords were obtained from the Carnegie Mellon University Pronouncing Dictionary5 and phonological transcriptions were coded with a set of phoneme symbols (ARPAbet; Shoup, 1980). Then, we used Phonological Corpus Tools6 to estimate the phonological distance for each pair of nonwords. To do this, phonological transcriptions were first aligned so as to minimize the number of different phonemes between two strings. All phoneme segments were mapped into a phonetic feature space (Hayes, 2008), and the distance between two phoneme segments was calculated as the distance between their phoneme feature values (Allen and Becker, 2015)—that is, the distance between two identical feature values is 0, while the distance of two opposite feature values (e.g., voiced/unvoiced) is 1, and the distance between two feature values in case one of them is unspecified is set to 0.25. Then, the phonological distance between two nonwords was calculated by adding up distances between all phoneme segment pairs.



ROI-Based RSA

Two regions of interest (ROI) were chosen from a recent study on testing the buffer vs. the embedded processes accounts of phonological WM (Yue et al., 2019): one region in the left STG (Talairach coordinates: x = −57, y = −15, z = 2) which was involved in speech processing and the other one in the left SMG (Talairach coordinates: x = −53, y = −33, z = 24). Converging evidence from neuroimaging studies (Paulesu et al., 1993; Salmon et al., 1996; Yue et al., 2019) and brain damaged patient data (Martin, 2005; Paulesu et al., 2017) had suggested the left SMG as a phonological buffer with phonological representations being maintained in this region. Besides the left STG and the left SMG, we also conducted an exploratory analysis in another two ROIs uncovered in Yue et al. (2019): the opercular part of the left inferior frontal gyrus (IFG.oper; Talairach coordinates: x = −59, y = 5, z = 20) and the left precentral gyrus (PreCG; Talairach coordinates: x = −49, y = −7, z = 40), as these two regions, particularly the inferior frontal gyrus, have been suggested to play a role in articulatory rehearsal in phonological WM (Paulesu et al., 1993; Chein and Fiez, 2001).

ROI-based RSA was performed by using CoSMoMVPA toolbox (Oosterhof et al., 2016) in Matlab (R2018a, The MathWorks, Inc., USA). Masks of prior ROIs were obtained for each subject by using an inverse transformation from the standard space to each individual’s native space. The RSA procedure was conducted during the delay period for the no-distractor condition and distractor condition respectively. In each ROI, we estimated neural RDM by calculating the Pearson correlation distance (Haxby et al., 2001; Kriegeskorte et al., 2008) on the neural activation patterns across all voxels in that ROI for all pairs of nonwords. Before calculating the pair-wise neural distances, the data were centered across all conditions (i.e., subtracting the mean activation pattern of all nonwords; Diedrichsen and Kriegeskorte, 2017). Then, the neural RDM was compared with the theoretical RDM by computing Spearman’s rank correlation (Kriegeskorte et al., 2008). For group-level inference, Fisher r-to-z transformation was applied to the Spearman correlation coefficient, and one-sample one-tailed t-tests were conducted to test the average similarity index against zero for a single condition. In addition, paired-sample t-tests were performed to determine if the difference between the no-distractor condition and the distractor condition (i.e., the distractor effect) was significant.





Results: fMRI Experiment


fMRI In-Scanner Behavioral Results

As shown in Figure 2, distractors presented during the delay period did not decrease the recognition of the memory nonword (Accuracy: 92.2% for no-distractor condition and 94.1% for distractor condition). In fact, the presence of distractors marginally improved STM performance as compared to the no-distractor condition (t(9) = 2.21, p = 0.054, Cohen’s d = 0.7, paired-sample t-test). Distractors had no effect on response times (1,576 ms for no-distractor condition and 1,587 ms for distractor condition, t(9) = 0.49, p = 0.63, Cohen’s d = 0.15, paired-sample t-test). To correct for potential accuracy-RT trade-off effects and provide a better measure combining both RT and accuracy, we calculated an inverse efficiency (IE) score (i.e., the mean RT on the correct trials divided by accuracy; Townsend and Ashby, 1983). There was no significant difference in the IE scores between the no-distractor condition (mean: 1,717) and the distractor condition (mean: 1,693; t(9) = 0.71, p = 0.49, Cohen’s d = 0.22). According to Nairne (1990) feature model of STM, a memory trace is susceptible to interference by an external list, with a feature in the memory trace being overwritten by a similar feature presented in the distracting list. It is possible that the lack of an interference effect resulted because of two factors: (1) no task was required for the distracting items; and (2) the distracting list had no overlapping phonemes with the memory nonword. The absence of distractor interference effect on behavioral performance suggested that features of the memory trace were preserved in the face of these unrelated distracting sounds.
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FIGURE 2. Behavioral results in the scanner in the fMRI experiment. (A) Accuracy and (B) response times. Error bars represent 95% within-subjects confidence intervals around the mean. No Dist, no-distractor condition; Dist, distractor condition.





Univariate Activation Results

Univariate activation analyses showed that, during the encoding period, the target memory nonwords similarly activated bilateral STG as compared to the fixation baseline in the no-distractor condition (Figure 3A) and distractor condition (Figure 3B). Because task activation was compared to a fixation baseline condition, it was unsurprising that the activated regions for perceiving nonwords included bilateral Heschl’s gyri (i.e., primary auditory cortex) and a large cluster in the right STG. The activated regions for the target nonwords also included the left supplementary motor area, the right superior occipital gyrus, bilateral cerebellum, and bilateral visual occipital gyri for both the distractor and no-distractor conditions (for all regions activated in the no-distractor and distractor conditions, see Supplementary Table S1 in Supplementary Materials). A contrast of distractor vs. no-distractor conditions during the encoding period showed that bilateral Heschl’s gyri and STG regions beyond Heschl’s gyri were activated more for the distractor condition than the no-distractor condition, suggesting that the distractors presented immediately after the memory nonword activated the primary and associated auditory cortex (Figure 3C). Given there was no jittering of the delay between the target nonword and distractors, it was not possible to strictly separate target and distractor activation.
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FIGURE 3. Univariate activation results during (A–C) the encoding period and (D–F) the delay period. Panels (A) and (D) show the activated regions for the no-distractor condition relative to the fixation baseline; (B) and (E) reveal the activated regions for the distractor condition relative to the fixation baseline; (C) and (F) show the contrasts of distractor vs. no-distractor conditions. The activation threshold was set at voxel-wise p < 0.001 and corrected at cluster-wise α < 0.05 (cluster size > 29 voxels).



During the delay period, no greater activity for the no-distractor condition relative to the fixation baseline was observed in the temporal lobe (Figure 3D). This is consistent with the univariate results from Yue et al. (2019) where no activation was uncovered in superior temporal regions during the delay period of a phonological STM task. Only a few clusters were observed in the right occipital lobes showing activity for the no-distractor condition relative to the baseline. In the distractor condition, during the delay period, greater activity relative to the fixation baseline was observed in bilateral STG, as well as in bilateral superior occipital gyri and bilateral lingual gyri (Figure 3E; for all regions activated in no-distractor and distractor conditions, see Supplementary Table S2 in Supplementary Materials). A contrast of distractor vs. no-distractor showed that bilateral STG and a cluster near the left SMG were activated more for the distractor condition than the no-distractor condition (Figure 3F). Greater activation during the delay period for distractor than no-distractor condition is likely due to two processes: perceiving the distractors and maintaining the memory word. Previous studies using a mismatch negativity paradigm (i.e., used as an index of unattended processing for task-irrelevant materials) have shown that automatic speech processing took place in the left temporal lobe (Auther et al., 2000; Tervaniemi et al., 2000; Pulvermüller et al., 2001; Saint-Amour et al., 2007). Thus, the activation in bilateral STG (basically in the primary auditory cortex) is no doubt due at least in large part to the automatic processing of distractors, whereas the activation in the left SMG might be due to maintenance of the memory word, considering the close location of this region (x = −45, y = −37, z = 22) to a region found in a recent study (x = −53, y = −33, z = 24; Yue et al., 2019). No region showed greater activity for the no-distractor condition than the distractor condition.

Taken together, univariate analyses showed that the memory nonwords activated similar brain regions during the encoding period either with or without distractors presented immediately after the memory nonwords. During the delay period, greater activity was found in bilateral STG for the distractor condition as compared to the no-distractor condition, which can be attributed at least in large part to the automatic activation evoked by the perception of the distracting nonwords. Greater activation in the left SMG is unlikely due to the perception of the distracting nonwords, as this region is not a typical speech processing region. Instead, the memory maintenance explanation for the activation in the left SMG is consistent with the notion that the left SMG plays a critical role in phonological WM in the face of distractors. However, without analyzing the neural representations for memory nonwords in the left SMG, it is hard to tell if this region truly maintained phonological representations in the face of distracting information. Also, the absence of activation in the left STG for memory nonwords during the delay period may just be due to lack of sensitivity with the univariate approach. Next, we performed RSA to address these questions.



RSA Results

Figure 4 shows the RSA evidence for phonological codes during the delay period in the distractor and no distractor conditions in the four ROIs: STG, SMG, IFG, and PreCG. In the left STG, there was significant RSA evidence of phonological coding in the no-distractor condition (similarity index(mean Spearman rho) = 0.025, t(9) = 2.02, p = 0.04, Cohen’s d = 0.64), but not in the distractor condition (similarity index < 0). In addition, a paired-sample t-test showed that the neural-model similarity index was significantly smaller for the distractor condition than the no-distractor condition (t(9) = 4.70, p = 0.001, Cohen’s d = 1.49). In the left SMG, there was no RSA evidence in the no-distractor condition (similarity index < 0). This was unexpected because this region has been regarded as a phonological buffer and was thus expected to show RSA evidence for phonological WM maintenance when no distractors were presented, as was observed in a recent study (Yue and Martin, 2021). However, when distractors were presented during the delay period, there was significant RSA evidence in the left SMG (similarity index = 0.03, t(9) = 2.31, p = 0.02, Cohen’s d = 0.73). The difference between the no-distractor and the distractor conditions was not significant (t(9) = 1.53, p = 0.16, Cohen’s d = 0.48). However, a repeated-measure ANOVA with distracting conditions (i.e., no-distractor and distractor) and regions (e.g., STG and SMG) as two within-subject factors showed a significant interaction (F(1, 9) = 7.7, p = 0.02, partial η2 = 0.46), showing that the decoding of phonological representations for the memory items was greater in the distractor than the no distractor condition in the SMG whereas the reverse was the case in the STG. Neither the distractor main effect nor the region main effect was significant (ps > 0.8).
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FIGURE 4. RSA results in functional ROIs defined based on results from Yue et al. (2019): the left STG, the left SMG, the left IFG.oper, and the left PreCG. The graphs show the average neural-model similarity index (i.e., Spearman correlation coefficient) during the delay period. Error bars represent 95% within-subjects confidence intervals around the mean. No Dist, no-distractor condition; Dist, distractor condition. STG, superior temporal gyrus; SMG, supramarginal gyrus; IFG.oper, inferior frontal gyrus (the opercular part); PreCG, precentral gyrus; *p < 0.05; ***p < 0.001.



In the left IFG (opercular part), significant RSA evidence was observed in the no-distractor condition (similarity index = 0.041, t(9) = 2.07, p = 0.03, Cohen’s d = 0.65), suggesting that this region was involved in maintaining phonological representations during the delay period in the absence of distractors. Given the nonwords used in the experiment, the RSA evidence in the left IFG may imply that subjects relied more on rehearsal to maintain the memory nonwords (i.e., maintaining articulatory codes). When distractors were presented during the delay period, there was no RSA evidence in the IFG (similarity index < 0; see Section “Discussion” below). However, the difference between the distractor condition and no-distractor condition was not significant (t(9) = 1.75, p = 0.11, Cohen’s d = 0.55). In the left precentral gyrus, there was no significant RSA evidence with either the presence or absence of distractors during the delay period.

To summarize, although the left STG showed RSA evidence for phonological codes during the delay period in the no-distractor condition, such evidence was absent when there were distractors presented during the delay period. While the findings suggest that the STG may provide support to phonological WM when no distractors are present, stronger causal evidence would be obtained in a paradigm in which neural representations are disrupted during the delay period. In contrast to the STG, the proposed buffer region in the left SMG showed RSA evidence for phonological retention in the distractor condition, suggesting its critical role in maintaining phonological information under distraction. In Experiment 2, we addressed the necessity of these regions in supporting phonological WM using a brain stimulation method.





EXPERIMENT 2: TMS

Previous TMS studies have investigated the roles of specific regions in verbal WM (Romero et al., 2006; Deschamps et al., 2014; Sliwinska et al., 2015). For example, Deschamps et al. (2014), by using repetitive TMS (rTMS), tested whether the supramarginal gyrus is involved in phonological processing or in verbal working memory. To tap phonological processing, they used a same/different judgment task for pairs of two-syllable auditory stimuli (either spoken words or pseudowords) with a short stimulus-onset-asynchrony between items in a pair, which makes minimal demands on verbal WM. To tap verbal WM they used an N-back task with a subset of the same auditory stimuli as in the phonological processing task. The results showed that rTMS delivered to the SMG had no effect on the same/different judgment task but did impair performance in the N-back task (i.e., causing more errors and slower response times). The results from this experiment are consistent with the buffer account claiming that the left SMG, which is not involved in phonological processing, supports phonological WM. However, given the complexity of the N-back task, it is unknown what specific functional component of WM was supported by the SMG. The purpose of the present experiment was to test TMS effects in both the speech processing region and the putative phonological buffer region. Off-line rTMS, presented prior to the behavioral experiment, as in Deschamps et al. (2014), is not preferable because if there is a TMS effect in the speech processing region, it would be unclear whether this effect is attributed to a disruption of perception or memory retention. Instead, we used an online non-repetitive TMS paradigm (triple pulse) in this experiment, which allowed delivery of the stimulation after stimulus presentation during the delay period of a phonological WM task.

Some studies have used single- or triple-pulse online TMS paradigms to examine the causal role of the occipital lobe in visual WM (Cattaneo et al., 2009; van de Ven et al., 2012; van de Ven and Sack, 2013; Rademaker et al., 2017; van Lamsweerde and Johnson, 2017). For example, in Cattaneo et al.’s (2009) study, subjects were asked to remember the clock hands in a visual WM task, and a single-pulse of TMS was delivered over the occipital lobe either at the start or the end of a 2,000 ms retention period. They found that TMS applied at the start of the retention period caused an interference effect on WM performance (i.e., longer response time for TMS vs. no-TMS conditions), but this interference effect was absent when TMS was applied at the end of the retention period. This timing-sensitive TMS effect has also been observed in other studies (van de Ven et al., 2012; van Lamsweerde and Johnson, 2017) which examined the contribution of the early visual cortex to visual WM. van de Ven et al. (2012) manipulated the onset of a single TMS pulse during the delay period of a visual STM task (i.e., 100 ms, 200 ms, 400 ms after the onset of the 150 ms presentation period for memory items) and included two memory load conditions (i.e., one and three memory items). They observed an interference effect on memory accuracy (i.e., lower accuracy for TMS vs. no-TMS conditions) when a single TMS pulse was delivered at the 200 ms timing condition, but such an interference effect was absent when the TMS pulse was delivered later (i.e., 400 ms). In addition, this time-dependent pattern was only observed in the high memory load condition. These interference effects were claimed to support the embedded processes account for visual WM, in which the visual WM representation was maintained in the visual sensory area and TMS delivered at this region caused interference to WM performance. However, taking the discrepancy between early vs. late timings of TMS pulse into consideration, some researchers suggested another explanation—specifically, the absence of the interference effect at the late delay period reflected a nonessential role of the visual sensory region in WM. That is, once the WM representation has been transformed and consolidated into the visual buffer, TMS to the visual sensory region did not affect WM performance (e.g., Barbosa, 2017; Xu, 2017, 2018).

In this experiment, we employed a triple-pulse TMS paradigm to test the causal roles of the cortical regions showing neural evidence of phonological maintenance in Experiment 1. We used the same set of subjects in Experiment 1, and their RSA-fMRI results were used to locate the target regions for the TMS application. Results from Experiment 1 indicated that the left STG showed RSA evidence for phonological codes during the delay period in the no-distractor condition, and the left SMG showed RSA evidence for phonological storage during the delay period in the distractor condition. These two regions were chosen as the target regions for the TMS experiment. An occipital region was selected as a control region. A phonological WM task was administered to subjects, and triple TMS pulses were delivered to each of the target regions (i.e., the left STG, the left SMG, and the occipital control region) during the delay period of the phonological WM task. To uncover the potential time-course of TMS effects, we also manipulated the timing of the TMS pulses (see “Methods” Section). Recently, using this triple-pulse TMS paradigm, we showed that TMS applied to the left superior temporal lobe disrupted behavioral performance on a speech perception task, confirming the causal role of the left STG in speech processing (Ramos-Nuñez et al., 2020). If the left STG serves as the neural substrate for phonological WM, as predicted by the embedded processes accounts, and the RSA evidence for phonological codes in the left STG from Experiment 1 truly reflects phonological maintenance, then applying TMS to this region during the delay period should cause interference in WM performance. In contrast, the buffer models predict additional regions beyond the speech processing region involved in maintaining information in WM. Thus, buffer accounts would predict that TMS delivered at the left STG region would not affect WM performance, whereas stimulation at the buffer region (SMG) would.


TMS Experiment: Materials and Methods


Participants

The same 10 subjects from the Experiment 1 participated in the TMS experiment. Subjects signed consent forms according to procedures approved by the Rice University Institutional Review Board.



Materials and Procedure

A similar delayed recognition task was employed in the TMS experiment, except that a shorter delay period (3 s) was used, as compared to 9 s used in the fMRI experiment. Each trial began with a fixation cross shown in the center of a PC monitor for 500 ms. At the end of the fixation cross, a nonword was played binaurally via earbuds to the subjects for 700 ms, followed by a 3-s delay. Subjects were instructed to remember the nonword over the delay period. Then a probe nonword was played and subjects responded to the probe by pressing buttons indicating whether the probe matched the memory nonword. The task was administered using E-prime 2.0 (Psychology Software Tools4). During the delay period, the TMS pulses were delivered to the target or control brain regions (see Section “TMS Procedures” below). Subjects’ response times were recorded from the onset of the probe nonword.

One-hundred and twenty nonwords, including the 16 nonwords used in Experiment 1, were used as the memory items in the TMS experiment. The mean duration of the nonwords was 615 ms (range: 481 ms–698 ms). As in Experiment 1, the non-matching probes differed in a single distinctive feature of one phoneme from the target memory nonwords (e.g., sirp vs. sirb). Half of the trials had matching probes and half non-matching.



TMS Procedures

Before the TMS experiment, each subject’s anatomical and functional images were acquired in Experiment 1. For the TMS experiment, we used the Brainsight TMS Navigation system (Rogue Research Inc., Canada) to register each subject’s head to the anatomical image for that subject by using four anatomical landmarks (i.e., the tip of the nose, the nose bridge, left and right ear notches). The functional data were registered to the anatomical images, thus the brain areas that showed RSA evidence served as the target regions for the TMS experiment. For each subject, three target regions were located based on the center of mass of clusters in RSA results in the fMRI experiment. The anatomical parcellation from Freesurfer (Fischl et al., 2004) was used to help locate the relevant areas—that is, the search was conducted within the range of the anatomical masks for the corresponding regions. The first target TMS region of interest was in the left SMG, which has been argued to be a buffer area for phonological WM (Martin, 2005; Paulesu et al., 2017; Yue et al., 2019); the second one was in the left STG, which was regarded as the speech processing area (Turkeltaub and Coslett, 2010; Price, 2012; Yi et al., 2019). The last one was a control region, and was located in the posterior occipital lobe, which is a primary visual processing area (Murakami et al., 2015; Ramos-Nuñez et al., 2020). Specifically, considering the results of the fMRI experiment, the selection of the target regions followed these priority criteria: for the left SMG, (1) if RSA evidence of phonological retention during the delay period (with a threshold of voxel-based neural-model similarity index > 0.1) was observed in both distractor and no-distractor conditions, the overlapping cluster was chosen as the SMG target region; (2) or if no overlapping cluster between distractor and no-distractor conditions was found, a cluster showing RSA evidence in the distractor condition was considered first; and (3) or if none of (1) and (2), a cluster showing RSA evidence in the no-distractor condition was chosen. With these criteria, five subjects showed RSA evidence in a left SMG for both distractor and no-distractor conditions, and four subjects showed RSA evidence for the distractor condition only, and one subject showed RSA evidence in the no-distractor condition only. For the left STG, in addition to the criteria described above, RSA evidence during the encoding period in this region was also considered—that is, if a common region in the left STG showed RSA evidence during both the encoding period and the delay period, that region was considered first; otherwise, a region showing RSA evidence during the delay period was chosen. There were four subjects showing delay-period RSA evidence in the distractor condition and six subjects showing delay-period RSA evidence in the no-distractor condition, with one subject showing both and one showing neither. For the control region, a posterior occipital region showing no RSA evidence during either period was chosen. With these criteria, we were able to locate three target regions for all subjects. The Talairach coordinates of three target regions for all subjects are shown in Table 1. Notice that all target regions were defined in each individual’s native space, and the coordinates in the standard space are only provided for reference.

TABLE 1. Talairach coordinates of the target regions in the TMS experiment.
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In TMS trials, during the delay period, triple pulses presented at 100 ms intervals (10 Hz) were delivered to the target region using Magstim Rapid2 simulator system (Magstim Inc.) with the D702 coil being placed perpendicularly to the subject’s scalp. For the early timing condition, triple pulses were triggered at 700 ms after the onset of the memory item (i.e., the start of the delay period), and for the late timing condition triple pulses were triggered at 1,300 ms after the onset of the memory item (i.e., 600 ms later after the onset of the delay period). In the no-TMS trials, the coil was placed in the same region, but no pulse was delivered. For each target region and each timing condition, there were 10 trials for the TMS condition and 10 trials for the no-TMS condition, with the order of these 20 trials being pseudo-randomized (i.e., no more than three consecutive TMS trials) and grouped in a block. Orders for three target TMS regions (i.e., SMG, STG, occipital gyrus) and two TMS timing conditions (i.e., early, late) were counterbalanced across subjects. The stimulation intensity was set to the motor threshold for each subject individually at the beginning of the experiment. Before the formal experiment, a short practice session including five TMS trials and five no-TMS trials was administered to subjects with the coil placed at the vertex of the brain, to familiarize subjects with the stimulation procedure.




TMS Results


Accuracy

When the TMS pulses were delivered at the onset of the delay period (Figure 5A), there was no significant difference between the TMS condition and the no-TMS condition in either the left SMG (TMS: 98%, no-TMS: 97%; t(9) = 0.43, p = 0.68, Cohen’s d = 0.14), the left STG (TMS: 95%, no-TMS: 96%; t(9) = 0.32, p = 0.76, Cohen’s d = 0.1), or the occipital gyrus (TMS: 95%, no-TMS: 96%; t(9) = 0.43, p = 0.68, Cohen’s d = 0.14). When the TMS pulses were delivered at 600 ms later than the onset of the delay period (Figure 5B), no significant TMS effect on accuracy was observed in either the left SMG (TMS: 97%, no-TMS: 96%; t(9) = 0.56, p = 0.59, Cohen’s d = 0.18) or the left STG (TMS: 96%, no-TMS: 98%; t(9) = 0.8, p = 0.44, Cohen’s d = 0.25). However, in the occipital gyrus, accuracy was slightly higher in the TMS condition (99%) than on the no-TMS condition (96%), a difference which reached marginal significance (t(9) = 1.96, p = 0.08, Cohen’s d = 0.62).
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FIGURE 5. Accuracy and response times in the TMS experiment for (A,C) the early timing condition (i.e., the onset of the delay period) and (B,D) the late timing condition (i.e., 600 ms after the onset of the delay period). Error bars represent 95% within-subjects confidence intervals around the mean. *p < 0.05.





RT

Response times were recorded from the onset of the probe nonword in the TMS experiment and analyzed on the correct trials7. As shown in Figure 5C, when the TMS pulses were delivered to the left SMG at the onset of the delay period (i.e., offset of the memory nonword), RT was longer for the TMS condition (1,058 ms) than for the no-TMS condition (1,006 ms). A paired-sample ttest confirmed that the difference was significant (t(9) = 2.69, p = 0.02, Cohen’s d = 0.85). However, this TMS effect on RT was not observed in the left STG (TMS: 1,021 ms, no-TMS: 1,027 ms; t(9) = 0.13, p = 0.9, Cohen’s d = 0.04) or in the control region (i.e., occipital gyrus; TMS: 1,024 ms, no-TMS: 1,018 ms; t(9) = 0.12, p = 0.91, Cohen’s d = 0.04). When the TMS pulses were delivered 600 ms later after the onset of the delay period (Figure 5D), there was no significant TMS effect on RT in the left SMG (TMS: 1,032 ms, no-TMS: 1,039 ms; t(9) = 0.56, p = 0.59, Cohen’s d = 0.18), the left STG (TMS: 1,045 ms, no-TMS: 1,027 ms; t(9) = 0.91, p = 0.39, Cohen’s d = 0.29), or the occipital gyrus (TMS: 1,045 ms, no-TMS: 1,046 ms; t(9) = 0.02, p = 0.98, Cohen’s d = 0.006).





DISCUSSION

Although the buffer vs. embedded processes account of verbal WM have been under debate for decades, the neural locus of short-term retention and how the neural representations are maintained under distraction are poorly understood. In this study, we brought in evidence from two approaches to address these issues. Using fMRI with the RSA approach, we tested distractor interference effects on regions implicated in maintaining phonological representations and, using TMS, we tested the necessity of these regions on phonological WM performance.

If the representation for the memory nonword was maintained in the speech processing region (e.g., left STG), as predicted by the embedded processes account, the neural representation of the target would either persist despite the interference from distractors, or decrease but remain at a level from which the phonological representations were still decodable. However, this was not the case in the current study. Although RSA evidence for phonological retention was observed in the left STG in the no-distractor condition, such evidence was absent in the presence of distractors, and it was significantly different from that without distractors. Taking the lack of an interference effect on behavioral performance into consideration, this does not support a claim that the left STG, the speech processing region, is the neural substrate for phonological WM maintenance.

In contrast, the left SMG showed RSA evidence of phonological retention during the delay period in the distractor condition, supporting the role of buffer in this region in the face of distractors. One issue is that this region did not show RSA evidence of phonological retention when there were no distracting nonwords during the delay period. If this region serves as a buffer, it would be expected to maintain phonological information regardless of whether there were distractors or not. Given the present results, one might argue that the anatomical dissociation evident in the RSA evidence indicates that if there were no distractors, the phonological representations were maintained in the processing region whereas, in the presence of distraction, the phonological WM representations were shifted into a non-perceptual region. In a recent study on visual WM, Lorenc et al. (2018) presented a grating with a given orientation to the subject to remember, and then, for some trials, presented a distracting grating with a different orientation midway during the delay period. Using an inverted encoding model approach (a similar representation modeling method as RSA; Naselaris and Kay, 2015), they found that the orientation information of the memory grating could be successfully reconstructed from both visual sensory areas (e.g., V1-V3) and a parietal area (i.e., IPS) when there were no distractors. However, when a distractor was presented, the orientation representation in the visual sensory area showed a bias towards the distracting orientation whereas in the parietal lobe the representation did not show such a bias, and accurately maintained the memory grating orientation. Based on these results, Lorenc et al. proposed a dynamic trade-off mechanism between the processing region and the parietal region under different task demands (e.g., with or without distractors). However, this explanation does not seem to apply to our case. In the no-distractor condition in the present study, in addition to the left STG, RSA evidence of phonological retention was also observed in a posterior region of the left IFG. This frontal region has often been assumed to be involved in speech rehearsal (Paulesu et al., 1993; Awh et al., 1996; Chein and Fiez, 2001). Under this rehearsal view, one could reasonably assume that this region was involved in rehearsing the memory nonword during the delay period. The co-existence of RSA evidence in the left IFG and the left STG diminishes the possibility that the neural representations in the left STG underlie phonological WM. Instead, the decoding in the STG perhaps just reflects the automatic activation of phonological codes induced by inner speech rehearsal (Shergill et al., 2002).

However, there was a trend for RSA evidence in the left IFG to be modulated by distraction—that is, with RSA evidence with no distraction but not with distraction, although the difference was not significant. One might have expected that subjects would make more use of rehearsal to maintain the memory nonwords when distractors were present, but there was no suggestion of a higher decoding index in the IFG under distraction. However, it is not necessarily the case that RSA evidence in the left IFG should be interpreted as reflecting articulatory rehearsal. Some researchers have argued on the basis of behavioral results that participants do not tend to recirculate items through rehearsal in WM tasks and when instructed to do so, such rehearsal is not an effective means of maintaining information in verbal WM (Oberauer, 2019) and does not benefit performance (Souza and Oberauer, 2018, 2020). Chein and Fiez (2010) put forward a different interpretation of the role of the LIFG in verbal WM, arguing that this region was involved in maintaining novel sequences of phonological representations. If so, one might argue that these representations consist of output phonological representations involved in speech production (Martin et al., 1999; Cogan et al., 2017), rather than input phonological representations involved in speech perception, which might be maintained in the SMG. Chein and Fiez (2010) found that irrelevant auditory information presented during the presentation of the list and during a delay period decreased activity in this LIFG region and suggested that this resulted from a general effect of attention being oriented temporarily towards the irrelevant information. A related interpretation regarding the role of the left IFG is that it may be involved in another mechanism (e.g., refreshing; Barrouillet et al., 2004, 2011) which is used to maintain phonological representations. Thus, the absence of decoding in this region may reflect the diversion of attention by the distractors. It is possible that such a distraction effect occurred here, reducing the ability to decode information in this region, even though the behavioral performance was unaffected by distraction for our one-item memory load.

The findings from the fMRI experiment support predictions from a buffer account of phonological WM that non-perceptual fronto-parietal regions (i.e., the left SMG in the presence of distractors and the left IFG in the absence of distractors) are involved in maintaining phonological representations, although the left STG also showed decoding evidence in the absence of distractors. There are, however, some remaining issues. For example, it remained unclear whether the neural codes in the left STG in the no-distractor condition support phonological WM. We addressed this question by testing the necessity of the left STG, as well as the proposed buffer region (i.e., left SMG), in phonological WM with a brain stimulation approach. We did not observe any TMS effect on behavioral performance when stimulation was delivered to the left STG. In contrast, a TMS effect on response time was observed when stimulation was delivered at the left SMG at the start of the delay period. Because the left SMG showed RSA decoding evidence in the presence of distractors in Experiment 1 which is assumed to reflect WM storage rather than other processes involved in working memory (e.g., attentional control), and this region also showed neural evidence for phonological maintenance during the delay period without distractors in our recent studies (Yue et al., 2019; Martin et al., 2021b; Purcell et al., 2021; Yue and Martin, 2021), the TMS effect observed in this region serves as evidence supporting the necessity of this region in WM maintenance of phonological codes.

The discrepancy between early vs. late TMS effects in the left SMG makes the interpretation complicated. The early vs. late TMS timing manipulation was originally made to uncover potential time-dependent TMS effects in the processing region, which have been found in the visual WM domain (Cattaneo et al., 2009; van de Ven et al., 2012; Rademaker et al., 2017; van Lamsweerde and Johnson, 2017). However, no TMS effect on behavioral performance was observed in the left STG for either the early or late timing condition. Instead, time-dependent TMS effects were observed in the left SMG. If phonological representations were maintained in the left SMG over the delay period, TMS effects would be expected for both early and late timing conditions. The observed discrepancy may lead one to argue that such a TMS effect in the early timing condition might be due to some disruption of perceptual codes. This explanation seems implausible. If the early TMS effect is attributed to perceptual disruption, such a TMS effect should be observed in the left STG because this region is considered to be actually involved in speech perception, but no TMS effect was found. One explanation for the time-dependent TMS effect in the left SMG is that it may reflect the dynamic nature of WM codes in the buffer. In a recent neurophysiological study, Spaak et al. (2017) evaluated the generalization and dynamics of the single-electrode signal in a WM task recorded from the monkey prefrontal region. Specifically, they trained a decoder based on a given delay period and used this decoder to decode stimulus information during other delay periods. If the decoder shows good generalization in decoding information across different delay periods, the WM representation is assumed to be maintained in a stable state. They found that during the early delay period up to 500 ms after the offset of stimulus presentation, the neural codes for WM information changed dynamically, whereas, during the remaining delay period, the WM codes remained stable. A similar pattern has been observed in another neurophysiological study (Murray et al., 2017). Inspired by these observations, Barbosa (2017) proposed an explanation to reconcile the dynamic and stable nature of WM codes from a dynamic systems perspective—that is, when the sensory input disappears, the WM system evolves towards a stable state, but before that, the WM code remains dynamic and is vulnerable to external disturbance. Once the system achieves a stable state, distractors no longer have an effect on the WM representation. This claim seems to explain the discrepancy of the TMS effects in the present experiment. Immediately after the disappearance of the memory nonword and during the early delay period, the phonological information was being transformed from the speech processing region to the buffer region but the WM representation had not yet been constructed in the buffer, leading the WM code to be susceptible to interference (e.g., by the TMS pulses), but once the WM representation had been consolidated in the buffer, it remained in a stable state and external stimulation had a negligible effect on WM performance. Similar time-dependent interference effects on visual WM from behavioral data have been reported showing that performance on a visual arrays task was impaired by masks which were presented shortly after the memory arrays (e.g., less than 200 ms), but not when masks were presented more than 500 ms later (Vogel et al., 2006). As compared to the behavioral data, the present experiment shows that the neural locus of this interference effect on phonological WM is in the left SMG, implying its role in buffering phonological codes. Then, one question arises as to what kind of stable code is unaffected by TMS during the late delay period. This issue relates to the nature of WM (e.g., a distributed WM representation; Christophel et al., 2017). If the WM representation is maintained in a distributed manner along fronto-parietal regions, disturbance at one region within the fronto-parietal network may not sufficiently affect behavioral performance because a disruption of the neural representation in a local region may be restored or compensated via its connection from other regions in this network. This claim seems to be supported by the data from computational modeling work which showed that stronger functional connectivity between the prefrontal and parietal regions was associated with more stable memory representations (Edin et al., 2009; Constantinidis and Klingberg, 2016). If WM has a distributed nature, future studies using a multifocal TMS paradigm which applies TMS over two or more regions simultaneously are needed to test this claim (Hartwigsen et al., 2010). Also, future work using computational modeling approaches (e.g., Kowialiewski et al., 2021; Lemaire et al., 2021) should investigate the nature and functional properties of a phonological WM buffer.

It is possible that multiple non-sensory regions may be found to be involved in maintaining WM information, such as the left IFG implicated in the fMRI experiment. Results suggest that this region plays a different role in phonological maintenance (e.g., in maintaining input vs. output phonological codes; Martin et al., 1999; Cogan et al., 2017). If so, it is possible that the degree of disruptions differs across regions, providing some suggestion that the regions differ in their relative contributions in a given WM task. For example, a recall or a repetition task is assumed to rely more on the output phonological buffer than the input buffer. Then, performance on the recall or repetition task would be more impaired by TMS stimulations in this frontal region, as compared to TMS stimulations at the input buffer region in the inferior parietal lobe. Future work is needed to pin down the specific contribution of each region by TMS.

The present study with a non-repetitive TMS approach found a TMS effect on response time but not on accuracy. TMS-induced effects on high-level cognitive functions such as language and memory have usually been quantified by either change in RT and/or the accuracy of a given task (Hartwigsen, 2015). Accuracy effects (e.g., decreased accuracy for TMS condition vs. sham condition) on phonological WM have typically been reported in studies with a repetitive TMS approach (Romero et al., 2006; Deschamps et al., 2014), though RT effects have been observed in these studies as well. The triple-pulse TMS procedure used in the present is assumed to induce a short-lived suppression effect, as compared to the repetitive TMS that has a long-lasting suppression effect. Also, it should be noted that those studies which found TMS accuracy effects typically used phonological WM tasks that tapped phonological retention for multiple items (Romero et al., 2006; Deschamps et al., 2014). Thus, the absence of the TMS effect on accuracy might be due to the short-lived suppression effect or a relatively simple phonological WM task (i.e., maintaining the sounds of one item) used in the present study. Future work using a repetitive TMS procedure with pulses filling up the delay interval or using a long-term repetitive TMS prior to the behavioral task would be expected to reveal the accuracy effect.


Limitations

One limitation of the current study is the limited sample size. Some work suggested that a minimum sample size of 12 subjects is required for RSA (Nili et al., 2014; Popal et al., 2019). Thus, the results reported in the current study should be treated with caution. Another limitation is the mixed evidence in the RSA decoding in the left SMG in Experiment 1. We did expect that RSA evidence would be observed in this region regardless of whether there were distractors or not, as we observed RSA decoding evidence for phonological retention for words in a recent study (Yue and Martin, 2021). The discrepancy might be due to the different materials and tasks used in the current study as compared to those in Yue and Martin (2021). Moreover, future work employing a typical list recall task with multiple items is needed to disentangle the different representations for the content of items and their serial order structure in the list (e.g., Fan et al., 2021). Also, with an explicit task on the distractors, future work can test whether an interference effect on the representations in the buffer region is associated with a decrement in WM performance.




CONCLUSION

To summarize, although the speech processing region in the left STG showed RSA evidence of phonological retention for nonwords during the delay period, such evidence was absent when distractors were presented. In contrast, the proposed buffer region in the left SMG showed RSA evidence of phonological retention even in the presence of distractors during the delay period. In addition, a TMS effect on response time for a phonological WM recognition task was observed when the left SMG was stimulated during the delay period, whereas stimulations at the left STG and an occipital control region had no effect on behavior, confirming the causal role of the left SMG in phonological WM. Converging evidence from two approaches provides greater support for a buffer account of phonological WM over an embedded processes account, with the proposed buffer region in the inferior parietal lobe being suggested to play a critical role in maintaining phonological information under distraction. Future work using either functional connectivity or the multi-focal brain stimulation approach is needed to uncover whether the memory representations are maintained in local regions or are distributed across the cerebral cortex in a network, and how such a distributed WM might support a range of behavioral performance.
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FOOTNOTES

1^It should be noted that what we refer to as phonological processing in the current study involves those processes that map acoustic input to phonological long-term units (e.g., phonemes, syllables, words), but not some other general processes (from a broad perspective) that are involved in a task which relies on phonological retention. However, that is not to say that the role of the left SMG is exclusively as a phonological buffer. It may also be involved in other complex functions related to phonology (e.g., Jacquemot et al., 2003; Stoeckel et al., 2009; Church et al., 2011), but we focus on phonological maintenance in the current study.

2^http://www.fromtexttospeech.com

3^http://www.fon.hum.uva.nl/praat/

4^https://pstnet.com/

5^http://www.speech.cs.cmu.edu/cgi-bin/cmudict

6^http://phonologicalcorpustools.github.io/CorpusTools/

7^In the main text, RT results are algebraic means. We also analyzed the RT data using both the median of response times and the mean of log-transformed response times (see Supplementary Materials). These two ways of analyzing response times gave similar results, consistent with what we reported in the main text.
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The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2022.890483/full#supplementary-material.
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The representation of muscles in the cortex can be mapped using navigated transcranial magnetic stimulation. The commonly employed measure to quantify the mapping are the center of gravity or the centroid of the region of excitability as well as its size. Determining these measures typically relies only on stimulation points that yield motor-evoked potentials (MEPs); stimulations that do not elicit an MEP, i.e., non-MEP points, are ignored entirely. In this study, we show how incorporating non-MEP points may affect the estimates of the size and centroid of the excitable area in eight hand and forearm muscles after mono-phasic single-pulse TMS. We performed test-retest assessments in twenty participants and estimated the reliability of centroids and sizes of the corresponding areas using inter-class correlation coefficients. For most muscles, the reliability turned out good. As expected, removing the non-MEP points significantly decreased area sizes and area weights, suggesting that conventional approaches that do not account for non-MEP points are likely to overestimate the regions of excitability.
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INTRODUCTION

Single-pulse transcranial magnetic stimulation (TMS) is a non-invasive and painless technique that monitors neurophysiological alterations of the human motor cortex (Barker et al., 1985; Schambra et al., 2003). A TMS coil discharge at suitable intensity will induce transient currents and cause depolarization of axons of nerve cells (Rossini et al., 2015). When applied over the motor cortex, this can elicit a motor-evoked potential (MEP) that can be recorded in contralateral target muscles using conventional electromyography (EMG). Amplitudes and latencies of the MEPs reveal the excitability and conduction times of the cortical-spinal tract. Both have been conceived as valid outcomes of TMS motor mapping (Rossini et al., 1994). Neuroscientists and physicians alike utilized TMS motor mapping to evaluate muscle synergies and motor cortical plasticity (Siebner and Rothwell, 2003), to plan brain tumor surgery (Krieg et al., 2012), or to follow recovery after stroke (Mark et al., 2006; Sondergaard et al., 2021). There is ample evidence that the location at which TMS elicits the maximum MEP is particularly close to the location found using direct cortical stimulation, which is considered the gold standard in motor mapping. The localization clearly outperforms other modalities like magnetoencephalography (Tarapore et al., 2012) or functional magnetic resonance imaging (Forster et al., 2011).

TMS combined with neuro-navigation increases mapping accuracy (Krieg et al., 2017). A popular approach for coil positioning is a pseudo-random walk. Delivering stimulations at random locations roughly evenly spaced over the motor cortex is more efficient and potentially more accurate than time-consuming, course-grained grid-based positioning. Likely, this random placement will also elicit MEPs in muscles other than the target muscle. Often considered a confounder, this is—in fact—particularly useful when multiple muscles are being evaluated, presuming that the muscles have similar resting motor thresholds (Krieg et al., 2017) and close-by cortical representations (Schieber, 2001). Very recently, Tardelli et al. (2021) used the pseudo-random walk method to assess the cortical representation of abductor digiti minimi, flexor carpi radialis, and flexor pollicis brevis. As a rule of thumb: the more muscles are measured simultaneously, the more efficient assessments via pseudo-random coil positioning can be.

Irrespective of the experimental protocol, navigated TMS derived cortical map outcomes should have good reliability (Novikov et al., 2018). Nonetheless, “even most commonly used outcomes such as areas, volumes, the location of centers of gravity (CoGs), and hotspots have (hardly) been validated for being reliable measures in test-retest studies (Kraus and Gharabaghi, 2016).” We slightly modified this quote from Novikov et al. (2018), because they and other likewise recent reports did indeed test for the reliability of navigated TMS outcomes considered in the respective studies. For instance, Nazarova et al. (2021) evaluated the reliability of the CoG and the size of the area (volume) of excitability, next to the position of the MEP hotspot. In a grid-based approach, all measures displayed high relative but low absolute reliability, with the latter arguably reflecting between-subject variability.

The area of excitability can be defined as the cortical region within which TMS elicits an MEP. It is usually determined by projecting the focal point of the coil’s magnetic field on a (re-)constructed spherical surface or volume and determining the resulting convex hull. State-of-the-art fine-tuning of this approach is to a priori concentrate on the cortical patch of interest. However, a mapping that agrees with the “real” anatomical structure generally provides better area estimates. This is particularly true when realizing that the gray matter border may have large curvatures along gyral ridges (Van Essen, 2004), where spherical approximations will be poor. We followed these lines and extracted subject-specific cortical surfaces at high resolution, projected the stimulation points to that surface and estimated the area spanned by the pair-wise shortest paths connecting the stimulation points. More importantly, we also projected the stimulation points where TMS did not elicit an MEP and removed these points from the estimated area. As will be shown, together these steps circumvent potential over-estimation of the area of excitability.



MATERIALS AND METHODS


Participants

Twenty healthy, right-handed volunteers (average age: 29.6 ± 7.5, eight females) participated in the study. Prior to the experiment, all participants were screened for contraindications of MRI and TMS through questionnaires (Rossi et al., 2011). All of them provided signed informed consent prior to joining the experimental sessions. The Edinburgh Handedness Inventory served to determine hand dominance (Oldfield, 1971). The study had been approved by the medical ethics committee of Amsterdam University Medical Center (VUmc, 018.213–NL65023.029.18).



Materials

Our set-up consisted of three devices: a TMS system, an EMG amplifier, and a neural navigation system. Single-pulse TMS was delivered by a Magstim 2002 stimulator (Magstim Company Ltd., Whitland, Dyfed, United Kingdom) using a figure-of-eight coil with 70 mm windings. Eight bipolar EMG signals were recorded using a 16-channel EMG amplifier (Porti, TMSi, Oldenzaal, Netherlands) and continuously sampled at a rate of 2 kHz. The EMG recordings were triggered by the TMS to allow for online EMG assessments using a custom-made Labview-program with embedded Matlab functions (designed at our department using Labview 2016, National Instruments, Austin, TX, and Matlab 2018b, The MathWorks, Natick, MA). In brief, upon receiving a trigger, peak-to-peak amplitudes and latencies of MEPs were estimated from all EMG signals during the following 500 ms. These outcomes, as well as the original EMG signals (duration = 500 ms), were sent to the neural navigation system (Neural Navigator, Brain Science Tools, De Bilt, Netherlands)1 for online monitoring and storage. The neural navigation software also stored the position and orientation of the coil with respect to the head.

Prior to running the TMS protocol, we acquired the participants’ anatomical T1-weighted MRI (3 Tesla Philips Achieva System, Philips, Best, Netherlands; matrix size 256 × 256 × 211, voxel size 1.0 × 1.0 × 1.0 mm3, TR/TE 6.40/2.94 ms). For online neuro-navigation, gray matter was segmented using SPM2; note that for offline analysis, we employed a more detailed segmentation via Freesurfer.3

We considered the first dorsal interosseous (FDI), abductor digiti minimi (ADM), abductor pollicis brevis (APB), flexor pollicis brevis (FPB), extensor digitorum communis (EDC), flexor digitorum superficialis (FDS), extensor carpi radialis (ECR), and flexor carpi radialis (FCR) muscles, which were measured using bipolar electrodes (Blue Sensor N-00-S, Ambu, Ballerup, Denmark), placed after cleaning the skin with alcohol (cf. Figure 1). The ground electrode was attached to the ulnar styloid process. We monitored and kept the electrode impedance below 5 kΩ. During the experiment, the orientation of the TMS coil was held 45 degrees to the sagittal plane, and tangential to the scalp. By this, we meant to induce currents in the cortex along the posterior-to-anterior direction. To control the TMS output, we used the Matlab-toolbox Rapid2.4
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FIGURE 1. Electrode placement for the first dorsal interosseous (FDI), abductor digiti minimi (ADM), abductor pollicis brevis (APB), flexor pollicis brevis (FPB), extensor digitorum communis (EDC), flexor digitorum superficialis (FDS), extensor carpi radialis (ECR), and flexor carpi radialis (FCR) muscles.




Experimental Procedures

Participants were seated comfortably in an armchair, relaxing muscles of hands and arms. The experiment consisted of two identical sessions, Session 1 and Session 2. These sessions were separated by 1h and served to test for test-retest reliability of our outcomes. EMG electrodes were kept fixed to minimize placement errors. The interval of 1h was set to prevent drying of the conductive electrolyte gel.

In each session, we searched for the hotspot positions for FDI, EDC and FCR before testing the RMTs. First, the stimulation intensity was identified that yielded MEPs for all three muscles when stimulating in the omega-shaped area (“hand knob”) of the precentral gyrus. We started at 45% of the maximum stimulator output and increased or decreased the intensity until a consistent MEP was present. Then, we performed thirty stimulations around the hand knob region along the precentral gyrus. From these stimulations, we determined the position with the largest peak-to-peak amplitude for every muscle and labeled that position as the hotspot. Next, the RMT for every muscle was determined at the muscle-specific hotspot as the minimum stimulator output at which peak-to-peak amplitudes exceeded 50 μV in five out of ten stimuli. This was followed by the actual mapping procedure.

The TMS coil was pseudo-randomly positioned such that stimulations covered the entire left precentral gyrus. We applied 120 stimulations (Cavaleri et al., 2017) and repeated this at three intensities: 105% RMT of FDI, EDC, and FCR, respectively. In total, we performed 360 stimulations in every session. We chose 105% RMT because previous studies suggested it to be the lowest possible intensity for upper limb muscles mapping (Krieg et al., 2017), thus leading to the least stimulation cross-talk. Finally, we estimated the hotspots of the other five muscles (ADM, APB, FPB, FDS, and ECR) and determined the respective RMTs.



Motor-Evoked Potentials Definition

We discriminated between TMS with and without eliciting MEPs, i.e., MEP and non-MEP points. MEPs were considered proper if their amplitude exceeded 20 times the EMG-baseline’s standard deviation (defined over 100 ms prior to each stimulation). While on average these thresholds were [51, 51, 76, 63, 59, 55, 70, and 64] μV for FDI, ADM, APB, FPB, EDC, FDS, ECR, and FCR, respectively, the baseline’s standard deviations differed substantially over the group rendering a subject-specific threshold definition appropriate—see Supplementary Figure 2 for the corresponding boxplots and median values. Amplitudes were also required to stay below 10 mV (to exclude movement and cable artifacts) and the peak’s latency had to fall within the range of 5–50 ms after stimulation. All other stimulations were marked as non-MEP points; see below under Outcome measures for further details.



Area Estimate

The area estimates were based on triangulated cortical surface meshes that we extracted using Freesurfer (see text footnote 3; version 7). We imported the meshes into Brainstorm (version 3)5 to ease converting between world and subject-specific MRI coordinates. Next to the original meshes with about 230,000–340,000 vertices dependent on the participant, we also generated low-resolution version by downsampling the mesh to either 15,000 or 100,000 vertices. This enabled us to test for effects of surface resolution. In all cases, we assigned the Mindboggle anatomical atlas (version 6; see also Klein et al., 2017)6 to select left primary motor cortex. The area construction consisted of four steps:


(i)Stimulation points were projected to the triangulated cortical surface mesh yielding a set of vertices as illustrated in Figure 2 and further detailed under Outcome measures.
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FIGURE 2. MEP definition and point projection along the direction of coil orientation. (A) Stimulation points over the cortex that either elicited an MEP or not: MEP and non-MEP points, respectively. (B) The cortical surface nearest to a given stimulation location along the TMS coil orientation is represented by the gray triangle (step ii). The three vertices in the triangle are shown by the red points, while the flagged spots indicate the stimulation points.



(ii)Vertices that did not fall in left primary motor cortex were excluded (label “precentral L” in the Mindboggle6 atlas).

(iii)We connected the vertices along their shortest connecting paths. In brief, we converted the mesh into a sparse, weighted graph. The edges of triangularization served as adjacencies that we weighted by the Euclidean distance between the corresponding vertices. Then, we searched for the shortest paths between all MEP points (Dijkstra, 1959). We repeated this iteratively for all points of the connecting paths until no points were added. Figure 3A briefly summarizes this iteration. Further details can be found at github.7
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FIGURE 3. The diagram illustrates the iteration for defining the area of excitability (step iii). In (A), the red dots represent the active points and the blue dots the non-MEP one. Bold red lines indicate the shortest paths between the active points resulting in the orange shaded active area. (B) Removal of non-MEP points (step iv). The red dots represent the active points and the blue dots the non-MEP one. Bold lines indicate the shortest paths between the active points resulting in the orange shaded active area, and the blue background shows the (to-be-removed) non-active area.



(iv)Finally, we excluded the vertices (and triangles) corresponding to non-MEP points from the resulting area as sketched in Figure 3B. Note that if a triangle contained both, one or more stimulations that elicited a MEP and one or more stimulations that did not, we kept the triangle. By this we limited the risk of underestimation that may stem only from falsely considering stimulation points as non-MEP points.



By construction, removing non-MEP points will reduce the size of the active areas. To appreciate the benefits of non-MEP point removal, consider the case in which the true area of excitability has a non-convex boundary, e.g., if the area is U-shaped. Conventional estimates, in particular ones based on estimating the convex hull of the cloud of stimulation points, will clearly provide an overestimate of the excitable area. Rather than opting for non-convex hull estimates, we used a more general approach that also allows for removing points that are scattered across the area spanned by MEP points. We briefly illustrate this in Figure 4 showing data of a single subject where isolated triangles that are being removed.
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FIGURE 4. Reconstructed active area in primary motor cortex given a set of stimulation points (orange dots). The color coding indicates the size of the MEP amplitude, with yellow being high and dark red being low. (A) Area without removing the non-MEP points (these points are marked in cyan); (B) area after removing the non-MEP points. By construction, the area shown in (B) is smaller than that in (A). In both cases, the white lines represent an area’s boundary; note that this boundary does not necessarily equal the area’s convex hull, even when ignoring the non-MEP points (A).


From here on, we refer to the reconstruction without accounting for non-MEP points as method M1, whilst the removal of non-MEP points will be method M2 (with examples in Figures 4A,B, respectively).



Outcome Measures

Most of the outcome measures were based on the MEP amplitudes and latencies. We quantified them for every TMS pulse and for every muscle using the original EMG signals, from which we removed the stimulation artifact via linear interpolation (–1 to +2 ms around stimulation) followed by high pass filtering at 10 Hz (2nd order, bi-directional Butterworth design). We defined the epoch –100 to –1 ms before the stimulus as a baseline and determined its mean value μ and the standard deviation σ. A peak in the interval 5–100 ms after the stimulus was considered an MEP if its value exceeded μ±20σ. Its latency was set as the first sample after the stimulus at which the signal exceeded μ + 2σ (μ−2σ) if the first peak is a maximum (minimum). Finally, we removed MEPs with peak-to-peak amplitude larger than 10 mV as we considered them artifacts. Except for the latter artifact definition, we opted for relative-to-baseline changes when identifying MEPs to circumvent between-subject variability in skin conductance; the choices for ±20σ and ±2σ were based on visually inspecting the EMG traces.

The stimulation points were mapped onto cortical surfaces given as triangulated meshes. The triangle of the surface mesh closest to a stimulation point along the direction of coil orientation was determined following the approach by Möller and Trumbore (1997) (see Figure 2). We assigned the vertices [image: image], [image: image], and [image: image] of the closest triangle the corresponding amplitude value, a. If two or more stimulations with an MEP shared a vertex, we averaged their amplitudes at the shared point. Since the total area of excitability possibly covered points that were not projected directly, we set all amplitude values via natural interpolation with C1 continuity to [image: image]; note that if interpolation was not needed, i.e., at the original vertices [image: image], [image: image], and [image: image], then [image: image]. For every triangle we defined the length between their vertices as [image: image], [image: image] and [image: image], with ||⋯|| denoting the Euclidean distance between vertices. That is, given Cartesian coordinates [image: image], we used, e.g., [image: image].

The total area A of k = 1,…,M triangles weighted by the MEP amplitudes was computed via a slight modification of Heron’s formula, namely the triangular prism, that reads:

[image: image]

and [image: image] being the mean value of (interpolated) MEP amplitudes at the three vertices of triangle k.

Given all i = 1,…,N area vertices, we further defined the centroid of the total area in line with the conventional form of the center of gravity (Opitz et al., 2014) as:

[image: image]



Statistics

We first estimated the reliability between Session 1 and Session 2 via the intraclass correlation coefficients (ICC) of the centroid (C), the weighted area size (A) for every muscle and intensity level. In more detail, we use a two-way mixed-effects model for single measurement type and estimated the absolute agreement, i.e., ICC (2,1) conform the Shrout and Fleiss convention (Koo and Li, 2016). We ran this analysis separately for the three representations of the cortex (i.e., three mesh resolutions) and for the three intensities. While the highest resolution for the intensity of 105% RMT of FCR will be reported below, all the other results can be found as Supplementary Material. There we also report the ICCs for centers of gravity (CoG) and for both the MEP amplitudes and the latencies.

To further confirm the absence of significant differences between Sessions 1 and 2, we performed a two-way ANOVA with repeated measures including factors of intensity and session. This also allowed for assessing effects of stimulation intensity. We applied a Bonferroni correction for multiple comparisons. Again, we restrict ourselves to reporting “only” the findings of the estimates at maximum resolution in the body text and refer to Supplementary Material for all other cases.

Finally, to assess effects of cortex mesh resolution and of ignoring/removing non-MEP stimulation points, we used a two-way repeated ANOVA with factors method and resolution (again with Bonferroni correction for multiple comparisons).

Prior to conducting the ANOVAs, sphericity was verified via Mauchly’s test. A Greenhouse-Geisser correction was performed if necessary. Throughout hypothesis testing, we used a significance threshold of α = 0.05. All statistical analyses were conducted using Matlab (The Mathworks Inc., Natwick MA, version 2020b).




RESULTS

All N = 20 participants completed the experimental procedure without adverse reactions. Of all mappings (subjects × muscle × intensity × session = 960, each containing 120 stimulations) 2% did not contain any valid MEP, and thus did not enter further analyses. In 11/320 (subjects × muscles × session) cases this was for 105% RMT of FDI, 5/320 for 105% RMT of EDC, and 1/320 for 105% RMT of FCR; see Supplementary Table 1). For five subjects, we could not detect any MEPs for ADM when using the second intensity in both sessions.

When averaged over participants and sessions, the RMTs were FDI: 44.90 ± 1.46%, ADM: 47.90 ± 1.64%, APB: 46.15 ± 1.45%, FPB: 46.78 ± 1.73%, EDC: 45.28 ± 1.50%, FDS: 47.75 ± 1.51%, ECR: 46.55 ± 1.50%, and FCR: 48.00 ± 1.52%, when expressed in stimulator intensity.

Table 1 provides an overview of ICC with the values obtained for maximum cortical resolution (results of the other resolutions and intensities can be found as Supplementary Tables 2A–C). For the sake of legibility, we defined distinct classes as follows: excellent: 0.8 ≤ ICC, good: 0.65 ≤ ICC < 0.8, moderate: 0.5 ≤ ICC < 0.65 and poor: ICC < 0.5 (Cavaleri et al., 2018), and color-coded the table entries accordingly.


TABLE 1. ICC values of area sizes A and centroids C = (Cx,Cy,Cz)T estimated for intensity of 105% RMT of FCR using the cortical meshes with maximum resolution when ignoring non-MEP points (M1) or removing them (M2)*.

[image: Table 1]
The ICCs appeared consistent between methods M1 (ignoring non-MEP points) and M2 (removing non-MEP points). Most of them were moderate to good. Good-excellent reliability was found for estimated centroids in the anterior/posterior and superior/inferior directions (x and z coordinates, respectively). While the area sizes’ ICCs of FDI, FDS, and FCR were poor, the ANOVA did not reveal any significant differences between the area estimates between sessions. We illustrate this in Table 2 for the highest cortex resolution and refer to Supplementary Tables 3A,B for the ANOVA results for the other cortex resolutions. In Supplementary Tables 4–6A–C, we also provide the results for the corresponding centroid positions. In a nutshell there were hardly any significant effects of session or intensity (let alone their interaction) on the centroids; when correcting for multiple comparisons all effects will turn out not significant.


TABLE 2. Outcomes of the two-way ANOVA for the area sizes A (in mm2⋅μV⋅105) with factors of intensity and session when considering the highest cortex mesh resolution and when removing the non-MEP points (M2)*.

[image: Table 2]
Here we would like to note that this dependency on stimulation intensity can be understood when looking at the effects of intensity on the mere MEP amplitudes, i.e., without projecting them onto the cortex. The corresponding results can be found as Supplementary Table 7. In a nutshell, the amplitudes of FDI, EDC, FCR, FDS, and FCR significantly increased with increasing stimulation intensity.

As expected, ignoring non-MEP points (M1) consistently resulted in larger area sizes when compared to the case when non-MEP points were removed (M2). Our second ANOVA confirmed this. We summarized this in Table 3 where we highlighted the main effects of method. Yet, we also would like to note the interaction effect with resolution, suggesting that the correction for non-MEP points is especially relevant when incorporating low-resolution cortical meshes (see also Figure 5, upper row).


TABLE 3. The outcome of the two-way ANOVA for the area sizes A (in mm2⋅μV⋅105) with factors of method and resolution for the intensity of 105% RMT of FCR; M1, ignoring non-MEP points, M2, removing them*.

[image: Table 3]

[image: image]

FIGURE 5. The cortical representation for Session 1 intensity of 105% RMT of FCR in a representative participant. In M1 (upper row), we ignored non-MEP points, and in M2 (lower row), we removed them. Left: surface mesh resolution of 15,000 vertices; center: 100,000 vertices; right: maximum number of vertex number (in this participant, about 270,000 vertices). Color coding represents the value of the (interpolated) MEP-amplitude (in μV). The effects of non-MEP point removal are especially visible at a lower resolution, but in all cases, removing these stimulation points cause the estimated area to shrink.


The main effect of method (ignoring non-MEPs vs. removing them) is also illustrated in Figure 6 where we show the relative change in the estimated area sizes. Irrespective of resolution, not removing the non-MEP points yields an overestimation of the active areas, though this effect appears particularly pronounced at low resolution (top panel in Figure 6).


[image: image]

FIGURE 6. The relative change of the size of the estimated active area per muscle using different resolutions of the cortex mesh. The maximum number of vertices was subject specific and ranged from about 230,000 to 340,000 vertices. The figure shows boxplots with red crosses marking outliers (all subjects/sessions entered the median and quantile estimates). Throughout mesh resolution the removal of non-MEP points yielded larger area sizes suggesting an overestimation of the active area.


We finally illustrate the effect of removing non-MEP points in Figure 5, where it can be clearly seen that higher resolutions lead to less area being removed.



DISCUSSION

We assessed the reliability of the cortical representation of eight muscles mapped simultaneously using navigated TMS. We distinguished two methods to estimate the active area of a muscle. In the first, more conventional one (M1), we included all stimulation points that elicited an MEP. In the second method (M2), we included the same points but also excluded all stimulation points that did not elicit an MEP. We tested for the effects of the type of measure with the obvious expectation that the latter will yield smaller active areas. We also tested for effects of stimulation intensity and cortical mesh resolution in two consecutive sessions. By and large, we found that the reliabilities of the size and the centroids of the active areas for all the muscles were excellent, good, or moderate. Exceptions were the area size estimates in three muscles (Table 1) that came with small areas sizes but strong outliers when looking at their representation at high-resolution cortical surface meshes (Figure 6, lower panel). The ICCs of amplitude and latency were excellent or good for all the muscles, again supporting the reliability of our experimental approach (cf. Supplementary Table 8).

One must realize that designing multiple muscle mapping experiments can—in general—be problematic as the RMT of a single muscle must be considered a reference when setting the stimulation intensity. In our case, the difference of RMTs values between different stimulation intensities was small (on average 3.1% of stimulator output; when looking at the individual subjects we found maximum differences of | RMTFDI-RMTEDC| = | RMTFCR-RMTEDC| = 9%, and | RMTFDI-RMTFCR| = 8%). Intensities of 105%, 110–120% (Akiyama et al., 2006) RMT have been widely used in motor mapping (Bohning et al., 2001; Akiyama et al., 2006; Tarapore et al., 2012), suggesting that the here-observed difference is acceptable if not negligible. Hence, forearm and hand muscles might be pooled in a group of muscles with “similar RMTs” and may be evaluated at the same intensity.

For all the muscles, the ICCs of the centroids’ positions were moderate to excellent. In the Supplementary Tables 2A–C we show the likewise good results for the more conventional CoGs. Both the estimated centroid as well as the centers-of-gravity hence appeared very consistent and should be considered reliable outcomes in motor mapping, in particular also the anterior/posterior and superior/inferior directions, in line with previous studies (Weiss et al., 2013; Cavaleri et al., 2018). The CoG is commonly employed to quantify the cortical representation of muscles (Massé-Alarie et al., 2017; Nazarova et al., 2021). However, there are several issues with the notion of “CoG” itself. For instance, for many shapes (of cortical representations), the CoG will lie outside the actual stimulation area itself (consider a banana, whose CoG will not be inside the banana itself). The CoG may hence be a tricky measure to give an estimate of the cortical representation of a muscle, especially when the true cortical representation is non-trivially shaped and on a curved surface. Supplementing the CoG, or in our case the centroid, by the area of excitability is clearly needed, especially when the area estimate is weighted by the MEP amplitude. Again, we advocate incorporating the non-MEP stimulation points in these estimates.

When removing non-MEP points, the areas of excitability became significantly smaller than when non-MEP points were simply ignored. We argue that by ignoring the stimulation points that do not elicit MEPs one runs the risk of overestimating the area of excitability and thus to mis-represent muscles in the cortex. Our results show that accounting for non-MEP points does not jeopardize the reliability of assessments. As such we advocate for correcting any potential structural error and provide the tools to do so. Of course, one may counter the fear for structural errors by subsuming that the neuronal population that ought to be covered by our cortical map are likely to be homogeneously distributed. However, several invasive studies already speak against this (e.g., Schieber, 2001). By using intracortical micro-stimulation, Nudo et al. (1996) revealed that the cortical representation of distal forelimb muscles is quite complicated and clearly not uniform. Moreover, to date most area measures rely on estimating convex hulls that clear yield weak approximations if the excitable area has a non-convex boundary—when looking at precentral gyrus that might be the rule rather than the exception.



CONCLUSION

Estimating the active area can be improved when incorporation points at which TMS does not elicit an MEP. Navigated TMS and a pseudo-random coil placement allow for correcting area estimates post-hoc and hence reduce the risk of overestimating the cortical representation of active areas. As such, the very fact that at certain points, a stimulation does not yield a measurable response appears informative. And, even when assessing multiple muscles in unison, this approach comes with high reliability, albeit under the provison that stimulation intensity has been chosen properly.
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FOOTNOTES

1
www.brainsciencetools.com

2
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

3
https://surfer.nmr.mgh.harvard.edu/fswiki

4
https://github.com/armanabraham/Rapid2

5
https://neuroimage.usc.edu/brainstorm/

6
https://mindboggle.info

7
https://github.com/marlow17/surfaceanalysis
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Transcranial Magnetic Stimulation for Long-Term Smoking Cessation: Preliminary Examination of Delay Discounting as a Therapeutic Target and the Effects of Intensity and Duration
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Background: Repetitive transcranial magnetic stimulation (rTMS) is a novel treatment for smoking cessation and delay discounting rate is novel therapeutic target. Research to determine optimal therapeutic targets and dosing parameters for long-term smoking cessation is needed. Due to potential biases and confounds introduced by the COVID-19 pandemic, we report preliminary results from an ongoing study among participants who reached study end prior to the pandemic.

Methods: In a 3 × 2 randomized factorial design, participants (n = 23) received 900 pulses of 20 Hz rTMS to the left dorsolateral prefrontal cortex (PFC) in one of three Durations (8, 12, or 16 days of stimulation) and two Intensities (1 or 2 sessions per day). We examined direction and magnitude of the effect sizes on latency to relapse, 6-month point-prevalence abstinence rates, research burden, and delay discounting rates.

Results: A large effect size was found for Duration and a medium for Intensity for latency to relapse. Increasing Duration increased the odds of abstinence 7–8-fold while increasing Intensity doubled the odds of abstinence. A large effect size was found for Duration, a small for Intensity for delay discounting rate. Increasing Duration and Intensity had a small effect on participant burden.

Conclusion: Findings provide preliminary support for delay discounting as a therapeutic target and for increasing Duration and Intensity to achieve larger effect sizes for long-term smoking cessation and will provide a pre-pandemic comparison for data collected during the pandemic.

Clinical Trial Registration: [www.ClinicalTrials.gov], identifier [NCT03865472].

Keywords: transcranial magnetic stimulation, smoking cessation, tobacco dependence treatment, delay discounting, self-regulation, brain stimulation


INTRODUCTION

“Making progress on longstanding challenges requires a different lens and a new approach.”

Ayanna Pressley.

Over one-half of individuals who smoke cigarettes in the US attempt to quit every year, but over 90% rapidly reverse this decision, choosing the immediate reward of smoking over the long-term benefits of quitting (Babb et al., 2017). Despite the increased availability of evidence-based behavioral and pharmacological treatments for cigarette smoking, less than one-third of cigarette smokers use them (Babb et al., 2017; Office on Smoking and United States Public Health Service Office of the Surgeon General, and National Center for Chronic Disease Prevention and Health Promotion (US) Office on Smoking and Health, 2020). Negative attitudes about taking medications for smoking cessation are a commonly endorsed barrier to using pharmacological treatments (Mooney et al., 2006; Gross et al., 2008; Morphett et al., 2015; Smith et al., 2015). Novel, non-pharmacological treatment approaches have the potential to provide cigarette smokers with more smoking cessation treatment options.

Tremendous progress has been made in the development of brain stimulation techniques to support smoking cessation (Ekhtiari et al., 2019). High frequency (HF) (rTMS) is a non-invasive brain stimulation technique that can selectively modulate neuronal plasticity (Ekhtiari et al., 2019). Using a variety of different coil configurations, rTMS generates brief focal electromagnetic pulses that penetrate the skull to stimulate brain regions via localized axonal depolarization (Fitzgerald et al., 2006; Thut and Pascual-Leone, 2010). rTMS coil selection is based on the need for stimulation depth and focality (Lu and Ueno, 2017). HF rTMS using an H4-coil was recently cleared by the Federal Drug Administration (K200957) for short-term smoking cessation (Zangen et al., 2021). The H4-coil stimulates broad swaths of the (PFC) and insula (Fiocchi et al., 2018). The conventional figure of 8 coil delivers stimulation with more focality than the H4 coil (i.e., targets with more specificity) (Lu and Ueno, 2017). HF rTMS of the left dorsolateral PFC (dlPFC) using a figure of 8 coil is emerging as a novel non-pharmacological treatment approach for long-term smoking cessation (Ekhtiari et al., 2019).

The Competing Neurobehavioral Decisions Systems (CNDS) Model is a broad, fundamental framework grounded in neuroeconomics and dual processing theory (Mukherjee, 2010). The CNDS Model describes the general neurobiological underpinnings involved with making far-sighted decisions about one’s health (e.g., maintaining abstinence from smoking) in the context of immediately rewarding, though less healthy choices (e.g., continued smoking) (Bickel et al., 2007; McClure and Bickel, 2014). The Model posits that these decisions are broadly driven by the interaction between two functional neurobiological networks: the executive function network, embodied in the PFC; and the impulsive network, embodied in the limbic and paralimbic regions of the brain (Bickel et al., 2014, 2016; Hanlon et al., 2015). The balance of activity in these two networks shapes reward-related decision-making (Hanlon et al., 2015). Greater activity in the PFC is linked with a higher likelihood of more prudent decision-making, even in the context of temptation (McClure et al., 2007; MacKillop et al., 2012). However, chronic nicotine administration can significantly impact reward-related decision-making (Koob, 2008a,b) and over time, the balance and functioning of these networks can become dysregulated, resulting in significant deficits in executive function neural processing (Ernst et al., 2001; Xu et al., 2005; McClure and Bickel, 2014; Koob et al., 2014). Dysfunction or hypo-activation of the executive function network contributes to undervaluation of the long-term rewards from cessation (Hanlon et al., 2015), adding to the behavioral and psychosocial challenges of achieving long-term abstinence from cigarettes.

Most individuals prefer immediate rewards because reinforcement loses value the longer one waits to receive it, but individuals demonstrate considerable variability in these preferences. Delay discounting rate represents the degree to which individuals discount the value of a reward as a function of time to receipt (Kirby, 1997; Odum, 2011; Commons et al., 2013). Delay discounting rate is considered a transdiagnostic biological marker for the relative balance between the executive and impulsive networks consistent with the CNDS model (Bickel et al., 2012, 2019), and is a well-established prognostic factor for smoking cessation treatment outcomes (Sheffer et al., 2012, 2014; Coughlin et al., 2020). Importantly, delay discounting rates are malleable, with decreases associated with improved health behaviors (Koffarnus et al., 2013; Bickel et al., 2014; Rung and Madden, 2018).

The frontolimbic balance outlined by the CNDS Model and its application to cigarette smoking, however, must be viewed as a general framework within the context of the multiple complex neurobiological, psychological, affective, environmental, socio-cultural, and evolutionary factors that contribute to the development and maintenance of dysfunctional human decision-making, a review of which is outside the scope of this manuscript (Alcaro et al., 2021). For instance, the well-established role of classical and operant conditioning in decision-making is optimized by the mesolimbic dopaminergic (MS DA) system (Robinson and Berridge, 2001, 2003, 2008; Salamone and Correa, 2002; Everitt and Robbins, 2005; Alcaro et al., 2007) and contributes significantly to the development and maintenance of the imbalance described by the CNDS Model. A significant body of research also shows that the SEEKING or exploring drive is neurologically foundational to all appetitively motivated behaviors (Alcaro et al., 2021). Addiction likely reflects dysfunction of the SEEKING drive, linked with the MS DA system and consistent with results predicted by the CNDS Model (Alcaro et al., 2021). In addition, delay discounting is one of many potential transdiagnostic dimensions that are relevant to reward dysfunction. Anhedonia, defined as the inability to feel pleasure, is a transdiagnostic dimension present in a wide variety of mental health and substance use disorders (Spano et al., 2019). As a symptom of abstinence from many substances, anhedonia can prevent adequate reinforcement from non-substance related reinforcers (Garfield et al., 2014).

The dlPFC, a functional node in the PFC, has a significant role in executive function and the controlled response inhibition associated with drug-related craving and self-regulation (Ernst et al., 2001; Brody et al., 2002; McBride et al., 2006). The proposed mechanism by which HF rTMS of the left dlPFC supports smoking cessation is by increasing neuronal activity and plasticity in the left dlPFC, thereby improving executive functions mediated by the dlPFC. Preliminary evidence indicates that the approach is feasible and can reduce delay discounting rates and increase short-term latency to relapse, abstinence rates, and uptake of psychoeducational material (Sheffer et al., 2013, 2018; Ekhtiari et al., 2019). Prior to conducting a large-scale study of efficacy, however, research is needed to determine the optimal dosing strategies to achieve long-term abstinence (i.e., 6 months or more).

The parent project from which this study is derived is an ongoing 5-year study aimed to determine the optimal dosing strategies of rTMS of the left dlPFC for long-term smoking cessation (Carl et al., 2020). This study employs a fully crossed, 3 × 2 × 2 randomized double-blinded factorial design, where Duration is defined as 8, 12, and 16 days of stimulation, Intensity is a number of pulses per day (900 in one session vs. 1,800 in two sessions), and participants are randomized to active/sham conditions.

The onset of the COVID-19 pandemic paused all in-person study-related activities in the parent study in late March of 2020. Once the study resumed, multiple factors associated with COVID-19 introduced possible biases and confounds on recruitment, retention, and outcomes. These factors include the need to use different recruitment strategies (social media vs. flyers in the community), increased participant burden due to safety precautions, concerns about physical distancing, and COVID-19 stress-related effects on engagement and outcomes. Thus, we report preliminary results from participants who reached study end prior to the COVID-19 outbreak in Western New York.

Our primary goal was to examine the effects of increasing rTMS Duration and Intensity of active stimulation on latency to relapse, 6-month point prevalence abstinence rates, participant burden, and delay discounting rates among participants who reached study end. The hypotheses were consistent with the parent study (see above). Given the preliminary nature of this study, the focus on pre-COVID participation, the 3–1 active/sham randomization in the parent study, and the limited sample size, we included only active participants, limited comparisons, and focused on effect sizes. Statistical significance, while reported, must be viewed with caution in this context, however, multiple statistical approaches were employed to establish consistency among the findings.



MATERIALS AND METHODS


Participants

We recruited right-handed adults (age 18–65) who smoked 6–25 cigarettes daily and who were motivated to quit smoking. Participants were required to pass a 12-panel urine drug test, a pregnancy test, the TMS Adult Safety and Screening Questionnaire (TASS) (Rossi et al., 2011), claustrophobia screen to assess the ability to undergo a closed MRI of the head (Carl et al., 2020). Participants were recruited using flyers in the community, print advertisement, and social media.



Design

This study is a fully crossed 3 × 2 randomized factorial design. The two factors were Duration (8, 12, or 16 days of stimulation) and Intensity (900 or 1,800 pulses per day). Although only those participants who received active stimulation were included in the analyses, all participants and technicians were blinded to active/sham condition. Participants were followed for 6 months after the quit date. Daily number of cigarettes smoked per day was collected every 2 weeks. Exhaled carbon monoxide (CO) level was assessed at each in-person outcome assessment (4-, 8-, 12-, 18-, and 24-weeks after the quit date). Given the preliminary nature of this study, the focus on pre-COVID participation, the 3–1 active/sham randomization in the parent study, and the limited sample size, only those participants who received active stimulation and reached study end prior to April 4, 2020 were included in this study.



Procedure

Participants were screened over the telephone and invited to an in-person interview during which urine drug and pregnancy tests were administered. After informed consent, participants completed baseline assessments and were scheduled for an MRI. Prior to the MRI, the International 10-10 Electrode System was used to place a vitamin E capsule at the AF3 electrode position as a fiducial marker on the image. AF3 was chosen because the cognitive functions of interest are located in the anterior region of the dlPFC (Cieslik et al., 2012). The MRI was uploaded into the neuronavigation system with the fiducial marker readily apparent on the image. The MRI was also used to identify brain abnormalities that might impact participant safety. Eligible participants were randomized and scheduled for quit counseling, a quit date, and rTMS sessions.

The quit day was the day immediately prior to the first rTMS session. Participants were provided 30 min of brief structured cognitive behavioral counseling over the telephone 2 days prior to the quit date. Participants were required to abstain from smoking for at least 24 h prior to the first stimulation session, as evidenced by an expired breath CO level of < 10 ppm (SRNT Subcommittee on Biochemical Verification, 2002). Immediately prior to initiating rTMS, participants were randomized using permuted block randomization stratified by high or low nicotine dependence level [FTND; high (≥5) or low (<5)] (Heatherton et al., 1991).

TMS power was tailored to the Motor Threshold (MT), which was defined as the minimum stimulation power required to elicit a motor evoked potential of 50 μV from the abductor pollicis brevis (APB) in 3 of 6 trials. Each rTMS session provided 900 pulses of 20 Hz rTMS to the left dlPFC at 110% of the MT. Magstim Super RAPID2 PLUS1 System with Magstim 70 mm Double Air Film Active Figure of 8 Coil was used. The Brainsight Neuronavigational system (Rouge Research, Inc.) was used to track the placement of the coil in real time with respect to an MRI-derived image. Pulses were delivered in 45 20-pulse trains of 1 s duration with an inter-train interval of 20 s. Stimulation time was 16 min. Participants read psychoeducational materials (Forever Free® self-help booklets) during the first 8 stimulation sessions. Participants were compensated $20 after each in-person visit, a weekly $50 bonus for completing all scheduled rTMS sessions, and $100 bonus for completing all five outcome assessments.



Bioethics

The study was approved by the Institutional Review Board of Roswell Park Comprehensive Cancer Center (#I-65718). Informed consent was obtained from all participants.



Measures

Demographic information collected at baseline included age, sex, race, ethnicity, partnered status, education, and household income. Other measures included the Fagerström Test for Nicotine Dependence (FTND) (Heatherton et al., 1991; Fagerstrom, 2012) and other clinical factors such as impulsivity measured by Barratt Impulsiveness Scale (Patton et al., 1995). Delay discounting and participant research burden were assessed at baseline and at each outcome assessment point. Primary outcomes included latency to relapse (number of days to relapse), 6-month point prevalence abstinence rates, participant research burden, and delay discounting rates.

Delay discounting rates were assessed using the 5-trial adjusting delay task for $100 and $1,000 magnitudes (Koffarnus and Bickel, 2014). During this task, participants were presented with a choice between two hypothetical monetary amounts ($100 vs. $50 in the $100 condition and $1,000 vs. $500 in the $1,000 condition). In each of the seven choice presentations, the smaller amount was available immediately, and the higher amount available at a discrete delay, beginning with 3 weeks. Based on the participant’s choice, delay either increased (when participants select the delayed option) or decreased (when participants select the immediate option). Participants made this choice for five trials, resulting in potential k-values which were subsequently log transformed into lnk.

Latency to relapse and point prevalence abstinence were assessed using the Timeline Follow Back procedure (TLFB) every 2 weeks (Sobell and Sobell, 1992; Brown et al., 1998) by telephone and during the in-person outcome assessments. Relapse was defined as 7 consecutive days of any cigarette smoking (Hughes et al., 2003). CO in exhaled breath of ≤ 5 ppm as measured by the Micro + Smokerlyzer (Covita, Inc.) was considered abstinent from cigarette smoking (SRNT Subcommittee on Biochemical Verification, 2002).

Participant research burden was assessed with the 21-item Perceived Research Burden Assessment (PeRBA) (Lingler et al., 2014). Total scores range from 21 to 105, with lower scores reflecting lower participant burden.



Statistical Analyses

Descriptive analyses were used to characterize the sample. Because the aim was to examine the direction and strength of effect sizes, the primary tests were Cohen’s d, partial eta squared (η2), Cramer’s Phi squared (Φ2), and odds ratios (OR), as appropriate (Rhea, 2004; Le and Marcus, 2012; Tomczak and Tomczak, 2014; Enzmann, 2015; Kim, 2015). Cohen’s d provides a standardized difference between two means by expressing the difference in units of standard deviation. With Cohen’s d, a small effect size is ∼0.2, medium is ∼0.5, and large is ∼0.8 or greater. Partial η2 measures the proportion of variance explained by the dependent variable attributable to the independent variable. With η2, a small effect size is ∼ 0.01, medium is ∼0.06, and large is ∼0.14 or greater. Cramer’s Phi (Φ) reflects the strength of the association between two variables, and when squared, reflects how much variance is accounted for by the association. With Φ2, a small effect size is ∼0.01, medium is ∼0.09, and large is ∼0.25 or greater (Maher et al., 2013; Ialongo, 2016). OR reflect the direction and strength of the effect relative to the comparison group. Hazard ratios, chi square, confidence intervals, F-statistics, and p-values are reported as appropriate, but given small sample size, must be viewed with caution.

Cox proportional hazard (CPH) models were used to examine the effects of Duration and Intensity on latency to relapse. Days to relapse were right-censored. Right censoring was defined as participants who did not relapse while under observation, either because they maintained abstinence to the end of the study period or were lost to follow-up. Participants were considered abstinent at least as long as they were observed to have been abstinent. Cohen’s d was calculated for CPH results using the formula: d = ln(HR)x✓(6/π) (Azuero, 2016).

Binary logistic regression models were used to examine the effects of Duration and Intensity on 6-month/7-day point prevalence abstinence rates. Missing data was imputed as smoking for the Intention to treat analysis (ITT). Missing data was excluded for complete case analysis (CCA). For Duration, 8 days was used as the comparison group. For intensity, 1 session per day (900 pulses) was used as the comparison group. OR and confidence intervals are reported.

The analysis of delayed discounting rate and PeRBA was conducted in two ways: (1) Repeated measures multivariate analysis of variance (MANOVA) was used to examine main effects, and (2) Generalized estimating equations (GEE) was used to examine rate of change across time. Dependent variables were discounting (lnk) of $100 and $1,000 magnitudes, and the total score of the PeRBA. Time was entered as a within-subject factor, with six timepoints: baseline and 5 outcome assessments (4-, 8-, 12-, 16-, and 24-weeks after the first rTMS session). The Bonferroni adjustment was used to control for multiple comparisons. When Mauchly’s test statistic was significant, Greenhouse–Geisser correction was applied. Partial η2 was calculated for MANOVA results using the formula: η2 = SSeffect/SStotal (Lakens, 2013). Cramer’s Phi (Φ) was calculated for GEE results using the formula: Φ = ✓(χ2/N); Φ2 was calculated to show shared variance (Phi/Cramer’s Phi; Sharpe, 2015).




RESULTS


Participant Characteristics

Prior to pausing the parent project, n = 23 participants in the active condition reached study end. Participants were primarily middle-aged (M = 50.78, SD = 10.96). About 30% identified as non-white and 70% as women. Participants included a high proportion of individuals of lower income and were diverse in terms of employment status. Nearly 80% were Medicaid and/or Medicare beneficiaries, over half had household incomes less than $25,000 per year, and 40% did not attend college. Participants were highly dependent on smoking. Most began smoking as adolescents, and over half had not made a quit attempt in the past year. Participants were moderately confident in their ability to quit smoking and maintained relatively high levels of motivation to quit throughout the study. Baseline levels of overall impulsivity were moderate and remained steady throughout the study (see Table 1 and Supplementary Table 1).


TABLE 1. Participant (n = 23) characteristics at baseline.

[image: Table 1]
Engagement and retention were high; 98.35% of rTMS sessions were completed and 78.30% (n = 18) completed the final outcome assessment (see Supplementary Table 2).



Latency to Relapse

Although the standard deviations and interquartile ranges were large, the mean and median latency to relapse increased as Duration and Intensity increased, as hypothesized. Compared to 8 days of stimulation, 12 days showed a medium effect size (Cohen’s d = 0.310) and 16 days showed a large effect size (Cohen’s d = 0.741). Increasing Duration from 8 to 16 days significantly reduced the relative risk of relapse [HR 0.29 (0.09, 1.00); p = 0.049], such that with 16 days of stimulation the mean days to relapse increased from 17 days to 76 and the median from 2 to 31 days. Increasing Intensity from 900 to 1,800 pulses per day approached a medium effect size (Cohen’s d = 0.381). Increasing Intensity from 900 pulses per day to 1800 pulses reduced the relative risk of relapse [HR 0.53 (0.17, 1.66); p = 0.28], such that with 1,800 pulses the mean days to relapse increased from 26 to 64 and the median from 2 to 28 days (see Supplementary Table 3 and Figure 1).
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FIGURE 1. Probability of abstinence over 6 months by duration and intensity of repetitive transcranial magnetic stimulation.




Point Prevalence Abstinence

Using both ITT and CCA analysis, the proportion of participants abstinent from smoking consistently increased as Duration and Intensity increased. Logistic regressions revealed that increasing Duration from 8 to 12 days and from 8 to 16 days increased the odds of abstinence 4 and 7–8 fold, respectively. Increasing Intensity doubled the odds of long-term abstinence. Nevertheless, the confidence intervals were quite large. Differences were not statistically significant (Duration ITT: χ2 = 3.260, p = 0.196, R2 = 0.187; CCA: χ2 = 2.885, p = 0.236, R2 = 0.178) (Intensity ITT: χ2 = 0.712, p = 0.399, R2 = 0.043; CCA: χ2 = 0.421, p = 0.516, R2 = 0.028) (see Supplementary Table 4).



Participant Burden

MANOVAs revealed small effect sizes for both Duration and Intensity on the total PeRBA score (Duration: F = 0.376, p = 695, η2 = 0.059 and Intensity: F = 0.008, p = 0.930, η2 = 0.001). Similarly, GEE revealed small effect sizes for Duration and Intensity on total PeRBA scores (Duration: χ2 = 1.921, p = 0.383, Φ = 0.289, Φ2 = 0.084 and Intensity: χ2 = 0.901, p = 0.343, Φ = 0.198, Φ2 = 0.039). Increasing Duration or Intensity did not increase research burden and the scores were in the lower range (possible range is 21–105) (see Supplementary Table 5).



Delay Discounting

MANOVAs revealed large effect sizes for Duration (between 8, 12, and 16 days) for the $100 and $1000 magnitudes and these differences were statistically significant ($100: F = 4.500, p = 0.035, η2 = 0.429; and $1,000 F = 5.657, p = 0.019, η2 = 0.485). See Figure 2A the difference for Intensity (between 900 and 1,800 pulses per day) was in the expected direction, with small effect size, and not statistically significant ($100 F = 0.083, p = 0.779, η2 = 0.007; and $1000 F = 0.023, p = 0.883, η2 = 0.002) (see Figure 2B).
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FIGURE 2. (A) Repeated measures analysis of variance shows that increasing duration decreases delay discounting rates of $100 and $1000 overall over 6 months. (B) Repeated measures analysis of variance shows that increasing intensity decreases delay discounting rates of $100 and $1000 overall over 6 months.


GEE revealed an overall decrease in delay discounting rate over time (see Figure 3) for Duration but not Intensity. Overall, large effect sizes were found for Duration ($100: χ2 = 16.008, p < 0.001, Φ = 0.834, Φ2 = 0.696; and $1,000: χ2 = 19.042, p < 0.001, Φ = 0.909, Φ2 = 0.827). Participants who received 16 days of rTMS had a more robust change in $100 and $1,000 magnitudes across time compared to those receiving 8 days of rTMS. The difference between 900 and 1,800 pulses per day was in the expected direction, with small effects size, and not statistically significant ($100: χ2 = 1.187, p = 0.28, Φ = 0.227, Φ2 = 0.051; and $1,000: χ2 = 2.161, p = 0.14, Φ = 0.307, Φ2 = 0.094) (see Supplementary Table 5).
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FIGURE 3. Generalized estimating equation show an overall decrease in delay discounting rate over 6 months of repetitive transcranial magnetic stimulation.





DISCUSSION

Using multiple outcomes and statistical approaches, these findings provide consistent preliminary support for the primary smoking cessation hypotheses. Greater Duration and Intensity had greater effects on increasing latency to relapse, improving abstinence rates, and decreasing delay discounting rates. Findings also provided support, though weak, for the hypothesis that increased Duration and Intensity also increase participant research burden. Finally, these findings suggest that the therapeutic target, delay discounting, was robustly engaged and demonstrated the predicted concurrent effects on delay discounting and efficacy outcomes.

These findings suggest that prior to the onset of the COVID-19 pandemic, engagement was sufficiently high among participants who received higher doses of rTMS in terms of Duration and Intensity to support larger efficacy trials. In this sample, 98% of the rTMS sessions were completed, 78% completed the final outcome assessment, and at least some daily cigarette use was collected for all participants. Most participants were of lower income, were diverse in terms of employment, and over 30% identified as racial and/or ethnic minorities suggesting that rTMS studies are able to attract racially and socioeconomically diverse cigarette smokers.

Although increasing both Duration and Intensity increased effect sizes across multiple outcomes, it appears that the number of days of stimulation might have a larger impact on outcomes than the number of pulses per day. This suggests that effects of rTMS on smoking cessation are cumulative and might require time to produce changes in behavior. Future studies with larger sample sizes, should examine whether Duration and Intensity interact to produce higher effect sizes.

Although clearly not conclusive, the impact of increasing Duration and Intensity on perceived research burden was less than expected. We speculate these findings might be an artifact of including only participants who received active stimulation because they were more likely to receive benefits of cessation, which might have outweighed the greater requirements. Future research will need to examine differences in perceived research burden between participants who received active and sham stimulation. Nonetheless, these findings suggest that the burden of participating in this study was not strongly linked with the actual number of rTMS sessions required. Future research will examine whether participants who reached study end after the onset of the pandemic experienced greater participant burden.

The parent study is ongoing and expected to meet modified accrual objectives in 2022. Findings from this study will provide a pre-pandemic comparison for the data collected during the pandemic. Reporting on pre-pandemic findings is important because the pandemic created an environment in which possible biases and confounds potentially impact outcomes. Pre- and post-pandemic comparisons can inform interpretations about biases and confounds should pre- and post-pandemic findings differ.

Finally, future research needs to examine the potential long-term neural adaptations from multiple sessions of rTMS. Although an isolated finding, one study reported a reflection effect, whereby one session of rTMS decreased DD of monetary gains, but also increased DD of monetary losses, a potentially negative finding (Sheffer et al., 2013). Therefore, future research should incorporate the examination of long-term paradoxical or counter therapeutic effects.

The strengths of this study include factorial design in which each participant is exposed to a level of each factor, allowing for the efficient examination of the main effects for Duration and Intensity in one study, eliminating confounds associated with systematic differences among pilot studies using different doses. This design also provides an estimate of the main effects of each factor in the presence of the other factor. Nonetheless, these findings are limited by a small sample size and lack of sham control comparisons. We did not include participants who received sham in this preliminary analysis for multiple reasons. Including sham participants would have doubled the number of cells and comparisons. In addition to the small number of participants who reached study end prior to the onset of the pandemic, the parent study randomized participants to active or sham in a 3–1 ratio. Many of the cells were simply too small to feasibly compare Duration and Intensity when the sham was included. Although including participants who smoke from 6 to 25 cigarettes per day might introduce uncontrolled variability, this limitation is tempered by permuted block randomization stratified by nicotine dependence level. Finally, all participants were motivated to quit based on the inclusion criteria, which limits generalizability of the results to treatment seeking individuals.



CONCLUSION

These findings provide preliminary support for targeting delay discounting as a therapeutic target for smoking cessation with rTMS. Greater Duration and Intensity of rTMS appear to have greater effects on delay discounting rates and multiple indicators of abstinence, with a small effect on participant burden. Findings provide a pre-pandemic comparison for the data collected during the pandemic and a basis to examine possible biases and confounds created by the COVID-19 pandemic in the parent study.
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Electroencephalography (EEG) is a non-invasive method to identify markers of treatment response in major depressive disorder (MDD). In this review, existing literature was assessed to determine how EEG markers change with different modalities of MDD treatments, and to synthesize the breadth of EEG markers used in conjunction with MDD treatments. PubMed and EMBASE were searched from 2000 to 2021 for studies reporting resting EEG (rEEG) and transcranial magnetic stimulation combined with EEG (TMS-EEG) measures in patients undergoing MDD treatments. The search yielded 966 articles, 204 underwent full-text screening, and 51 studies were included for a narrative synthesis of findings along with confidence in the evidence. In rEEG studies, non-linear quantitative algorithms such as theta cordance and theta current density show higher predictive value than traditional linear metrics. Although less abundant, TMS-EEG measures show promise for predictive markers of brain stimulation treatment response. Future focus on TMS-EEG measures may prove fruitful, given its ability to target cortical regions of interest related to MDD.
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Introduction

Major depressive disorder (MDD) is a leading cause of disability worldwide and is increasing in prevalence (Friedrich, 2017). Unfortunately, little progress has been made in identifying biological indicators of treatment response, and much intervention is via trial-and-error. While some possible neurobiological indicators of response have been identified using genetic and imaging studies (reviewed Belmaker, 2008; Kupfer et al., 2012), a less-costly, non-invasive option is electroencephalography (EEG), which indexes neural activity with high temporal resolution (Berger, 1929). EEG has several investigational uses, characterizing cortical activity after perturbation, or reflecting frequency bands associated with specific cognitive patterns (Freeman and Quiroga, 2013). The combination of transcranial magnetic stimulation with EEG (TMS-EEG) has sparked interest as a way to record direct and downstream cortical responses to a targeted magnetic stimulus (Farzan et al., 2016).

EEG provides multiple avenues to identify putative markers differentiating treatment responders and non-responders in MDD. Common interventions for MDD include pharmacotherapy, psychotherapy, and brain stimulation (Voineskos et al., 2020). However, there is a lack of synthesis of evidence in the MDD literature regarding the utility of EEG indices as markers of treatment response. To date, one meta-analysis has focused solely on quantitative EEG to examine markers of treatment response (Widge et al., 2019), but did not find reliable indices or include other types of EEG investigations, such as TMS-EEG. Due to the breadth of EEG markers in the existing literature, there is a need to combine evidence to understand which markers consistently demonstrate the potential for clinical utility across therapeutic interventions for MDD. Identifying potential biological predictors of response will hopefully lead to a departure from the trial-and-error approach of MDD treatment, although several steps remain before declaring this achievement. Below, we will briefly define both resting EEG (rEEG) and TMS-EEG prior to presenting our systematic review of relevant findings.


Resting EEG

Resting EEG (rEEG) indexes brain activity without stimulus presentation, typically via 64 electrodes distributed with the 10–20 system (Jasper, 1958). REEG frequency bands characterize the signal in delta to gamma domains (Niedermeyer, 1999). The low frequency delta band (<4 Hz) appears in stage 3 non-rapid eye movement sleep and is not typically seen in rEEG (Amzica and Steriade, 1998). Theta (4–8 Hz) is related to emotional processing and internal focus (Aftanas and Golocheikine, 2001; Aftanas et al., 2002). Frontal theta activity may reflect neurotransmission to and from the anterior cingulate cortex (ACC) (Asada et al., 1999), regions implicated in MDD (Spellman and Liston, 2020). The alpha (8–12 Hz) band appears during relaxation and is the most dominant band present in occipital or posterior regions (Niedermeyer, 1999). In MDD, the presence of alpha indicates brain regions with lower activity (Bruder et al., 1997). Beta (12–30 Hz) and gamma bands (>30 Hz) are considered “high-frequency”, reflecting alertness and concentration (Abhang et al., 2016) and attention and executive functioning (Freeman and Quiroga, 2013), respectively. Deciphering the relevance of frequency band activity may have potential for MDD response markers.



TMS-EEG

Transcranial magnetic stimulation (TMS) non-invasively stimulates the brain, inducing electric currents in neurons via electromagnetic induction (i.e., Faraday's law) (Barker et al., 1985). The TMS stimulus is thought to act on inhibitory interneurons and results in the depolarization of pyramidal cells (Kobayashi and Pascual-Leone, 2003), which can be captured via EEG. The combination of TMS-EEG then provides an accurate window into the direct localized and downstream cortical effects of the TMS pulse, and can provide measurable output for cortical regions outside of the motor and somatosensory cortices. Single-pulse TMS-EEG produces TMS evoked potentials (TEPs) reflecting excitatory and inhibitory neurotransmission (Farzan et al., 2016) and can index both inter and intra-regional connectivity between cortico-cortical and cortico-subcortical areas (Daskalakis et al., 2012). Unlike rEEG, TMS-EEG allows for both direct stimulation and recording of output from the cortical region of interest. Both cortical responses at the stimulated region, as well as downstream effects can then be interpreted. These measures have identified cortical abnormalities in MDD, that may be used as markers of treatment response.



Objectives of review

We conducted a formal narrative synthesis of the included studies, which focused on rEEG and TMS-EEG indexing the effects of antidepressant interventions (pharmacotherapy, brain stimulation, other therapies) on resulting outcomes (response or remission from a major depressive episode). The objectives were to: report changes in EEG measures of treatment; compare changes in EEG measures following treatment in responders and non-responders; report whether EEG measures at baseline predicted response.




Methods


Search strategy

PubMed and EMBASE were searched between January 1st, 2000 and December 31st, 2021 for publications studying treatment effects (i.e., pharmacotherapies and non-pharmacotherapies) on EEG (rEEG and TMS-EEG) in patients with MDD. Search terms are detailed in the Appendix. Results were filtered to only include human studies reported in English.



Inclusion criteria

Studies included examined subjects with unipolar MDD (DSM-IV and DSM-5 criteria) who underwent antidepressant treatment in conjunction with EEG measures. Studies must have reported rEEG or TMS-EEG measures before, during, or post-treatment.



Exclusion criteria

Case studies, review articles, protocols, posters, and conference abstracts were excluded (i.e., incorrect design). Studies reporting on animal populations, healthy subjects, bipolar depression, or conditions other than unipolar MDD were excluded (i.e., incorrect patient population). Non-therapeutic interventions were also excluded (i.e., incorrect intervention). Studies reporting antidepressant effects using techniques other than EEG (i.e. magnetoencephalography and electromyography), were excluded (i.e., incorrect EEG type). Sleep EEG, ictal EEG, neurofeedback studies, resting connectivity EEG, event-related EEG, and machine learning studies were excluded for focus and brevity (i.e., incorrect outcome). For the purpose of this review, incorrect was used to denote criteria that deemed to be out of scope.



Data extraction

Two study authors (RS, DV) conducted an independent literature search using pre-defined inclusion and exclusion criteria following duplicate removal. Covidence (www.covidence.org), an internet-based software, facilitated screening and extraction. Following initial screening, eligible studies underwent full-text review. Conflicts between authors were resolved by discussion. Approved studies were then moved to data extraction.



Quality of evidence assessment

Quality of evidence assessment was performed using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) working group methodology (Schünemann et al., 2008). Quality was marked with four levels: high, moderate, low, very low. High studies were randomized, double-blinded, and placebo-controlled; moderate were randomized without blinding; low were non-randomized with a placebo or control group; very low were non-randomized without a placebo or control group. Studies marked Very low were excluded to focus on higher quality, and reliable designs.




Results


Study selection

Figure 1 provides full information on the study selection process, using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA).


[image: Figure 1]
FIGURE 1
 Preferred reporting items for systematic reviews and meta-analysis (PRISMA) flow diagram.




Included study characteristics

Search terms yielded 966 studies after applying filters, 916 after removing duplicates. Primary screening excluded 712 for irrelevance based on the abstract. Two hundred and four underwent full-text review. One hundred and eighteen were excluded for incorrect design, outcomes, EEG type, patient population, or intervention. For more details on reasons for exclusion, see Section Exclusion criteria. Thirty-five studies had a Very low quality assessment and were removed for brevity. Overall, 51 studies underwent qualitative synthesis.

Quality ratings are included in Tables 1, 2. After exclusion of Very low quality studies, the vast majority of studies were marked as High, followed by Moderate and Low ratings. The following sections are presented in order of decreasing quality rating.


TABLE 1 Resting EEG outcomes for antidepressant, brain stimulation, and other studies.
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TABLE 2 TMS-EEG outcomes for brain stimulation studies.
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Resting EEG studies

Forty-seven studies examined rEEG markers of treatment response to pharmacotherapies, brain stimulation therapies, and other therapies (Table 1). These studies reported quantitative rEEG measures such as power analysis (Cook, 2002; Knott et al., 2002; Deslandes et al., 2010; Widge et al., 2013; Gollan et al., 2014; Jaworska et al., 2014, p. 201; Leuchter et al., 2002, 2017; Arns et al., 2014, 2016; Alexander et al., 2019; Bailey et al., 2019; Cao et al., 2019; Cook et al., 2019; McMillan et al., 2020; Szumska et al., 2021), cordance (Cook, 2002; Leuchter et al., 2002; Hunter et al., 2006, 2009, 2010a,b; Cook et al., 2009; Bares et al., 2015a; Bailey et al., 2019; Cao et al., 2019; de la Salle et al., 2020), current density (Pizzagalli et al., 2001, 2018; Mulert et al., 2007a,b; Korb et al., 2009, 2011; Narushima et al., 2010; Tenke et al., 2011; Hunter et al., 2013, p. 201; Jaworska et al., 2014; Almeida Montes et al., 2015; Arns et al., 2015), a weighted combination of alpha and theta power compared over time (termed: antidepressant treatment response (ATR) index) (Leuchter et al., 2009a,b; Hunter et al., 2011; Cook et al., 2013; Widge et al., 2013), vigilance (Olbrich et al., 2016; Schmidt et al., 2017; Sander et al., 2018; Ip et al., 2021), normalizations and abnormalities (Arns et al., 2017; van der Vinne et al., 2019a,b), individualized alpha-peak frequency (iAPF) (Bailey et al., 2019; Philip et al., 2019), entropy (Jaworska et al., 2017), and other algorithms (Arns et al., 2014).

rEEG studies included a variety of pharmacotherapies, brain stimulation therapies, and other therapies. Pharmacotherapy studies used various dosages, schedules, and antidepressant classes of medication [serotonin-reuptake inhibitors (SSRI), serotonin-norepinephrine reuptake inhibitors (SNRI), tricyclic antidepressants (TCA), dopamine reuptake inhibitors (DRI), mirtazapine, or combinations]. Some used fixed dosages and treatment lengths, others followed naturalistic designs. Brain stimulation interventions included repetitive transcranial magnetic stimulation (rTMS), synchronized transcranial magnetic stimulation (sTMS), and transcranial alternating current stimulation (tACS). Treatment parameters varied by stimulation target, intensity, and number of treatments. Other therapies included IV ketamine, psychotherapies (i.e., mindfulness-based cognitive therapy, behavioral activation treatment), aerobic training, and partial sleep deprivation. Across treatment types, rEEG protocols varied in recording length, electrode placement, number of electrodes of interest, eyes closed vs. open and outcome measures. The following section will focus on reported rEEG measures by treatment type.


Power analysis

Frequency bands are computed by absolute or relative band power. Absolute band power measures all activity within a specific range, whereas relative band power expresses band power as a percentage of total signal power.


Antidepressant pharmacotherapies

Three high quality rated studies reported power analysis findings. One week of SSRI resulted in decreased relative alpha power and increased relative delta-theta (Leuchter et al., 2017). However, there were no significant results in patients randomized to SSRI, SNRI or placebo (Cook, 2002; Leuchter et al., 2002). One moderate quality rated study reported higher frontal alpha absolute power at baseline in SSRI, DRI or combination pharmacotherapy responders which decreased in the SSRI group after 1 week (Jaworska et al., 2014). Additionally, female SSRI responders and remitters showed greater baseline right-sided alpha power (Arns et al., 2016). In one low rated study in men only, both SSRI and placebo resulted in increased relative and absolute beta, but decreased alpha power after 6 weeks (Knott et al., 2002). Overall, alpha findings warrant more exploration, however, it remains unclear whether other frequency bands show promise due to the variability in these results.



Brain stimulation therapies

Two high-quality studies reported power analysis outcomes. Patients randomized to receive 10 Hz tACS for 5 sessions showed decreased frontal alpha power over the left hemisphere, which was not noted in patients who received 40 Hz or sham tACS (Alexander et al., 2019). In contrast, there were no changes in absolute or relative power bands following 6 weeks of sTMS (Cook et al., 2019). One moderately rated HF L-DLPFC rTMS study (Widge et al., 2013) reported no absolute or relative power differences between responders and non-responders at baseline. In low quality rated studies, no differences in alpha power appeared between responders and non-responders to HF L-DLPFC or LF R-DLPFC rTMS combined with psychotherapy (Arns et al., 2014). Further, there were no changes in theta or alpha power following 3 weeks of HF L-DLPFC, LF R-DLPFC, or combination rTMS (Bailey et al., 2019). To conclude, most brain stimulation studies did not find significant power analysis findings.



Other therapies

Two high-quality studies reported IV ketamine effects on power analysis (Cao et al., 2019; McMillan et al., 2020). Post-infusion, theta, high-beta, and gamma power increased, whereas delta, alpha, and low-beta power decreased. However, no relationship was found between any bands and antidepressant response (McMillan et al., 2020). In contrast, in an earlier study, decreases in relative theta and alpha power following IV ketamine infusion were associated with treatment response (Cao et al., 2019). One moderate quality rated study following 8 sessions of mindfulness-based cognitive therapy showed no change in frontal alpha power over either cortical hemisphere (Szumska et al., 2021). Two low-rated studies reported conflicting results. Absolute alpha power decreased following 1-year of pharmacotherapy alone, but not in patients receiving pharmacotherapy plus aerobic training (Deslandes et al., 2010). In contrast, there was no change in frontal alpha power following 16 sessions of behavioral activation therapy (Gollan et al., 2014). As such, decreased alpha power appears to consistently be associated with treatment response across diverse modalities of antidepressant intervention.




Cordance

Cordance is quantified by integrating absolute and relative EEG power measures, and is strongly associated with cerebral blood perfusion (Leuchter et al., 1994, 1999). Similar to functional neuroimaging, it is used to quantify abnormalities in brain activity, namely over dysregulated regions in MDD such as the frontal cortex (Hunter et al., 2007).


Antidepressant pharmacotherapies

Seven high quality rated studies reported cordance. Treatment response was associated with decreased prefrontal (PF) theta cordance after 48 h and 1 week of SSRI or SNRI treatment (Cook, 2002). Similar results in midline and right frontal regions emerged after 8 weeks of SSRIs or SNRIs (Cook et al., 2009; Hunter et al., 2010b). Interestingly, decreases in midline and right frontal theta cordance were also associated with medication-induced suicidal ideation (Hunter et al., 2010a). PF theta cordance decrease during placebo lead-in was also associated with greater response (Hunter et al., 2006), especially in female participants (Hunter et al., 2009), but the opposite trend was found for placebo responders (Leuchter et al., 2002). Two moderately rated studies examined theta cordance. One week after SNRI initiation, decreased PF theta cordance predicted greater response (AUC = 0.89) (Bares et al., 2015b). This relationship also appeared 1 week after initiation of SSRI, DRI, or combination, in both PF and midline and right frontal regions (de la Salle et al., 2020). Taken together, the above evidence demonstrates that decreased theta cordance after 1 week of pharmacotherapy may be a reliable measure of forthcoming antidepressant response.



Brain stimulation therapies

No high quality rated studies were found addressing cordance measures with regard to brain stimulation. One moderately rated study reported decreased PF theta cordance following high-frequency (HF) left dorsolateral prefrontal cortex (DLPFC) rTMS with placebo in treatment-resistant depression (TRD) (Bares et al., 2015b). Higher PF theta cordance at baseline was correlated with a greater reduction in symptoms following 4 weeks of rTMS, and PF theta cordance values decreased in responders 1 week post-treatment (Bares et al., 2015b). One low quality rated study following 3 weeks of HF L-DLPFC, LF R-DLPFC, or combination rTMS found no significant changes in theta cordance (Bailey et al., 2019). Despite this conflicting evidence, the moderately rated brain stimulation study is more in line with trends of decreased PF theta cordance that were noted with antidepressants.



Other studies

Only one study met criteria for this section, a high quality rated investigation which reported decreased theta cordance in responders after IV ketamine infusion (Cao et al., 2019). While singular, these findings echo the trend from pharmacotherapy and brain stimulation studies.




Current density

Current density quantifies rEEG activity, and is positively correlated with glucose metabolism (Pizzagalli et al., 2001). In MDD, abnormal metabolism levels in the rostral anterior cingulate cortex (rACC) and frontal regions have been related to symptom presentation (Martinot et al., 2011), and may be studied using current density.


Antidepressant pharmacotherapies

Four high quality rated studies reported theta current density. At baseline, responders showed higher rACC (SSRIs and SNRIs) and medial orbitofrontal cortex (mOFC) (SNRIs) (Korb et al., 2009; Hunter et al., 2013) theta current density, although another study did not replicate findings (Korb et al., 2011). Responders in both placebo and TCA groups showed elevated rACC at baseline and after 1 week of pharmacotherapy (Pizzagalli et al., 2018). Four moderate quality rated studies reported theta current density. In two, pharmacotherapy responders showed baseline elevated mOFC (NRIs and SSRIs) and rACC (NRIs) theta current density (Mulert et al., 2007a,b). DRI, but not SSRI responders, had higher baseline rACC theta current density. Responders showed increased rACC theta current density after 1 week of combination SSRI and DRI treatment (Jaworska et al., 2014). In contrast, at baseline and 8 weeks after SSRI or SNRI initiation, non-responders exhibited higher rACC and frontal theta current density, especially in non-responders with treatment resistant depression (Arns et al., 2015). Three low quality studies reported theta current density. One linked elevated baseline rACC theta current density with TCA response (Pizzagalli et al., 2001). Another, following 1 year of SSRIs, showed that patients exhibited lower alpha current density at each follow-up visit compared to healthy controls, despite some subjects reaching remission (Almeida Montes et al., 2015). In contrast, responders to SSRI, SNRI, or SSRI plus NDRI exhibited higher alpha current density at baseline compared to non-responders and healthy controls (Tenke et al., 2011). Given the above evidence, higher baseline theta current density shows clear promise in predicting pharmacotherapeutic response.



Brain stimulation therapies

One moderately rated randomized, sham-controlled HF L-DLPFC rTMS trial in patients with vascular depression recorded theta current density in the subgenual anterior cingulate cortex (sACC) and rACC (Narushima et al., 2010). At baseline, responders showed higher theta current density in sACC than non-responders, but no significant rACC findings were reported. No high or low quality rated studies were found in the literature review, but the single brain stimulation study reported findings consistent with antidepressant studies.



Other therapies

No studies reported on current density measures.




Antidepressant treatment response

The antidepressant treatment response (ATR) is a non-linear weighted combination of theta and alpha power, both relative and absolute, measured at baseline and 1 week after initiation (Leuchter et al., 2009a,b). However, it is unclear how the ATR directly reflects brain activity (Wade and Iosifescu, 2016).


Antidepressant pharmacotherapies

One high quality rated study reported higher ATR predicted both response and remission after 8 weeks of SSRIs (Hunter et al., 2011). Three moderately rated studies reported ATR levels following SSRI, DRI, or combination (Leuchter et al., 2009a,b; Cook et al., 2013). SSRI responders who underwent 7 weeks (Leuchter et al., 2009a,b) and 13 weeks (Cook et al., 2013) of treatment showed higher ATR values than non-responders, but findings were inconsistent for DRIs. Overall, higher ATR may predict response to some antidepressant pharmacotherapies.



Brain stimulation therapies

One moderately rated study reported no association between ATR and response following HF L-DLPFC rTMS (Widge et al., 2013).



Other therapies

No studies reported on the ATR measure.




Vigilance

EEG vigilance is a validated algorithm using rEEG frequency bands to quantify brain arousal into specific stages (Olbrich et al., 2009). Individuals with MDD typically show higher arousal patterns than healthy individuals (Hegerl et al., 2012).


Antidepressant pharmacotherapies

No high-quality rated studies were present in the literature review. One moderately rated study recorded vigilance as an index of central-nervous system arousal, and found decreased arousal in patients following 8-weeks of SSRIs, but not SNRI (Olbrich et al., 2016). Two low quality rated studies recorded vigilance following SSRIs, mirtazapine, SNRIs, or other medications (Schmidt et al., 2017; Ip et al., 2021). At baseline, responders had high vigilance in relaxed wakeful states and low vigilance in drowsy states, trends which were reversed after 4 weeks (Schmidt et al., 2017) and 8 weeks of treatment (Ip et al., 2021). Taken together, vigilance measures indicate that responders to various pharmacotherapies show high arousal at baseline that may be reversed following treatment.



Brain stimulation therapies

No studies reported on vigilance measures.



Other therapies

One low quality rated study which calculated mean vigilance values (MVV) as a measure of average brain arousal following partial sleep deprivation therapy showed that responders were characterized by lower MVV compared to non-responders (Sander et al., 2018).




Normalization and abnormalities

Abnormal EEG activity is characterized by slowing, epileptiform or paroxysmal activity, and alpha peak frequencies (APF) (Noachtar et al., 1999; Niedermeyer, 2005). In contrast, normalization occurs when abnormalities disappear or return to stable recording.


Antidepressant pharmacotherapies

Three moderately rated studies reported EEG normalization or abnormalities. Following SSRIs or SNRIs, epileptiform activity or slowing was negatively correlated with response (Arns et al., 2017). Slow APF was associated with SSRI response only (Arns et al., 2017). EEG normalization was noted in SSRI but not SNRI responders (van der Vinne et al., 2019a). Higher right-sided alpha power at baseline and after 8 weeks of SSRI was a stable marker associated with response in females, but not SNRI response (van der Vinne et al., 2019b). No high or low quality rated studies were present in the literature review. While there were inconsistencies, EEG abnormalities and normalization and stability may predict SSRI response.



Brain stimulation therapies

No studies reported on EEG normalizations and abnormalities.



Other therapies

No studies reported on EEG normalizations and abnormalities.




Individual alpha peak frequency

Individualized alpha peak frequency (iAPF) is used to quantify the average alpha power across frontal electrodes in eyes open and eyes closed conditions (Doppelmayr et al., 1998). It has been used to capture inter- and intra-individual differences in alpha frequency (Haegens et al., 2014).


Antidepressant pharmacotherapies

No studies reported on the iAPF measure.



Brain stimulation therapies

One high quality study demonstrated that higher iAPF at baseline was associated with response to 10 weeks of sTMS, compared to sham (Philip et al., 2019). In contrast, iAPF did not appear to have association with response after multiple therapeutic rTMS paradigms (HF L-DLPFC, LF R-DLPFC rTMS or BL rTMS) in a low quality rated study (Bailey et al., 2019). Thus, the predictive value of iAPF may be different depending on the type of brain stimulation delivered.



Other therapies

No studies reported on the iAPF measure.




Entropy

Multiscale entropy (MSE) quantifies brain signal variability over fine or coarse time scales (Costa et al., 2005), and may be used to study global and local connectivity disturbances in MDD (Jaworska et al., 2017).


Antidepressant pharmacotherapies

Only one moderately rated study recorded MSE with SSRI, DRI or combination pharmacotherapy. Responders were characterized by decreased baseline MSE at fine and increased MSE at coarser temporal scales (Jaworska et al., 2017).



Brain stimulation therapies

No studies reported on entropy measures.



Other therapies

No studies reported on entropy measures.




Other algorithms

The Lempel-Ziv Complexity (LZC) value quantifies the complexity of the EEG signal (see Bravi et al., 2011), to understand whether non-linear measures can better characterize cortical temporal patterns in MDD.


Antidepressant pharmacotherapies

No studies reported on the LCZ value.



Brain stimulation therapies

Only one low quality rated study reported on this measure. In patients undergoing HF L-DLPFC or LF R-DLPFC rTMS combined with psychotherapy (Arns et al., 2014), LZC increased from minute 1 to 2 of the baseline EEG in responders and decreased in non-responders. Further examination of LZC may further clarify its value as an EEG marker of brain stimulation response.



Other therapies

No studies reported on the LCZ value.




TMS-EEG studies

No studies reported TMS-EEG outcome with antidepressant pharmacotherapies or other therapies. Four studies reported brain stimulation effects on TMS-EEG measures (Table 2). From the limited number of studies, TMS-EEG outcomes included TEP components (Eshel et al., 2020; Voineskos et al., 2021), power analysis (Hill et al., 2021), and other novel TMS-EEG algorithms (Hadas et al., 2019).

TMS-EEG studies mainly analyzed the effects of therapeutic rTMS, although the ECT and magnetic seizure therapy (MST) were also explored. Stimulation targets and duration/number of treatment sessions varied across studies. As well, diverse stimulation targets were applied in the investigatory TMS-EEG protocols. Due to the low number of studies, synthesis was limited.


TMS evoked potential components

TEPs over the motor cortex and DLPFC demonstrate replicable peaks (i.e., P30, N45, P60, N100) characterized by polarity and latency (Freeman and Quiroga, 2013). Several components have been linked to specific neurotransmitter receptor activity, including the P60 to glutamatergic receptor activity (Noda et al., 2017; Belardinelli et al., 2021), and N45 and N100 to gamma-aminobutyric acid (GABA) receptor activity (Farzan et al., 2013; Premoli et al., 2014; Rogasch et al., 2015).



Brain stimulation therapies

Two high quality rated investigations reported on the effects of a therapeutic course of rTMS on TEP components. Following 20 sessions of HF L-DLPFC rTMS, P30 amplitude decreased over the left frontal and parietal electrodes and was correlated with better clinical outcomes (Eshel et al., 2020). Similarly, the N45 and N100 amplitude decreased following 30 sessions of HF L-DLPFC or sequential bilateral rTMS (LF R-DLPFC rTMS followed by HF L-DLPFC rTMS), but there was no change to P60 (Voineskos et al., 2021). As well, the N100 decrease was related to improved depression symptoms post-treatment (Voineskos et al., 2021). Given the different components reported, high-quality replication studies are needed to elucidate the predictive ability of the P30, N45, and N100.




Power analysis

TMS-EEG power analysis is very similar to resting EEG power analysis, with frequency bands defined from alpha to theta.


Brain stimulation therapies

One low-quality rated study reported power analysis from TMS-EEG at baseline and after MST or ECT for TRD (Hill et al., 2021). Both treatments resulted in decreased delta and theta power over DLPFC (Hill et al., 2021). However, only ECT resulted in reduced alpha power over the DLPFC, and decreased delta and theta power over motor cortex (Hill et al., 2021). To this end, it is possible that MST effects were localized whereas ECT effects appear generalized over the cortex. As well, combined ECT and MST datasets showed a relationship between reduced alpha power and depression symptom improvements following treatment.




Novel TMS-EEG algorithms

Significant current density (SCD) and significant current scatter (SCS) are measures of subgenual cingulate cortex (SGC) excitability, and DLPFC-SGC effective connectivity, respectively (Hadas et al., 2019). Hyperactivity of the SGC and DLPFC-SGC connectivity have repeatedly been implicated in the pathophysiology of MDD (Mayberg et al., 1999).


Brain stimulation therapies

One high quality rated study examined SCS and SCD in patients with TRD. Here, the effects of HF L-DLPFC, sequential bilateral rTMS (LF R-DLPFC rTMS followed by HF L-DLPFC rTMS) or sham for 3–6 weeks were compared (Hadas et al., 2019). After active rTMS, SCS change and change in depression severity were positively correlated (Hadas et al., 2019). Further, after active rTMS, both P60 and P200 TEP component SCD decreased (Hadas et al., 2019). Given these results, TMS-EEG connectivity measures should be further explored in relation to treatment response.






Discussion

We have presented a synthesis of existing literature focused on EEG markers of treatment response in MDD. In studies focused on rEEG markers, both theta cordance and theta current density consistently show potential as predictors of response for multiple modalities of MDD treatment. Decreased prefrontal theta cordance 1-week post-treatment was robust in predicting pharmacotherapy response, regardless of antidepressant medication class. The same trend was seen in higher quality brain stimulation and other therapy studies. Thus, theta cordance appears to be a reliable measure, especially for pharmacotherapies, perhaps in part due to the larger volume of studies focused on this intervention. Additionally, higher baseline theta current density may also have predictive value in pharmacotherapy response, with less existing evidence for brain stimulation interventions. In antidepressant studies, these findings were noted in rACC (Pizzagalli et al., 2001; Mulert et al., 2007b; Korb et al., 2009; Hunter et al., 2013; Jaworska et al., 2014) and mOFC (Mulert et al., 2007b; Korb et al., 2009). In contrast, alpha current density showed inconsistent value (Tenke et al., 2011; Almeida Montes et al., 2015). To this end, the replication of theta current density across higher-rated quality studies reinforces its potential as a predictive measure. These findings are encouraging given the biological implications of the theta band in MDD. Theta is usually most prominent in fronto-central regions, specifically the ACC and frontal cortex, both shown to be hypoactive in MDD (Asada et al., 1999). As theta is thought to represent drowsiness and low levels of cortical activation (Kropotov, 2016), it follows that this marker may hold high promise in our understanding of MDD. Thus, we encourage future biomarker guided clinical trials to verify theta markers of treatment response, specifically theta current density and theta cordance, as both show high potential to serve clinical utility in the treatment of MDD.

When examining power analysis, decreases in alpha power were the most consistently reported following treatment with SSRI (Knott et al., 2002; Jaworska et al., 2014; Leuchter et al., 2017), 10 Hz-tACS (Alexander et al., 2019), and IV Ketamine (Cao et al., 2019; McMillan et al., 2020). Thus, this measure may serve as a broad marker across treatment types, although further high-quality replication studies are needed. The remaining frequency bands (delta, theta, beta, and gamma) were reported in limited studies, with variable treatment types and inconsistent findings. Nevertheless, future focus on the alpha band is warranted given its ability to reflect inactivity of brain regions in MDD (Bruder et al., 1997). Previous research has linked the left frontal cortex to hypoactivity, reflected by high alpha power and reduced approach behavior (i.e., positive emotions) (Davidson, 1992). In contrast, the opposite trend is found over the right frontal cortex, reflected by low alpha power and increased withdrawal behavior (i.e., negative emotions). Taken together, the linkage between alpha power, cortical activity, and behavioral manifestations in MDD indicate the potential of this measure being extended to help guide treatment. Alpha band guided treatments have already proved useful in novel closed-loop neuromodulation techniques (Zrenner et al., 2016, 2020). Alpha oscillation-synchronized rTMS appears to improve treatment efficacy and may prove useful in personalizing therapeutic rTMS parameters (Zrenner et al., 2016, 2020). Phase synchronization has also been explored with the theta rhythm in healthy subjects, but requires replication in MDD populations undergoing therapeutic rTMS as a method for novel personalized treatments (Gordon et al., 2021). Additionally, sleep EEG power analysis may prove fruitful in identifying frequency band markers of MDD treatment response. Since the brain evidently behaves differently in wakeful and sleep states, especially for lower frequency bands, there is likely added value in exploring these markers in patients undergoing MDD interventions during sleep (Olbrich and Arns, 2013).

There were inconsistent findings across multiple treatment modalities with the remaining rEEG measures. First, higher ATR was replicated in responders or remitters to SSRIs (Leuchter et al., 2009a; Hunter et al., 2011), but was inconsistent for other medication classes such as DRIs (Leuchter et al., 2009b; Hunter et al., 2011), and in brain stimulation (Widge et al., 2013). Second, EEG abnormality measures were inconsistent, possibly due to high variability in selected outcome measures. SSRI response favored low EEG abnormalities and higher stability at baseline, but these were not predictive of SNRI response (Arns et al., 2017; van der Vinne et al., 2019a,b). Third, the different vigilance outcomes reported hindered the synthesis of results, but most studies reported that responders to various pharmacotherapies showed high brain arousal at baseline (Olbrich et al., 2016; Schmidt et al., 2017; Ip et al., 2021). Finally, very few studies reported iAPF (Bailey et al., 2019; Philip et al., 2019), entropy (Jaworska et al., 2017), and LCZ (Arns et al., 2014). While promise may remain within these measures, clear future directions cannot be gleaned from this synthesis of the literature.

In contrast, there were relatively few TMS-EEG studies to review, and all were focused on brain stimulation. Of the four studies included, three were high-quality, reflecting the high promise of TMS-EEG as a repository for neurophysiological biomarkers across brain stimulation modalities. rTMS appears to modulate DLPFC-SGC connectivity in parallel with improvements in MDD symptoms (Hadas et al., 2019). Additionally, better clinical outcomes were associated with decreased P30 amplitude (Eshel et al., 2020), and N100 amplitude (Voineskos et al., 2021) following active HF L-DLPFC and BL rTMS. While the biological association of the P30 is still unknown, the N100 seems to be linked to GABAergic receptor activity (Farzan et al., 2013; Premoli et al., 2014; Rogasch et al., 2015), a neurotransmitter highly implicated in the pathophysiology of MDD (Luscher et al., 2011). One low-quality study reported that decreased alpha power following MST or ECT was related to clinical response (Hill et al., 2021), adding to rEEG evidence of alpha band predictive power. There were three additional articles from our search that explored TMS-EEG effects following MST and ECT, however, they were deemed very Low quality and reported different outcomes, limiting synthesis (Casarotto et al., 2013; Miyauchi et al., 2019; Hadas et al., 2020). Overall, the high quality findings indicate that TMS-EEG measures may serve as MDD markers of response in the future.

There were some limitations to the literature reviewed. While non-linear rEEG quantitative algorithms (i.e., theta cordance, theta current density) show higher predictive value than traditional linear metrics, in part due to the non-linear behavior of brain function (Elbert et al., 1994), a recent meta-analysis calls the reliability of these indices into question, given the lack of direct replication studies and under-reporting of negative results (Widge et al., 2019). Further, evidence of biological linkages between rEEG measures and MDD symptomatology should also be verified using other modalities (i.e., imaging) or correlational studies before implementing these markers into clinical practice. A potential way of relieving these issues is by exploring novel computational and modeling approaches, which have gained traction. Cross-validated machine learning combining rEEG and mood measures show promise in distinguishing rTMS responders (Bailey et al., 2019). As well, a recent machine learning rEEG study differentially predicted response to SSRIs vs. low-frequency rTMS (Wu et al., 2020), which has generated much discussion on generalizability (Michel and Pascual-Leone, 2020; Nilsonne and Harrell, 2021; Wu et al., 2021). As such, while traditional rEEG measures are well documented, future studies may benefit from focusing on more complex indices.

A potential future direction of TMS-EEG markers may be in predicting specific MDD symptom improvements, as was shown by TMS-EEG indicators of suicidal ideation remission following MST (Sun et al., 2016). As well, combining TMS-EEG measures with other predictors of treatment response, such as rEEG outcomes or symptom presentation, using machine learning is another promising avenue that may serve clinical utility (Wu et al., 2020). Theta-burst stimulation (TBS), a novel rTMS therapy that produces significant antidepressant effects in patients with TRD (Blumberger et al., 2018), provides a further field for marker exploration with TMS-EEG. Notably, TBS builds on the concept of theta-gamma coupling, first proposed in animal models (Larson et al., 1986), a potential method of neural communication between brain regions thought to underly the basis of learning and memory (Lisman and Jensen, 2013). Taken together, TMS-EEG time-frequency analysis may be used to examine this theory by measuring changes in frequency power markers before and after TBS. Overall, TMS-EEG offers a novel area for discovery, offering replicable indices of cortical reactivity and connectivity that should be explored by future studies.

This review calls for more placebo-controlled, high-powered, replication studies to identify response markers for MDD treatments. Future EEG studies focusing on brain stimulation and novel therapeutics may lead to further understanding of neurophysiological treatment effects. We suggest a focus on TMS-EEG, given its potential to specifically target brain regions relevant to MDD. Specifically, emphasis on automation of TMS-EEG techniques and outcomes may eliminate variability in results, which can allow for more widespread clinical use in the future. In addition, rEEG has been more extensively studied than other methods, but further work is needed and the highest yield results are likely to emerge from the theta and alpha frequency markers defined above. Given the minimal cost associated with EEG, the potential for recordings to be distilled to a few electrodes and performed in community labs, it allows for far reaching real world clinical utility if such a treatment marker is identified. Importantly, improving predictions of treatment response, has the potential to spare patients and our healthcare system the burden of undergoing ineffective therapies, which would be of great clinical and scientific benefit.
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Appendix

Appendix 1. PubMed Search Strategy (“Depressive Disorder, Major/therapy”[Mesh]) OR (“Depression/therapy”[MAJR]) OR (“Antidepressive Agents/therapeutic use”[MAJR])) AND ((EEG) OR (electroencephalography) OR (TMS-EEG) OR (TMS)) Filters: English, Human Date range: 2000-2021.

Appendix 2. EMBASE Search Strategy (major depressive disorder) AND (antidepressant agent OR ECT OR transcranial magnetic stimulation OR repetitive transcranial magnetic stimulation) AND (electroencephalography) Filters: English, Human Date range: 2000-2021.
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Background: Amelioration of depression in patients with post-stroke depression (PSD) remains challenging.

Objective: The primary vision was to explore the effect of transcranial magnetic stimulation (TMS) in combination with citalopram on patients with PSD.

Methods: One hundred eligible patients who were diagnosed with PSD were recruited and randomly assigned to the control group (n = 50) or the TMS group (n = 50). The controls were given citalopram (10 mg/d for consecutive 8 weeks), while, in addition to citalopram, patients in the TMS group were also given TMS at 5 Hz once a workday for 8 weeks. The primary outcome was patient depression status as reflected by 17-item Hamilton Rating Scale for Depression (HAMD-17) score, and the secondary outcome was patient neuropsychological score determined by Mini-Mental State Examination (MMSE) and Wisconsin Card Sorting Test (WCST).

Results: Patients treated with TMS in combination with citalopram had a drastic decrease in HAMD-17 score during treatment. Bigger changes in HAMD-17 score between baseline and 2 weeks as well as between baseline and 8 weeks in the TMS group were observed (P < 0.01). Patients in both groups had increased MMSE scores after treatment. Data of WCST revealed patients with TMS treatment completed more categories (P < 0.01) and had a lower RPP in comparison to patients in the control group (P < 0.0001). Additionally, TMS in combination with citalopram strikingly improved patients' MMSE scores when compared with those taking citalopram alone. Last, there was no striking difference in side effects between the two groups (P > 0.05).

Conclusion: Our study found TMS in combination with citalopram is conducive to improving depression status and neuropsychological function, which holds great promise for treating PSD.
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Introduction

Stroke is the most frequent serious neurological disease, leading to a great number of deaths and disabilities, particularly in adults between 50 and 60 years old (Robinson and Jorge, 2016). Previous progress in diagnosis and neurosurgical treatment of stroke have strikingly diminished the mortality rate, leaving an elevated prevalence of stroke survivors (Ekker et al., 2018). Despite the elusive mechanism, previous studies have consistently shown a strong association between stroke and mental diseases (Cumming et al., 2016; Robinson and Jorge, 2016). Among those, post-stroke depression (PSD) is proven to be the most frequent condition in acute settings or rehabilitation units, with a prevalence of 33% (Hackett and Pickles, 2014). Not only does PSD cause depression, loss of interest, sleep disturbances, and cognitive and executive function impairment, but it could also delay rehabilitation and even increase the risk of suicide, which creates a heavy burden on patients and society (Mijajlovic et al., 2017). Moreover, PSD is likely to be most severe at an early stage; it is of great importance to palliate depressive symptoms as soon as possible when patients begin to seek help (Starkstein and Hayhow, 2019). Thus, enhancing the early diagnostic and therapeutic efficacy of PSD is highly imperative.

The current strategy to improve PSD mainly depends on several antidepressants, including the most commonly prescribed, paroxetine and citalopram (Villa et al., 2018). Although several small-size studies have indicated that citalopram exerted a remission of PSD, with an effectiveness of 47% (Starkstein and Hayhow, 2019), there is still a long way to go to find highly effective treatment to relieve depressive behaviors in PSD patients, especially for those who are at an early stage. As a non-invasive treatment, transcranial magnetic stimulation (TMS) has been widely used in rehabilitation units for the improvement of paralysis (Jo and Perez, 2020). It has also been recently proposed as a promising strategy for major depression (George et al., 2010). Patients with major depression find relief without adverse effects after being treated with TMS in combination with citalopram (Huang et al., 2012). In addition, TMS is also suggested to improve synaptic plasticity and neuropsychological functions in animal models and humans (Kaster et al., 2018; Pang and Shi, 2021), highlighting the therapeutic potential of TMS in the central nervous system. Previously, some researchers found some beneficial effects of TMS on patients with PSD, hastening the efficacy of antidepressants, however, it was limited in antidepressant-resident or late-stage patients. Larger scale studies are needed to determine the safety and efficacy of TMS based on antidepressants in PSD patients.

In the present study, we enrolled 100 PSD patients to determine the effect of TMS in combination with citalopram on patients with PSD. We found TMS in combination with citalopram significantly improved depression status and cognitive function in patients with PSD with no obvious adverse effects.



Methods


Subjects

A total of 100 first-episode PSD patients, from February 2021 to March 2022, were consecutively recruited. All patients were treated in the rehabilitation- and neurology departments of the 908th Hospital of the Chinese People's Liberation Army Joint Logistic Support Force. Patients were randomly assigned into two groups, the control group (n = 50) and the TMS group (n = 50). Notably, all patients in both groups received treatment of citalopram (10 mg per day for consecutive 8 weeks). We have obtained the consent for clinical information collection from patients, and this study was approved by the Institutional Review Board of the 908th Hospital of the Chinese People's Liberation Army Joint Logistic Support Force (reference number: 2022YYLL113).



Inclusion and exclusion criteria

Patients with PSD were included if they complied with the following principles: (1) age over 18 years old; (2) clinical symptoms and imaging evidence showing they first suffered from ischemic stroke and PSD; (3) onset time < 7 day; (4) 17-item Hamilton Rating Scale for Depression (HAMD-17) between 7 and 24; (5) the National Institute of Health Stroke Scale (NIHSS) score was 1–15 when admitted; (6) patient's family signed the informed consent. Contrarily, patients were excluded if they met either of the following principles: (1) age below 18 years old; (2) patients didn't meet the diagnosis of PSD; (3) intellectual, language, or expression dysfunction; (4) a history of depression or anxiety.



Treatment

Conventional treatments including hyperbaric oxygen treatment, blood pressure control, neurotrophic support treatment, and symptomatic treatment supplemented by acupuncture, massage, and rehabilitation training, were applied to all patients. As mentioned above, patients in the control group were given oral citalopram (Xian-Janssen Pharmaceutical Ltd, China) 10 mg per day for consecutive 8 weeks. Apart from this, patients in the TMS group also received repetitive TMS once a day for 5 workdays a week for 8 weeks. The experimental setting of TMS was according to the treatment recommendations of TMS for major depressive disorder (Perera et al., 2016). Briefly, the stimulation site was selected as the left dorsolateral prefrontal cortex (LDLPFC) at a magnetic stimulation frequency of 5 Hz, matching specifications of a prior study (Li et al., 2022). Before the probe test, an individual's level of movement threshold (MT) needed to be determined, which was defined as when the contralateral thumb abductor motor evoked potential exceeds 50 μV for at least 5 times in ten stimulations, the minimum stimulus intensity is MT. During probe treatment, patients were placed in a sitting or supine position. The magnetic stimulation intensity was 60% MT, and the interval was 56 s for every 4 s stimulation, and the total stimulation period was 20 min. Notably, 800 magnetic pulse stimulation was given every day.



NIHSS

The NIHSS comprises 15 items of a neurologic examination stroke scale for evaluating patient status after acute cerebral infarction. The details regarding the 15 items are presented in previous literature (Kwah and Diong, 2014). A well-trained neurosurgeon was responsible for rating patient ability to answer and perform.



HAMD-17

A HAMD-17 assessment was conducted according to a previous study (Zimmerman et al., 2013). In brief, the scale encompasses seventeen aspects, including sleep disorder, cognitive impairment, tardiness, and sense of hopelessness. The higher the total score is, the more severe the degree of depression is. According to the scores, depression severity is segmented into three statuses: mild depression (8–17), moderate depression (17–24), and severe depression (≥24). All patients received the HAMD-17 assessment at 0-, 2-, 4-, 6-, and 8-weeks after stroke.



Mini-mental state examination

The Chinese version of Mini-Mental State Examination (MMSE) was performed to assess the cognitive function, which encompasses tests of attention, orientation, memory, language, visual-spatial skills, etc. The total score of MMSE is 30, and the cognitive function is reflected by the score.



Wisconsin card sorting test

The Wisconsin Card Sorting Test (WCST) was used for the neuropsychological function of patients according to a previous method (Huang et al., 2012). Subjects were required to sort 48 cards presented on the computer, which are categorized into three conditions: color, shape, and number. Patients were required to change one sorting to another one if they had consecutively completed six correct tasks. The end of WCST was defined as the correct completion of all six categories using 48 cards. Several parameters, including the total number of errors, total trials, correct trials, etc., were recorded and assessed blindly.



Statistical analysis

All data in the present study were analyzed by SPSS 26.0 and graphed by Graphed Prism. Except for those especially noted, data were presented as mean ± SD. An independent t-test was used to determine differences between the two groups if the data complied with the normality examined by Kolmogorov–Smirnov test. Otherwise, the Mann-Whitney U test was applied. Comparisons between two categorical groups were performed by a chi-square test. A paired t-test was conducted to determine the difference between before and after treatment in the same group. Differences between the two groups at different time points were determined by repetitive measuring tests. The sample size was calculated using an online model (http://www.powerandsamplesize.com/). A P < 0.05 was considered statistically significant.




Results


Patient characteristics

As is shown in Table 1, a total of 100 patients with PSD were enrolled in our study, the control group (n = 50) and the TMS group (n = 50). There was no significant difference in age, gender, BMI, the incidence of hypertension, or rate of diabetes between the two groups (P > 0.05). Also, the onset time of PSD did not differ in the two groups and neither did education level (P > 0.05). Notably, cognitive function, as reflected by MMSE, also didn't differ between the two groups (P > 0.05). Additionally, patients in the control group bore a close resemblance to the TMS group in depression severity indicated by HAMD-17 (P > 0.05).


TABLE 1 Demographic characteristics.
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Effect of TMS in combination with citalopram on depression status

To interrogate the effect of TMS in combination with citalopram on depression severity (primary outcome), we conducted HAMD-17 assessment at 0-, 2-, 4-, 6-, and 8-weeks for all patients with PSD. As mentioned above, there was no striking difference in HAMD-17 between groups at admission. In general, we found a more dramatic decrease in HAMD-17 score in the TMS group than in the control group during the 8-week treatment (P < 0.0001, Figure 1A). Indeed, the sub-analysis showed that changes in HAMD-17 score between baseline and 2 weeks in the TMS group were much higher than that in the control group (P < 0.01, Figure 1B). In addition, we also found patients in the control group had a higher HAMD-17 score than that of the TMS group (P < 0.01, Figure 1C), indicating a severe depression status, whereas changes in HAMD-17 score between baseline and 8 weeks in TMS group was higher than that in the control group (P < 0.01).


[image: Figure 1]
FIGURE 1
 Effect of TMS in combination with citalopram on depression status. (A) HAMD-17 score from baseline throughout 8 weeks of treatment. (B) Changes of HAMD-17 score between baseline and 2 weeks. (C) Changes of HAMD-17 score between baseline and 8 weeks. ** P < 0.01, *** P < 0.001. N = 50 per group. The error bars present the SD.




Effect of TMS in combination with citalopram on neuropsychological score

We also performed an MMSE assessment and WCST to investigate the neuropsychological status (second outcome). The data showed MMSE scores in both the control and TMS group were increased after treatment (P < 0.05 for the control group; P < 0.001 for the TMS group; Figures 2A,B), whereas there was no remarkable difference in MMSE scores between the two groups (P > 0.05, Figure 2C). Additionally, in the WSCT task, patients in two groups had improvements in CC, RFPP, and RPP. Moreover, patients with TMS treatment completed more categories (P < 0.01, Table 2) and had a lower RPP in comparison with patients in the control group (P < 0.0001, Table 2). Lastly, we also found TMS in combination with citalopram strikingly improved the NIHSS and MMSE scores in comparison with citalopram alone (Table 3).


[image: Figure 2]
FIGURE 2
 Effect of TMS in combination with citalopram on MMSE score. (A) Comparison of MMSE scores between 0-weeks and 8-weeks in the control group. (B) Comparison of MMSE score between 0-weeks and 8-weeks in TMS group. (C) Comparison of MMSE score between the control group and TMS group at 8-weeks. ** P < 0.01, *** P < 0.001. N = 50 per group. The error bars present the SD.



TABLE 2 Results of WCST.

[image: Table 2]


TABLE 3 Results of MMSE and NIHSS score.
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The impact of TMS in combination with citalopram on the occurrence of side effects

Despite a high incidence of headache, nausea, and dizziness in both groups, there was no striking difference in those side effects between the two groups (P > 0.05, Table 4). We reasoned the high incidence of headache, nausea, and dizziness resulted from the stroke itself.


TABLE 4 Occurrence of side effects during treatment.
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Discussion

In the present study, we investigated the safety and efficacy of TMS in combination with citalopram in patients with PSD, with merely citalopram administration as a control. Dramatically, we found TMS in combination with citalopram significantly improved depression status in patients with PSD with no obvious adverse effects. In addition, our study also revealed TMS in combination with citalopram could exert an improving function in neuropsychological tests, including MMSE and WCST.

PSD has been proven to pose a high risk to individuals who survive stroke for causing depression, loss of interest, and delaying rehabilitation, even elevating the possibility of suicide, which creates a grave burden for families and society (Robinson and Jorge, 2016). Disease-mortifying treatment, such as citalopram, has been widely utilized to alleviate symptoms of PSD without dissatisfying outcomes, indicating a single treatment might not be enough to obtain positive outcomes. Enhancing the efficacy of disease-mortifying treatment is the goal for doctors to pursue. TMS has been widely utilized to promote recovery of motor functions after spinal cord injury (Jo and Perez, 2020). Recently, TMS has also been proposed as a promising strategy for improving depression status (Huang et al., 2012). A recent study on patients with major depression revealed that TMS in combination with citalopram bore an improving function in relieving depression symptoms (Huang et al., 2012). The primary purpose was to investigate the effect of TMS in combination with citalopram on PSD patients. Dramatically, we found a remarkable improvement in depression status after treatment of TMS in combination with citalopram, as reflected by HAMD-17 scores. As mentioned in the introduction, relieving symptoms at an early stage of PSD holds great importance during treatment as a whole (Mijajlovic et al., 2017). Sub-analysis found that TMS enhanced symptom improvement in the first 2 weeks when regularly treated in an early period of PSD, indicating TMS in combination with citalopram improved PSD at an early stage. Although we found that patients have some discomforts, such as headache, nausea, and dizziness, those discomforts might derive from the stroke itself. Taken together, our findings are consistent with previous studies that repetitive TMS is an effective and safe treatment for PSD (Li et al., 2022; Shen et al., 2022).

The brain dysfunction of depressive patients is mainly related to the abnormal interaction between the cortex and subcortical nuclei (Villa et al., 2018). LDLPFC is involved in positive emotion regulation, while the right DLPFC (RDLPFC) is involved in negative emotion regulation. In general, DLPFC usually presents a weakened function in depressive patients, while the right DLPFC function was significantly enhanced (Fitzgerald et al., 2006). Thus, it is theoretically beneficial to alleviate the symptoms of patients with depression by adjusting the function of DLPFC on both sides of the patient's brain. In the present study, we selected LDLPFC as the stimulation site for TMS that intensified the brain function and added the evidence that this action site indeed is a therapeutic target for attenuating PSD. Another critical concern that should also be noted is that the frequency of TMS was 5 Hz in our study. High frequent stimulation of TMS for LDLPFC and low frequency for RDLPFC are preferred. Previously a systematic review from China found that 10 Hz could evoke the left-brain function and palliate the PSD (Shao et al., 2021). Our study found that 5 Hz was enough to obtain those protective effects, which is also supported by another study (Li et al., 2022).

This leaves the question of how does TMS in combination with citalopram improve the symptoms of PSD. Previous analysis revealed that PSD is related to the disrupted neurotransmitter metabolism, particularly for decreased 5-HT and norepinephrine (NE) neurotransmitter contents in lesioned regions (Liu et al., 2022). Citalopram is a kind of 5-HT reuptake inhibitor that reduces 5-HT reuptake by neurons, thereby producing antidepressant effects. Dopamine (DA) is one of the most important neurotransmitters in the NE system. DA contents in the brain were proved to be decreased after stroke, as confirmed by animal and clinical research (Grace, 2016; Liu et al., 2022). Considering the provoking effects of TMS in the cortex, we speculate that TMS might activate the cingulate gyrus, putamen, hippocampus, and thalamus through the frontal to subcortical nucleus neural circuits, and activate the contralateral region through the corpus callosum to enhance the dopamine (DA) release of the striatum and mesolimbic system (Fitzgerald et al., 2006). This notion is also supported by a recent study that TMS effectively promotes the synthesis and release of DA in patients with PSD (Liu et al., 2022). In those regards, TMS in combination with citalopram holds more therapeutic value for treating PSD in comparison with only citalopram administration.

In addition, we also conducted the neuropsychological assessment, including MMSE and WSCT, to explore the cognitive function and working memory. A previous study has revealed that PSD was always companied by disrupted cognitive function and working memory (Price and Duman, 2020). Our findings uncovered that TMS in combination with citalopram improved those disruptions, which might result from improved depression status or the recovery of stroke.

There are some limitations in our study. First, we don't provide the direct evidence to prove the beneficial role of TMS in ameliorating the depressive symptoms of PSD. Second, other confounders, such as placebo effect or other medications, might also bring the additive outcomes. Last, we only included the HAMD-17 scale to evaluate the primary outcome, which might not fully reflect the depressive status.



Conclusion

Our study found TMS in combination with citalopram is conducive to improving depression status and neuropsychological function, which holds great promise for treating PSD.
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Objectives: Several studies have examined the effects of repetitive transcranial magnetic stimulation (rTMS) on associative memory (AM) but findings were inconsistent. Here, we aimed to test whether twice-daily rTMS could significantly improve AM.

Methods: In this single-blind, sham-controlled experiment, 40 participants were randomized to receive twice-daily sham or real rTMS sessions for five consecutive days (a total of 16,000 pulses). The stimulation target in left inferior parietal lobule (IPL) exhibiting peak functional connectivity to the left hippocampus was individually defined for each participant. Participants completed both a picture-cued word association task and Stroop test at baseline and 1 day after the final real or sham rTMS session. Effects of twice-daily rTMS on AM and Stroop test performance were compared using two-way repeated measures analysis of variance with main factors Group (real vs. sham) and Time (baseline vs. post-rTMS).

Results: There was a significant Group × Time interaction effect. AM score was significantly enhanced in the twice-daily real group after rTMS, but this difference could not survive the post hoc analysis after multiple comparison correction. Further, AM improvement in the twice-daily real group was not superior to a previously reported once-daily rTMS group receiving 8,000 pulses. Then, we combined the twice- and once-daily real groups, and found a significant Group × Time interaction effect. Post hoc analysis indicated that the AM score was significantly enhanced in the real group after multiple comparisons correction.

Conclusion: Our prospective experiment did not show significant rTMS effect on AM, but this effect may become significant if more participants could be recruited as revealed by our retrospective analysis.
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associative memory, hippocampal-cortical network, inferior parietal lobule, stimulation dose, transcranial magnetic stimulation


Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive technique for modulating brain network connectivity with demonstrated therapeutic efficacy against neurological and neuropsychiatric illnesses (Fox et al., 2012). Wang et al. (2014) reported that once-daily repetitive TMS (rTMS) to the inferior parietal lobule (IPL), a region strongly connected to the hippocampus, significantly improved associative memory (AM) in healthy participants, suggesting possible utility for treatment of disorders characterized by AM deficits, such as stroke, age-related cognitive decline, neurotrauma, and various neuropsychiatric and neurodegenerative conditions.

However, the physiological response to non-invasive brain stimulation is known to be highly variable among individuals (López-Alonso et al., 2014), and several subsequent TMS studies found no significant AM improvement. For instance, a survey of research groups found that approximately 50% were not able to reproduce rTMS effects from original publications and a recent investigation by Héroux et al. (2015) reported significant changes in functional connectivity (FC) following multi-day rTMS of the parietal cortex but no AM enhancement (Hendrikse et al., 2020). Similarly, we found no significant difference in AM following once-daily rTMS sessions for 5 days compared to a sham group (Gao et al., 2021). Collectively, these inconsistencies suggest that rTMS efficacy for improving AM is highly dependent on stimulus protocol (e.g., stimulus intensity, duration), target, study design, and (or) treatment group characteristics.

Increasing the stimulation dose (total number of impulses) is one potential method to achieve a more robust effect on AM (Nettekoven et al., 2014). A recent study found that a high-dose rTMS protocol is safe and produces more reliable remission from depression (Cole et al., 2020). In addition to stimulation dose, the experimental design may influence outcome. The seminal study by Wang et al. (2014) and most subsequent studies reproducing AM improvement (Freedberg et al., 2019; Hermiller et al., 2019; Hendrikse et al., 2020; Gao et al., 2021) used a within-subject crossover design with an approximately 2-week delay (washout period) between real and control (sham) stimulation. However, the AM improvement from baseline was still significant 2-weeks after real rTMS, suggesting that a longer interval is needed for crossover studies (Wang and Voss, 2015; Gao et al., 2021). Nonetheless, no study has specifically examined the optimal interval for comparison of control (sham) stimulation to real stimulation.

In the present study, we aimed to investigated whether a higher rTMS dose could produce significantly greater AM improvement, beyond the sham rTMS. To this end, we modified the paradigm of our previous study (Gao et al., 2021) in two points: (1) using a parallel rather than crossover design; (2) doubling the 20-Hz rTMS dose (twice-daily sessions for 5 days, total 16,000 pulses).



Materials and methods


Participants

Forty healthy subjects (24 females and 16 males) with no history of rTMS, transcranial electric stimulation, neuropsychological disorders, or psychoactive drug use were recruited for this study. All participants met the safety criteria for MRI and rTMS (Rossi et al., 2009) and provided written informed consent. Each was remunerated for their participation after study completion. Experiments were conducted in accordance with the Declaration of Helsinki (2008 revised edition) and were approved by the local ethics committee.



Experimental design

This was a randomized, single-blind, sham-controlled, parallel design study consisting of two arms, real 20-Hz rTMS over the IPL (experimental) and sham rTMS (control). Forty subjects were included based on our previous work using single daily rTMS sessions. Subjects were assigned to the real or sham group according to random number selection while ensuring 20 per group. All subjects were unaware of the stimulation protocols until the end of the study (single-blind).

Each participant received twice-daily rTMS sessions over five consecutive days, for a total of ten sessions and 16,000 pulses. A face-cued word recall task was using to test AM and the Stroop test to assess non-associative memory cognitive processing. Tasks were performed both 1 day prior to the first real or sham stimulation session (baseline assessment) and 1 day after the final session (post-rTMS assessment). Structural MRI and rs-fMRI were conducted on each subject prior to baseline testing to identify the IPL target site (Figure 1A). After each session, subjects self-reported TMS adverse events on a numeric rating scale from 0 (no side effects) to 5 (unbearable side effects).


[image: image]

FIGURE 1
Experimental design. (A) Each participant received ten real or sham rTMS sessions delivered two per day for five consecutive days. A face-cued recall (associative memory) task and non-associative Stroop task were completed 1 day prior to the first stimulation session (baseline) and 1 day after the final session. (B) The individual stimulation sites in the left IPL were identified by rs-fMRI maps of hippocampal functional connectivity. The stimulation sites for all subjects in real and sham groups are demarcated by green and yellow spheres, respectively, in standard MNI space.




Magnetic resonance images acquisition

Magnetic resonance images (MRI) were collected at the University of Science and Technology of China (Hefei, Anhui Province) using a 3.0 T scanner (Discovery 750; GE Healthcare, Milwaukee, WI, United States). Functional and structural images were acquired using the same parameters as in our previous studies (Ji et al., 2019a,b, 2021). Briefly, high spatial resolution T1-weighted anatomic images were acquired in the sagittal orientation using a three-dimensional brain-volume sequence (repetition/echo time, 8.16/3.18 ms; flip angle, 12°; field of view, 256 × 256 mm2; 256 × 256 matrix; section thickness, 1 mm, without intersection gap; voxel size, 1 × 1 × 1 mm3; 188 sections). Following structural MRI scanning, functional images (217 volumes) were acquired using a single-shot gradient-recalled echo planar imaging sequence (repetition/echo time, 2,400/30 ms; flip angle, 90°). Images of 46 transverse sections (field of view, 192 mm × 192 mm; 64 × 64 in-plane matrix; section thickness without intersection gap, 3 mm) were acquired parallel to the anteroposterior commissure line. Foam fillers and earplugs were used to minimize head motion and scanner noise during image acquisition. All participants were asked to keep their eyes close and rest without falling asleep during scanning. Scanning was performed prior to AM and Stroop testing to exclude potential carry-over effects.



Identification of stimulation locations

Cortical stimulation locations over the IPL were identified from individual resting-state functional connectivity maps with the left hippocampus as the seed region (Wang et al., 2014; Hendrikse et al., 2020; Gao et al., 2021). The hippocampal seed was set at [−24, −18, −18] in Montreal Neurological Institute (MNI) coordinates according to Wang et al. (2014). The stimulation target for each participant was defined as the strongest connectivity site within the spherical mask of the left IPL (MNI coordinates [−47, −68, 36], radius 15 mm).

Preprocessing consisted of seven steps: (1) deleting the first five functional volumes; (2) slice timing correction and realignment; (3) co-registration of structural and functional images; (4) normalization of functional images by the matrix computed in structural segmentation and normalization; (5) smoothing of functional images using a 4-mm full-width at half-maximum isotropic Gaussian kernel; (6) temporal band-pass filtering (0.01–0.1 Hz); (7) regressing out 27 nuisance signals (average white matter, cerebrospinal fluid, and whole-brain signals as well as 24 head motion parameters). All processing steps were performed using Statistical Parametric Mapping (SPM) 12 and in-house software TMStarget.1,2



Transcranial magnetic stimulation parameters

Transcranial magnetic stimulation was delivered to the IPC using a Magstim Rapid2 stimulator (Magstim Company, Whitland, United Kingdom) through a 70-mm air-cooled figure-of-eight coil under the guidance of a frameless stereotactic optical tracking neuronavigation system (Brainsight; Rogue Research, Montreal, QC, Canada) (Gao et al., 2021). Individual stimulus intensity was set according to the resting motor threshold (RMT), defined as the minimum stimulator output necessary to evoke a potential with peak-to-peak amplitude ≥50 mV from the right first dorsal interosseous (FDI) muscle in at least 5 out of 10 consecutive trials (Ji et al., 2017). For the real stimulation group, rTMS was applied with 100% of RMT at 20-Hz (2 s on, 28 s off) for 20 min (1,600 pulses/session) over the individual IPL target. A total of 10 rTMS sessions were performed over a 5-day period with 2 sessions per day (16,000 pulses in total) separated by at least 1 h.

For the sham stimulation condition, participants received the same rTMS protocol using a sham coil (Magstim Company, Whitland, United Kingdom) with the same appearance as the real coil to avoid participants identifying rTMS group allocation. This sham coil generated only sound and sensations on the scalp similar to the real coil but no current (Chen et al., 2019).



Associative memory test

We employed the computerized Chinese face-cued word recall task described by Gao et al. (2021) to assess AM. Each subject studied 15 photographs of Chinese faces presented individually on a computer screen while a common word was read aloud in standard Mandarin. Each face corresponded to a unique word and was shown for 4 s. There were four alternative versions of the test, each using a different set of faces and words, and each participant was randomly assigned two, one to complete at baseline and the other following sham or real rTMS. All the face photos were presented at 4,800 × 6,000 pixels per inch in greyscale and all words were nouns of two Chinese characters taken from the Chinese Corpus Word list, with written frequency between 500 and 3,000 (Chinese Language and Writing Network).3 Subjects were instructed to pay attention and try to remember the face-word associations. After the learning phase, subjects were given a rest of approximately 1 min, followed by face ire-presentation in a different and random order. Subjects were instructed to recall the word that accompanied each face during the learning phase, and each word response was scored as correct or incorrect (with no errors relating to pronunciation). Participants received no prompts or feedback on the correctness of their answers. The number of correctly recalled face–word pairs was recorded as the AM score. To account for inter-subject differences in baseline AM performance, the individual improvement in AM following rTMS was expressed as a percentage change relative to baseline [AM score percentage change = (post correct – baseline correct)/baseline correct × 100%] (Wang et al., 2014).



Stroop test

To prevent the participants from easily guessing the purpose of the study and to assess general non-associative cognitive processing capacity, a Stroop Color Word Test (Victoria version) adapted to local Chinese was also conducted (Lee and Chan, 2000; Lee et al., 2002; Yu and Lee, 2018). The test stimuli included images of colored dots (Part A), words unrelated to color presented in colored font (Part B), and color names presented in font colors different from the word (Part C) (e.g., the word “red” in green font). Each image consisted of 24 items in red, green, blue, or yellow presented in a 4-by-6 matrix. Each color was used six times per image, and the four colors were arranged once per row in a pseudo-random order. The participants were asked to name the colors of stimuli (font) from left to right and from top to bottom while ignoring semantic content (i.e., the correct answer for the example above is “green”). For each condition, the naming completion time (response time) and number of errors were recorded. The interference value was defined as the response time for Part B minus Part A (low interference condition), and Part C minus Part A (high interference condition).



Methodological similarities and differences from Gao et al. (2021)

Gao et al. (2021) used a within-subjects design to examine the effect of rTMS on AM. Participants received real rTMS on IPL and sham rTMS on pre-SMA targets, separated by at least 2 weeks. For each condition, a total of 5 rTMS sessions were performed over 5 consecutive days with one session per day. The rTMS involving 1,600 total pulses in one session was delivered at 100% of RMT at 20 Hz (2 s followed by 28 s of vacancy). The experimental design of the current study was modified according to Gao et al. (2021). The same rTMS parameters and face-cued word recall task were used in both studies. In contrast to Gao et al. (2021), the current study added a second session to double the rTMS dose (for a total of 16,000 pulses rather than 8,000). Additionally, we used a between-subjects design and sham stimulation was performed at 100% RMT over IPL with a sham coil in the current study.



Statistical analysis

Continuous baseline variables were compared between groups by independent samples t-test and categorical baseline variables by χ2 test. Differences in AM and Stroop test performance were compared by two-way repeated measures analysis of variance (RT-ANOVA) with main factors Group (sham vs. real rTMS) and Time (baseline vs. post-rTMS), followed by post hoc Sidak’s multiple comparison tests. AM score percentage change was compared between groups using the independent samples t-test. Outliers were identified by non-linear regression using GraphPad Prism and removed from subsequent analysis.

Three separate analyses were performed using two-way ANOVA. The primary analysis included only the current data from participants receiving sham rTMS and participants receiving real rTMS (termed the Twice-daily dataset including Twice-daily(R) and Twice-daily(S) groups). The second analysis tested if the higher rTMS dose produced more prominent effects on AM by comparing the Twice-daily(R) group to the Once-daily(R) group. This Once-daily(R) group included 16 subjects from Gao et al. (2021). In the third analysis, we combined Twice-daily(R) and Once-daily(R) groups to produce a Combined(R) group and investigated the effects on AM compared to the Twice-daily(S) group.




Results


Primary analysis of the current experimental cohort


Characteristics of participants

Forty subjects were initially recruited to receive twice-daily sham or real rTMS (Twice-daily dataset) but one participant randomized to the sham group [Twice-daily(S)] dropped out for personal reasons. Thus, data from 39 subjects (23 females/16 males, mean age = 21.69, SEM = 0.37, range 18–29 years) were included in the primary analyzes. Twice-daily(R) and Twice-daily(S) groups did not differ significantly in age, gender ratio, RMT, test delay (time between the final stimulation session and post-rTMS test), baseline AM score, or baseline Stroop test score (Table 1). The averaged side effect scores are presented in Table 1, and no significant difference (p = 0.12) between the Twice-daily(R) and Twice-daily(S) groups. In general, both sham and real rTMS were well tolerated, with only slight discomfort reported by some participants. But this effect disappeared after the stimulation ended. The average (± SEM) MNI coordinate of IPL stimulation was x = −45.4 (0.92), y = −72.0 (0.83), z = 33.1 (1.01) (Figure 1B).


TABLE 1    Characteristics of participants from twice-daily data.
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Associative memory performance

The AM scores for the Twice-daily(R) and Twice-daily(S) groups are presented in Table 2. Two-way RT-ANOVA revealed a significant Group [Twice-daily(R) vs. Twice-daily(S)] × Time (baseline vs. post-rTMS) interaction (F1,37 = 5.99, p = 0.019), but no main effect of Time (F1,37 = 0.51, p = 0.48) or Group (F1,37 = 0.16, p = 0.70). Post hoc analyses using Sidak’s multiple comparison test indicated that AM score was not increased significantly after real stimulation (t = 2.26, p = 0.06; Figure 2A) or sham stimulation (t = 1.21, p = 0.41; Figure 2A) compared to baseline. Further, AM score change normalized to baseline (percentage change) did not differ between Twice-daily(R) and Twice-daily(S) groups [34.7% (SEM = 15.2) vs. 3.0% (SEM = 14.8); P = 0.16].


TABLE 2    Associative memory performance.
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FIGURE 2
Effects of rTMS on associative memory performance. (A) Mean percentage change in AM score from baseline for Twice-daily(R) and Twice-daily(S) groups. The interaction effect was significant, but post hoc analyses indicated no significant increase following real or sham stimulation. (B) Mean percentage change in AM score from baseline for Twice-daily(R) and Once-daily(R) groups. There was no significant Group × Time interaction. (C) Mean percentage change in AM score for Combined(R) and Twice-daily(S) groups. A significant Group × Time interaction was found, and post hoc analyses indicated that real rTMS but not sham rTMS significantly improved AM score compared to baseline. AM score Percentage-change = (post correct – baseline correct)/baseline correct × 100%. Error bars indicate SEM, **P < 0.01.




Stroop test performance

Two measures of Stroop test performance, response time and error rate, are presented in Supplementary Table 1. ANOVA indicated no significant main effects of Group [Twice-daily(R) vs. Twice-daily(S)] and Time, and no significant Group [Twice-daily(R) vs. Twice-daily(S)] × Time (baseline vs. post-rTMS) interaction (see details in the Supplementary material).




Twice-daily versus once-daily repetitive transcranial magnetic stimulation


Characteristics of participants

There were no significant differences in age, gender ratio, RMT, AM scores, and Stroop tests between Twice-daily(R) and Once-daily(R) groups, while test delay was slightly but significantly lower in the Twice-daily(R) group (Table 3).


TABLE 3    Characteristics of participants from Twice-daily(R) and Once-daily(R).
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Associative memory performance

Analysis of variance revealed no significant Group [Twice-daily(R) and Once-daily(R)] × Time (baseline and post-rTMS) interaction (F1,34 = 0.02, p = 0.89) (Table 2) suggesting no difference in effect stability between Twice-daily(R) and Once-daily(R) rTMS. There was a significant main effect of Time (F1,34 = 11.96, p = 0.002) but not Group (F1,34 = 0.05, p = 0.82). Average percentage change in AM score did not differ significantly between Twice-daily(R) and Once-daily(R) groups [34.7% (SEM = 15.2) vs. 28.9% (SEM = 10.2); p = 0.80] (Figure 2B).



Stroop test performance

The response times and error rates for the Stroop tests from Once-daily(R) and Twice-daily(R) groups are presented in Supplementary Table 1. ANOVA revealed no significant interaction of Group [Twice-daily(R) vs. Once-daily(R)] × Time (baseline vs. post-rTMS). See details in the Supplementary material.




Combined analysis of once-daily and twice-daily repetitive transcranial magnetic stimulation


Characteristics of participants

There were no significant differences in any of the aforementioned baseline characteristics between Combined(R) and Twice-daily(S) groups (Table 4).


TABLE 4    Characteristics of participants from Combined(R) and Twice-daily(S).
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Associative memory performance

Associative memory scores for the Combined(R) and Twice-daily(S) groups are presented in Table 2. ANOVA revealed a significant Group [Combined(R) vs. Twice-daily(S)] × Time (baseline vs. post-rTMS) interaction effect on AM change (F1,53 = 9.08, p = 0.004) but no main effect of Time (F1,53 = 0.86, p = 0.36) or Group (F1,53 = 0.29, p = 0.59). Further, post hoc analyses using Sidak’s multiple comparison tests indicated that real stimulation significantly enhanced AM score compared to baseline (t = 3.35, p = 0.003) (Figure 2C) while sham stimulation did not (t = 1.29, p = 0.37) (Figure 2C). In addition, the average percentage change in AM score was not significantly higher in the Combined(R) group than the Twice-daily(S) group [32.11% (SEM = 9.49) vs. 3.0% (SEM = 14.8); p = 0.09] (Figure 2C).



Stroop test performance

The Stroop test response times and error rates for Combined(R) and Twice-daily(S) groups are presented in Supplementary Table 1. ANOVA indicated no significant Group [Combined(R) vs. Twice-daily(S)] × Time (baseline vs. post-rTMS) interaction. See details in the Supplementary material.





Discussion

In the present study, we found that the twice-daily rTMS enhanced AM significantly better than the placebo effect. However, the improvement in the twice-daily real stimulation group was not significant after multiple comparisons correction. Furthermore, the twice-daily protocol was not superior to the once-daily sessions previously reported by Gao et al. (2021). When combining the twice- and once-daily rTMS data to enlarge sample size, the group by time interaction effect showed better AM improvement in the real than sham group, and the post hoc analysis in real group survived the multiple comparisons correction.

Wang et al. (2014) first reported that once-daily rTMS session targeting the hippocampal-cortical network can significantly improve AM, but several subsequent studies yielded inconsistent findings. We speculated that doubling the number of stimuli by delivery twice-daily rTMS sessions could induce significant AM improvement as has been shown for other clinical effects of rTMS, including relief of depressive symptoms (Cole et al., 2020). Twice-daily rTMS sessions did enhance AM task performance to a greater extent than sham rTMS (34.7 vs. 3.0%). But the difference from baseline was not significant by post hoc multiple comparison tests for the twice-daily real stimulation group. As small sample size reduces statistical power (Button et al., 2013), we combined the Twice-daily dataset and Once-daily dataset from our previous experiment (Gao et al., 2021) to enlarge the sample size (N = 36), and post hoc multiple comparison test analyses showed significant AM improvement. An insufficient sample size could contribute to variability and affect the reliability of non-invasive brain stimulation studies (Guerra et al., 2020a,b). Thus, the required sample size should be calculated with great care in future TMS studies. We recommend that future studies examining multi-day rTMS-induced effects on memory include more participants in the real rTMS group.

Increasing the number of rTMS sessions per day and number of pulses per day has been reported to have superior antidepressant and altering cortical excitability efficacy (Nettekoven et al., 2014; Cole et al., 2020). Thus, increasing the session number was expected to enhance AM improvement from rTMS on the IPL. However, improvements twice-daily and once-daily rTMS were roughly equal (34.7 vs. 28.9%). An alternative strategy to increase rTMS dose is to use multiple targets, as several studies have demonstrated that other cortical nodes in the hippocampal-cortical network, such as dorsolateral prefrontal cortex (DLPFC), contribute to AM (Blumenfeld and Ranganath, 2006; Bilek et al., 2013). Future studies should consider combined DLPFC- and IPL-targeted rTMS.

This study has several limitations, most notably the small sample size. Although combining datasets yielded significant AM improvement, the two studies differed in several respects (e.g., experimental design, stimulus doses). Future large-sample prospective studies are warranted to document the reliability and duration of this AM-enhancing effect. Second, the RMT was measured only once rather than prior to each session, and a previous study reported that RMT varied significantly across days among subjects receiving rTMS (Cotovio et al., 2021).



Conclusion

Possibly due to the small sample size, our prospective experiment did not find significant rTMS effect on memory. But this effect may become significant if more participants could be recruited as revealed by our retrospective analysis.
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Combined(R) Twice-daily(S) Statistics/p

(N =36) (N=19)
Demographic
Age (years) 21.75(0.38) 21.11 (0.48) 0.35%
Gender (female/male) 20/16 10/9 >0.9999°
RMT (%) 60.22 (1.16) 63.53 (1.27) 1.79/0.08¢
Test delay (h)d 22.14 (0.49) 21.42 (0.92) 0.68/0.50°
Tests
AM test (Baseline) 4.61(0.37) 5.16 (0.62) 0.81/0.42°¢
Stroop test (Baseline)
low interference (s) 1.31 (0.30) 0.75 (0.28) 1.23/0.22¢
high interference (s) 7.51(0.74) 7.50 (0.66) 0.01/0.99¢

Data from Combined(R) and Twice-daily(S) groups are represented as mean (SEM).
aMann-Whitney test; PFisher’s exact test; “Two-sample t-test; 4Test delay depicts the
interval between the end of final stimulation session and the post-rTMS tests.
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Twice-daily(R) Once-daily(R) Statistics/p

(N =20) (N =16)
Demographic
Age (years) 22.25 (0.55) 21.13(0.48) 0.25%
Gender (female/male) 13/7 9/7 0.31P
RMT (%) 60.80 (1.23) 59.50 (2.15) 0.55/059°¢
Test delay (h)d 21.22 (0.82) 23.28 (0.17) 2.21/0.03¢
Tests
AM test (Baseline) 4.55 (0.45) 4.69 (0.62) 0.18/0.86°¢
Stroop test (Baseline)
low interference (s) 1.50 (0.28) 1.06 (0.59) 0.08°
high interference (s) 7.62 (0.90) 7.38 (1.24) 0.16/0.88¢

Data from Twice-daily(R) and Once-daily(R) are represented as mean (SEM). *Mann-
Whitney test; Fisher’s exact test; “Two-sample t-test; 9Test delay depicts the interval
between the end of final stimulation session and the post-rTMS tests.
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Twice-daily(R) group
Twice-daily(S) group
Once-daily(R) group
Combined(R) group

Baseline

4.55 (0.45)
5.16 (0.62)
4.69 (0.62)
4.61(0.37)

AM scores

Post-rTMS

5.70 (0.63)
4.53 (0.53)
5.94 (0.84)
5.81 (0.51)

AM performance provided as mean raw scores (numbers of words correctly recalled).

Data are represented as mean (SEM).
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Twice-daily(R) Twice-daily(S) Statistics/p

(N =20) (N=19)
Demographic
Age (years) 22.25 (0.55) 21.11(0.48) 0.14%
Gender (female/male) 13/7 10/9 0.52b
RMT (%) 60.80 (1.23) 63.53 (1.27) 1.54/0.20°
Test delay (h)d 21.22 (0.82) 21.49 (0.93) 0.21/0.83¢
Tests
AM test (Baseline) 4.55 (0.45) 5.16 (0.62) 0.80/0.43¢
Stroop test (Baseline)
low interference (s) 1.50 (0.28) 0.75(0.28) 1.88/0.07¢
high interference (s) 7.62 (0.90) 7.50 (0.66) 0.11/0.91¢

Data from Twice-daily(R) and Twice-daily(S) groups are represented as mean (SEM).
aMann-Whitney test; "Fisher’s exact test; “Two-sample t-test; 4Test delay depicts the
interval between the end of final stimulation session and the post-rTMS tests.
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Variable

Headache (%)
Nausea (%)
Dizziness (%)

Control group, citalopram + sham

Control group

40 (80)
11(22)
35(70)

S; TMS group,

italopram + T!

TMS group

42 (34)
10 20)
39.(78)

Statistics

P-value

0.603
0.640
0.242
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Variable Control group TMS group

Baseline Week 8 Baseline Week 8
MMSE 2534311 2633 1,05 25254322 2825+ 1237
NIHSS 1031£2.22 448+ 1.12Y 1028 £2.11 323+ 1347

Control group, citalopram ++ sham TMS; TMS group, citalopram + TMS. MMSE, Mini-mental State Examination; NIHSS, National Institute of Health Stroke Scale (NIHSS). vs. baseline,
“P < 0.01; vs. baseline, YP < 0.001; vs. week 8, P < 0.001; vs. week 8, P < 0.0001.
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Variable

Baseline
cc 241£072
REPP 0334022
RPP 053%0.11

Control group, citalopram <+ sham TMS; TMS group, citalopram + TMS. C
. "P < 0.01; vs. baseline, YP < 0.001; vs. week 8, 7P < 0.01; vs. we

percentage. vs. baselit

Control group
Week 8

2924078
048 £0.12"
031£0.10¢

Baseline

2434091
034%0.11
0554012

TMS group
Week 8
3464 1127

053034
021 %0077

ategories completed; REPP, percent conceptual level responses percentage; PRP, perseverative responses
$p < 0.0001.
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Variable Control group

No. of patients 50

Age (years) 48.13 % 13.42
Male/female 24(26)
Onset time of PSD 4234225
BMI (kg/m?) 23114241
Education level (years) 1134325
Hypertension (%) 1020)
Diabetes (%) 5(10)
MMSE (at admission) 2534321
HAMD-17 (at admission) 2454227

BMI, body mass inde»

Control group, citalopram + sham TMS;

TMS group

50
48.25 £ 12.82
2723)
4154182
23284134
1184297
9(22.5)
6(12)
2549 +£2.29
2440 £3.01

Statistics

P-value

0.964
0.5485
0.845
0.664
0424
0799
0749
0.789
0782
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TMS-EEG References n (F)
measure

TEP
30 (15)
Voineskos
etal, 2021
33(19)
Eshel etal,,
2020
Povwer analysis
38(19)
Hill et al, 2021
Other
26 (17)
Hadas etal,
2019

ateral;

lectroconvulsive therapy; MC
L, unilateral; DLPF

EEG
protocol (# protocol  period
of (stimulation
electrode; intensity,
reference; TMS

electrode  stimulation
placement) site)

Type

64 electrodes; 120% RMT;  Baseline, Brain

Common  Single-pulse  post-treatment stimulation
average T™MSto therapies.
reference; NA DLPEC.

64 clectrodes; 120%RMT; ~ Baseline, Brain

Common  Single-pulse  post-treatment stimulation
average TMS to therapies
reference; NA left/right

DLPEC, left

VAN, left V1
64 clectrodes; 120% RMT;  Baseline, Brain
Common Single-pulse  post-treatment stimulation
average TMSto therapies
reference;  DLPEC, motor
10-20 system  cortex.
64 electrodes; NA; Baseline,  Brain

Common  Single-pulse  post-treatment stimulation
average TMS to left therapies
reference; NA DLPFC.

motor cortex;

(ST, magnetic scizure therapy; RMT,

dorsolateral prefrontal cortex.

sting motor threshold; r1

name

TMS

1TMS.

MST or ECT

1TMS.

protocol length

120% RMT, BL 30 ions.
rTMS
(R-DLPFC
1Hz +
L-DLPEC
10Hz) or UL
rTMS
(L-DLPFC
10Hz) or sham
120% RMT,
L-DLPFC

20 sessions

10 Hz rRMS or

sham

BL MST (F3
and F4) or BL sessions
ECT

~1420

120% RMT, BL 3-6 weeks
FTMS

(R-DLPFC

1Hz+

L-DLPFC

10Hz) or UL

TMS

(L-DLPFC

10 Hz) or sham

15, repetitive transcranial magneti

TMS-EEG Recording Treatment Treatment Treatment Treatment Quality =~ Outcome Brain

assessment measure

High P60;
Ni45;

N100

High P30

Low 8 power;
0 power;

o power

SCD;
scs

High

Change in Association

region measure  with
following response
treatment
GMFA No;
b No;
4 Yes
Frontaland | Yes
Parietal
electrodes
MG MST: MST: No; No;
DLPFC 4 over DLPFC; Yes ECT: No;
4 over DLPFC; No; Yes
4 over DLPFC
ECT:
1 over MC
and DLPECG;}
over MCand
DLPFC;
4 over DLPFC
NA Ns; NA; Yes
4
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rEEG References n(F) EEG rEEG protocol Recording Treatment Treatment Treatment Treatment Quality =~ Outcome Brain  Changein Association

mea- protocol (# (recording  period  type name protocol length  assessment measure  region measure  with
sure of time; EO vs. following response
electrode; EC; rEEG treatment
reference; measure)
electrode
placement)

Power analysis

20(11) 64 electrodes;  3min; EO and ECsax Baseline, Other therapies  Mindfulness-  25hgroup  Ssessions  Moderate  asymmetry  FR NS NA
Szumska etal., Cureference;  (8-13Hz)band.  post-treatment based cognitive sessions
2021 10-20 system therapy

26(13) 64 clectrodes;  NA;NA; (1-4Hz), From timeof ~ Other therapies  Ketamineor  Ketamine 025 1infusion  High 0 power; NA ¢; Nos
McMillan et al., FCz reference; 0 (4-8Hz), infusion (few placebo my/kg. High B power; [y No;
2020 NA (8-13Hz), Highp  mins) Lowy power; T No;

(28-40Hz), Lowy High'y power; 1; Nos
(42-53 Ha), Highy 5 power; & No;
(55-67 Hz) bands. @ power; 13 Nos

Low B power (% No

32(27) 128 electrodes; 2min; EC and EO; ¢ Baseline, After Brain stimulation tACS or sham 10 Hz-tACS (n 5 sessions High o power FR 4 OverLH (10 No
Alexander Czreference;  (8-12Hz)band.  5daysof therapies =10)or 40 Hz- tACS only)
etal, 2019 10-20 system treatment, 4 HzAACS (n =

week follow-up 11) or Active
sham at 10 Hz
(n=1).

42(23) 30 electrodes;  3min; EOand EC; 0 Baseline, After Brain stimulation  1TMS 110% RMT, HF 15sessions  Low 0 power; NA N§; Noy
Bailey etal, CPzreference; (4-8 Hz),a 1-week of therapies L-DLPFCor LF a power NS No
2019 NA (8-13Hz)bands.  treatment, R-DLPFC or

post-treatment BLITMS (C)).

37(32) 4 electrodes; A2 10 min; EC; 3 Baseline, Other therapies ~~ Ketami Ketamine05 linfusion  High Relatived  NA 4 Yes;

Caoetal, 2019 reference; NA  (1-3.5Hz),0 post-treatment placebo or 0.2 mg/kg. power; 4 Yes
(4-75Ha), lower o Relativea
(8-10Hz), upper & power
(10.5-12 Hz) bands.

16 3Selectrodes; NA;EC:d Baseline, Brain stimulation  sTMS or sham  STMS (1= 10) 6 weeks High Absolute NA NS; Na;
Cooketal,  (NA)  Pzreference;  (0.5-4Hz), 0 Post-treatment  therapies or sham (s power; NS NA
019 10-20 system  (4-8Hz), 6. Relative power

(8-12H2),B
(12-20 Hz) bands.

194 3Selectrodes; 10min EC;3+0  Baseline, After Antidepressant  Escitalopram  Escitalopram 7 weeks High s0power;  NA 1 inSSRI Yes;
Leuchteretal, (124)  pyreference;  (2.5-8Hz)ora 1-week of pharmacotherapies  (SSRI) or (n=143)10 « power group; Yes
017 NA (8-12Hz) bands.  treatment placebo mg L in SSRI group

655 26electrodes; 2min; EOand EG;a Baseline Antidepressant  Escitalopram  Escitalopram 8 weeks Moderate & power R +Right FRin  Yes, for Fonly
Amsetal, (378)  Average (NA) band. pharmacotherapies  (SSRI) or (n=217) SSRI group
2016 ‘mastoid Sertraline 10-20mg. only.

reference; (SSRI) or Sertraline (n =
10-20 system Venlafaxine- 234)
XR 50-200mg,
(SNRI) Venlafaxine-
XR (2= 204)
75-255 mg

90(49) 26 electrodes;  2min; ECand EO;x Baseline Brainstimulation  TMSand  110%MT,HE 21sessions  Low apower NA NS Na
Amsetal, Average (7-13 Hz) band. therapies psychotherapy L-DLPEC or LE
201 mastoid R-DLPFC

reference; FIMS/
10-20 system

37(26) 20 electrodes;  8mins ECand EOsa Baseline, Other therapies ~ Behavioral €] L6sessions  Low casymmetry  FR NS No
Gollan etal, Average (8-13Hz)bands.  Post-treatment Activation
2014 mastoid Treatment

reference;
10-20 system

51(28) 32 electrodes;  3mins EC; o Baseline, After  Antidepressant  Escitalopram  Escilatopram 12 weeks  Moderate  a power R 1 in SSRI group Yes
Jaworska etal., Average (10.5-13Hz) band.  1-week of pharmacotherapies  (SSRI) or (n=17) (without
2014 mastoid treatment Bupropion  10-40mg. placebo-

reference; (DRI) or SSRI Bupropion (1 controlled)
10-10 system + DRI = 16) 150-450
mg.

180 4 electrodes; 305 EO; Baseline Brain stimulation rTMS or sham  120% MT, HF 6 weeks Moderate o power; NA NA; NS;
Widgeetal,  (Np) NA;NA (85-12H2), B therapies L-DLPEC (single- B power; NA; NS;
2013 (12-20Hz), FTMS or sham. blinded) 0 power NA NS

(2-8.5 Hz) bands.

20(14) 20 electrodes; 8 mins NA; o Baseline, Other therapies ~ Exercise+  Exercisegroup 1year (2 Low Absolute  NA ! No
Deslandes Linkedears  (8-13Hz)band.  Post-treatment pharmacotherapy- exercise power pharmacotherapy
etal, 2010 reference; (Decided by pharmacotherapy group only

10-20 system physician)  (C)) (n=10) or
pharmacotherapy
only (Cl)

(n=10)

51(32) 35 electrodes; Bascline, After  Antidepressant  Fluoxetine  Fluoxetine 8 weeks High Absoluteor  NA Ns NA
Cook, 2002 Pz reference; 48h, 1 week of pharmacotherapies  (SSRI) or 20mg. relative power

10-20 system treatment Venlafaxine  Venlafaxine

(SNRDor  375-150 mg.
placebo

25 2lelectrodes; 20min EG3 Baseline, Antidepressant  Paroxetine  Paroxetine 20 6 weeks Low Absolutea N 4 Noy
Knottetal,  (NA) Linked-ears  (15-3.5Hz),0 post-treatment  pharmacotherapies  (SSRI) or mg. power; 1 No;
2002 reference; (35-7.5H2).« placebo Absolute . n No;

10-20 system  (7.5-12.5Hz), B power; 5 Noy

(12.5-25 Hz) bands. Relative 3 i Nos
power; 0 No
Relative
power;
Relative 0
power;
Relative o
power

51( 35 electrodes; Baseline, Antidepressant Fluoxetine Fluoxetine (1 = 7-8 weeks High Absolute § NA NS; Nos
Leuchteretal, 31)  pyreference;  (0.5-4Hz), 0 1-week post  pharmacotherapies  (SSRI) or 21) 20mg. pover; NS; No;
2002 10-20 system  (4-8 Hz), o placebo, After Venlafaxi Venlafaxine (n Absolute 0 NS; No;

(8-12Hz),p 2,3,8 weeks of (NRhor  =27)375-150 power; NS No
(12-10Hz) bands.  treatment placebo mg. Absolute
pover;
Absolute B
pover
Cordance

46/(26) 32electrodes;  3min; EC; PF (Fpz, Bascline, After  Antidepressant  Escitalopram ~ CJ 12weeks  Moderate  Ocordance  PEMRE | Yes (+
dela Salleetal, Common Fp2)and MRF (FZ, l-weekof ~ pharmacotherapies ~(SSRI) or (without Remission)
e average Fp1, F4,F8) 0 treatment Bupropion placebo-

reference;  (4-8 Hz) Cordance (DRI) or SSRI controlled)

10-10system  calculated. +DRI

42(23) 30 electrodes;  3min; EOand EC; 6 Baseline, After Brain stimulation  1TMS. 110% RMT, HF 15sessions  Low Ocordance  NA NS No

iley etal, CPz reference; (4-8Hz) Cordance  1-week of therapies L-DLPFC or LF
2005 NA calculated treatment, R-DLPFC or
post-treatment BLITMS (C))

37(32) 4 electrodes; A2 10 min; EC;0 Baseline, Other therapies ~ Ketamineor  Ketamine 0.5 1infusion  High Ocordance  NA 4 Yes
Caoetal, 2019 reference; NA  (4-7.5Hz) Cordance post-treatment placebo or 0.2 mg/kg.

alculated.

25(20) 21 electrodes;  10min; EC; PF (FP1, Baseline, After Brain stimulation  rTMS + 100% MT,LF 4 weeks Moderaste  Ocordance  NA i Yes
Bares etal, FCzreference; FP2,F2)0 (4-8Hz) 1-week of therapies placebo R-DLPFC (without
20152 10-20 system  Cordance calculated. treatment YTMS placebo-)

25(20) 21 electrodes; 10 min; EC; PF (FP1, Baseline, After Antidepressant Venlafaxine ~267 mg/day 4 weeks Moderate 8 cordance PF 4 Yes
Bares etal, FCzreference; FP2,Fz)0 (4-8Hz) 1-week of pharmacotherapies  (SNRI) + sham (without
2015b 10-20 system  Cordance calculated. treatment placebo-

controlled)

72(43) 35 electrodes;  NA; EC; MRF (FPz,  Baseline, Antidepressant  Fluoxetine  Fluoxetine (n = § weeks High Ocordance  MRF D Associated with
Hunter etal, Pzreference;  Fz, FP2, AF2,F4)0  1-week pharmacotherapies  (SSRI) or 13)20mg. treatment-
2010a 10-20 system  (4-8 Hz) Cordance  post-placebo, Venlafaxine  Venlafaxine (1 emergent

aleulated. After 48,1,2, (NRDor  =24)150 mg. suicidal
and 4hof placebo ideation
treatment,
post-treatment

94(58) 35 electrodes;  NA; EC; MRF (AF2, Bascline, After  Antidepressant  Fluoxetine  Fluoxetine (n = 8 weeks Ocordnce MR 1 Yes
Hunter etal, Pzreference;  F4, FS, FP2, Pz, Fz) 48h, 1-week of pharmacotherapies (SSRI)or 14) 20mg.

20106 10-20 system 0 (4-8 Hz) Cordance treatment Venlafaxine  Venlafaxine (1
clculated. (SNRDor  =35) 150 mg.
placebo

37(23) 35electrodes;  NA;EG; MRF (FPz, After 48h,  Antidepressant  Fluoxetine  Fluoxetine (n = § weeks High Ocordnce  MRF i Yes (+
Cook etal,, Pzreference;  Fz, FP2, AF2, 4, F8) 1-week,2 pharmacotherapies  (SSRI) or 13)20mg. Remission)
2009 10-20 system 0 (4-8 Hz) Cordance weeks of Venlafaxine ~ Venlafaxine (1

aleulated. treatment (SNRDor  =24) 150 mg.
placebo

58 35clectrodes; NA;EC;PF(FPI,  Baseline, Antidepressant  Fluoxetine  Fluoxetine (= 8 weeks High Ocordance  PF 4 Yes, during
Hunteretal,  (NA) Pz referen FPz, FP2) 0 (4-8 Hz) 1-week pharmacotherapies  (SSRI) or 13) 20mg. placebo lead-in
2009 10-20 system  Cordance calculated. post-placebo Venlafaxine ~ Venlafaxine (n inFonly

(SNRI) or =24) 150 mg,
placebo

51(35) 35electrodes; NA;EC; 0 (4-8Hz)  Baseline, Antidepressant  Fluoxetine  Fluoxetine (n = § weeks High Ocordnce  PF . Yes, during
Hunter etal, Pzreference;  Cordance calculated. 1-week pharmacotherapies  (SSRI) or 24) 20mg. placebo lead-in
2006 10-20 system post-placebo, Venlafaxine  Venlafaine (1

After 48,1, 2, (SNRI) or =27) 150 mg.
and 4hof placebo

treatment,

post-treatment

51(32) 35electrodes; NA;EC;0(4-8Hz) Baseline, After Antidepressant Fluoxetine Fluoxetine 8 weeks High 6 cordance PF 1 Yes
Cook, 2002 Pzreference;  Cordance calculated. 48h, 1 week of - pharmacotherapies  (SSRI) or 20mg.

10-20 system treatment Venlafaxine  Venlafaxine

(SNRDor  37.5-150 mg.
placebo

51(31) 35electrodes;  NA; EC; 0 (4-8Hz) Baseline, Antidepressant  Fluoxetine  Fluoxetine (n= 7-8 weeks  High cordance  PF tPhcebo  Yes;
Leuchter etal., Pzreference;  Cordance calculated. 1-week pharmacotherapies  (SSRI) or 24) 20mg. responders  Yes
2002 10-20 system post-placebo, Venlafaxine  Venlafaxine (n and |

After 2, 3,8 (SNRI) or =27) 37.5-150 medication
weeks of placebo mg. responders
treatment

Current density

248 72 electrodes; EC; 0 current  Baseline, After Antidepressant Sertraline Sertraline (n= 8 weeks High 6 current rACC 1 (Non-specific Yes
Pizzagallietal, (160)  Common density calculated.  1-week of pharmacotherapies  (SSRI) or 121) ~200 mg. density for treatment
2018 average treatment placebo group)

reference; NA

655 26electrodes; 2min; EC; O current Baseline, Antidepressant  Escitalopram  Escitalopram 8 weeks Moderate 6 current YACC,PE | (More Yes
Amsetals(378)  Average density calculated.  post-treatment pharmacotherapies (SSRI) or (n=217) density pronounced in
2015 mastoid Sertraline 10-20mg. TRD)

reference; (SSRI) or Sertraline (1

10-20 system Venlafaxine-  234) 50-

XR 200mg.Venlafaxine-
(SNRI) XR (n=204)
75-255mg.

74(64) 32 electrodes; 20 min; ECix Baseline, Afier  Antidepressant  Fluoxetine  Fluoxetine 1 year Low @ current Occipital, |, No

Almeida Average current density 1-and 2-weeks pharmacotherapies (SSRI) (SSRI) 20mg density Parietal,
Montesetal, mastoid caleulated. of treatment, during week 1, ACC,
05 reference; After 1.2,6,9, 40 mg from mOFC,

10-20 system and 12 months week 2- 1 year thalamus,

of treatment caudate
nucleus

51(28) 32electrodes;  3min; EC; current  Baseline, After Antidepressant Escitalopram  Escilatopram 12 weeks Moderate 6 current rACC 1 InSSRI + Yes
Jaworska etal, Average density calculated.  1-week of pharmacotherapies  (SSRI) or (n=17) (without density DRI group
2014 mastoid treatment Bupropion  10-40mg. placebo-

reference; (DRI)or SSRI  Bupropion (1 controlled)

10-10 system + DRI 6) 150-450
mg.

22(12) 36 electrodes; 20 min; EC;0 5-weeks Antidepressant Sertraline  Sertraline 8 weeks High 6 current TACC t Yes
Hunter etal., Pz reference;  current density pre-treatment, pharmacotherapies  (SSRI) or 50-150 mg. density
2013 10-20 system ~ calculated. immediately placebo

post-treatment
(baseline)

72(43) 36 electrodes; 20 min; EC;0 Baseline Antidepressant Fluoxetine  Fluoxetine (= § weeks High 0 current ACG b Yes;
Korb etal,, Pzreference;  current density pharmacotherapies  (SSRI) or 37) 150mg. density mOFC NS NA
2011 10-20 system  calculated. Venlafaxine  Venlafaxine (1

(NRor  =35)20mg.
placebo

41(24) 67 electrodes; ECand EO; o Bas Antidepressant SSRIorSNRI ~ CJ s-12weeks  Low acurrent NA t Yes
Tenkeetal, Average PO1  current density pharmacotherapies  or SSRI + density
2011 and PO2 caleulated. NDRI

references; NA

43(25) 19 electrodes; 20 min; EC; 0 Baseline, Brain stimulation  rTMSor sham  110% MT, HE 2 weeks Moderate 6 current SACG Yes;
Narushima Linkedears  currentdensity  post-treatment therapies L-DLPEC density rACC 4 Yes
EKaL, 2010 reference; calculated. TMS (n = 32)

10-20 system or sham (n=
).

72(43) 36 electrodes; 20 min; EC;0 Antidepressant Fluoxetine  Fluoxetine (= § weeks High 6 current TACC; 1; Yes;
Korb etal,, Pareference;  current density pharmacotherapies  (SSRI) or 13) 150 mg. density mOFC 1 Yes
2009 10-20 system ~ calculated. Venlafaxine  Venlafaxine (1

(SNRI) or =24)20mg.
placebo

20(13) 33 electrodes;  5mins EC; 0 current Baseline Antidepressant Citalopram ~ Citalopram (n 4 weeks Moderate 0 current ACG b Yes;
Mulertetal, Czreference;  density calculated. pharmacotherapies  (SSRI) or =11 density mOFC t Yes
20072 10-20 system Reboxetine  20-60 mg.

(NR) Reboxetine (1
=7)4-12mg.
0(13) 33 electrodes; EC; 0 current Baseline Antidepressant Citalopram  Citalopram (n 4 weeks Moderate 6 current rACC t Yes
Mulert etal., Czreference; ~ density calculated. pharmacotherapies  (SSRI) or =1) density
2007b 10-20 system Reboxetine  20-60mg.
(NRI) Reboxetine (1
7)4-12 mg.

18(10) 28 electrodes; 30 min; EC; 0 Baseline Antidepressant  Nortriptyline  Nortriptyline  4-6 months ~ Low 0 current TACC + Yes
Pizzagalli etal, Average current density pharmacotherapies  (TCA) 50-150 ng/ml. density
2001 reference; calculated.

10-10 system

ATR

180 4 electrodes; 30s; EO; ATR Baseline rTMSor sham  120% MT, HF 6 weeks Moderate ATR NA NS NA
Widgeetal,  (NA)  Na;NA alculated. therapies L-DLPFC (single-

2018 TMS or sham. blinded)

67(45) 4 clectrodes; 6 minand 2min EO; Baseline, Afier  Antidepressant  Escitalopram  Escilatopram 13 weeks  Moderate  ATR NA + Yes
Cooketal, NA;NA EG; ATR caleulated. 1-weekof ~ pharmacotherapies (SSRI) or 10mg.

2013 treatment Bupropion  Bupropion 300
(DRI or SSRI mg.
+DRI

23(15) 35 electrodes;  NA; EC; ATR Baseline, Antidepressant  Fluoxetine  Fluoxetine (= § weeks High ATR Na TInSSRI Yes

Pzreference;  calculated. post-treatment  pharmacotherapies  (SSRI) or 13)20mg. group.

10-20 system placebo

220 2electrodes;  6minECand2min Baseline, After Antidepressant  Escitalopram  Escilatopram 7 weeks Moderate  ATR Na TInSSRI  Yes
Leuchter etal. (137)  Fpzreference; EO; ATR calculated. 1-weekof ~ pharmacotherapies  (SSRI) or (n=73) 10mg. group (+Remission)
2009 NA treatment Bupropion  Bupropion (1

(DRI or SSRI  =73) 300mg.
+DRI Escilatopram +
Bupropion (1
4).

20 2electrodes;  6minECand2min Baseline, After Antidepressant  Escitalopram  Escilatopram 7 weeks Moderate  ATR Na TINSSRI  Yes
Leuchteretals - (137)  Epz reference;  EO; ATR calculated.  1-week of pharmacotherapies  (SSRI) or (n1=73) 10mg. group, (+Remission);
20095, NA treatment Bupropion  Bupropion (n 1 in DRI group Yes

(DRI)or SSRI  =73) 300 mg.
+DRI Escilatopram +
Bupropion (i
=74).
Vigilance
91(66) 256 electrodes; 3min; ECand EO;  Baseline, Antidepressant Escitalopram  Escilatopram & weeks Low Stage 0; Na Ns; No;
Ip etal, 2021 Vertex EEG vigilance post-treatment ~pharmacotherapies  (SSRI) or (n=76) Sub-Stage A2; NS; No;
reference; NA  calculated using Duloxetine Stage B; NS; No;
algorithm. (SNR) Sub-stage BI + Yes
=15) ~30-120
mg.

27(17) 31 clectrodes; 15 min EGEEG  Baseline, Other therapies ~ PartialSleep ~ Awakefrom  Isession  Low Mean Vigilance NA i Yes
Sander etal,, NA;10-20  vigilance calculated  post-treatment Deprivation  am. to8 pn. Value
2018 system using algorithm.

65(33) 31 electrodes;  NA;NA; EEG Baseline, Antidepressant  Escitalopram  CJ 4weeks Low Stage 0; NA i Yes;
Schmidtetal, Common vigilance calculated  post-treatment pharmacotherapies  (SSRI) or Sub-Stage A2 I Yes;
2017 average using algorithm. Mirtazapine Stage B; t Yes;

reference; (atypical) or Sub-stage B1 1 Yes

10-20 system other

1,008 26 electrodes;  3min; EC; E Baseline, Antidepressant  Escitalopram  Escitalopram 8 weeks Moderate  CNSarousal  NA LSSRionly  Yes

etal. (NA)  Average vigilance calculated  post-treatment - pharmacotherapies  (SSRI) or (n=198) (+Remission)
2016 mastoid using algorithm. Sertraline 10-20mg.

reference; (SSRI) or Sertraline (1=

10-20 system Venlafaxine-  216) 50~
XR 200 mg Venlafaxine-
(SNRI) XR (n = 184)

75-225mg.
Normalizations and abnormalities

453 26electrodes; 2min; EOand EC;ax Baseline, Antidepressant Escitalopram  Escitalopram 8 weeks Moderate aasymmetry  FR 1 OverRHin  Yes, in Fonly
vander Vinne - (247) - Average asymmetry post-treatment  pharmacotherapies ~ (SSRI) or (n=136) SSRI group
etal, 20190 ‘mastoid calculated. Sertraline 10-20mg.

reference; (SSRI) or Sertraline (n =

10-20 system Venlafaxine- 169)

XR 50-200mg.
(SNRI) Venlafaxine-

57 26electrodes; Baseline, Antidepressant  Escitalopram  Escitalopram 8 weeks Moderate  Normalization NA NA Yes, associated
vander Vinne  (NA) - Average Presence of post-treatment pharmacotherapies  (SSRI) or (n=19) with 5.2x
etal, 20192 mastoid abnormal EEG Sertraline 10-20mg. lihood of

reference; (SSRI) or Sertraline (1= response to

10-20 system Venlafaxine-  10) 50-200 mg. Sertraline

XR(SNRD or  Venlafaxine-
other XR (n=10)
75-225 mg

622 26electrodes;  2min; EC; Presence  Baseline Antidepressant  Escitalopram  Escitalopram 8 weeks Moderate  Epileptiform  NA NA Presence of
Amsetal. - (356)  Average of abnormal EEG pharmacotherapies  (SSRI) or 10-20 mg. EEGEEG NA; epileptiform
2017 ‘mastoid activity Sertraline Sertraline slowingsa peak NA EEG and EEG

reference; (SSRI) or 50-200mg. frequency slowing

10-20 system Venlafaxine-  Venlafaxine- associated with

XR XR75-255 Lresponse in

(SNRI) mg SSRI and SNRI
group.
Presence of
slow a peak
associated with
response to
Sertraline only.

IAPE

42(23) 30electrodes;  3min; EOand EC;  Baseline, After Brain stimulation  1TMS 110% RMT, HF 15 sessions  Low IAPE NA Ns No
Bailey etal,, CPz reference; iAPF calculated. 1-week of therapies L-DLPFCor LF
205 NA treatment, R-DLPFC or

Post-treatment BLITMS (C)).

83(70) 2electrodes;  NA; NA; iAPF Baseline Brain stimulation  sTMSorsham  STMS (n=42) 10weeks  High IAPE NA + Yes
Philip etal., NA; 10-20 cleulated. therapies or sham (n
2019 system =41)/

Entropy

36(21) 32electrodes;  3min; ECand EO;  Baseline Antidepressant  Escitalopram  Escilatopram  12weeks  Moderate  MSE. NA 1 Atfine Yes
Jaworska etal., Average MSE calculated. pharmacotherapies  (SSRI) or (n=11) (without temporal scales
2017 mastoid Bupropion  ~30mg. placebo and 1 at

reference; (DRI) or Bupropion (i controlled) coarser

10-10 system nation = 14) temporal scales
~360mg.

Other

90(49) 26 electrodes;  2min; ECand EO;  Baseline Brain stimulation  TMS + 110% MT,HE 21 sessions ~ Low 17¢ NA + Yes
Amsetal, Average LZC calculated. therapies psychotherapy  L-DLPFCor LE
i ‘mastoid R-DLPFC

reference; FTMS.

10-20 system

ACG, anterior cingulate cortex; ATR, antidepressant treatment response; BL, bilateral; CJ, treatment titrated according to clinical judgment; CR, central region; DLPEC, dorsolateral prefrontal cortex; DMPEC, dorsomedial prefrontal cortex; DRI,
dopamine reuptake inhibitor; EC, eyes closed; ECT, electroconvulsive therapy; EO, eyes open; ER, frontal region; HE high-frequency; iAPF, individualized o peak frequency; LF, low-frequency; LH, left-hemisphere; LZC, Lempel-Ziv Complexity; MAOIL,
nhibitor; MRE, midline and right frontal; MSE, multiscale entropy; MT, motor threshold; NRI, norepinephrine reuptake inhibitor; NS, non-significant; PF, pre-frontal; PR, parietal region; rACC, rostral anterior cingulate cortex; rAl,
sula; RH, right-hemisphere; RMT, resting motor threshold; FTMS, repetitive transcranial magnetic stimulation; SCC, subgenual cingulate cortex; sgACC, subgenual anterior cingulate cortex; SGPFC, subgenual prefrontal cortes
erotonin norepinephrine reuptake inhi TCA, tricylic antidepressant; TRD, treatment-
depression; UL, unilateral.

‘monoamine oxidast

right anterior i

SRI, selective serotonin reuptake inhibitor; STMS, synchronized transcranial magnetic stimulation; tACS, transcranial altering current stimulati
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Comparison Cluster No. of voxels P FWE-corr Peak-Z MNI location, mm Structural regions
X Y z
Bilateral > Left 1 196 <0.001 5.63 -8 —-32 70 L Precentral Gyrus
Bilateral > Right 1 474 <0.001 6.41 10 —28 74 R Precentral Gyrus
Left > Right 1 694 <0.001 7.65 10 —28 74 R Precentral Gyrus
2 93 0.001 8.76 —10 —38 —22 L Cerebellum
3 51 0.005 5.08 32 —10 6 R Putamen
Right > Left 1 583 <0.001 721 -8 —-30 70 L Precentral Gyrus
6.24 —6 —36 62 L Postcentral Gyrus
2 230 <0.001 5.82 -30 —22 18 L Insular Cortex
5.48 —28 -8 12 L Putamen
3 75 0.002 5.69 10 —40 —20 R Cerebellum

Results from comparing each bridging task against one another. All clusters were significant at p < 0.05 with familywise error correction (FWE-corr) for analysis.

No. of voxels, number of 2 mm? voxels in the cluster; Peak-Z, peak Z-value within the cluster; L, Left; R, Right.
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N (Female) Average age Age range Weight (Lbs) Height (in)
19(12) 28 (3.9) 21-37 158 (40) 68 (5.2)

Numbers in parentheses for average age, age range, weight, and height indicate
standard deviation.
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Comparison Cluster No. of voxels P FWE-corr Peak-Z MNI location, mm Structural regions
X Y z
Bilateral bridge > Rest 1 200 <0.001 6.04 —10 —40 —-16 L Cerebellum
5.34 6 —42 —16 Vermis
4.92 16 —38 —-20 R Cerebellum
2 497 <0.001 5.89 0 —16 66 Supplemental motor area
5.33 14 —28 66 R Precentral Gyrus
5.28 —12 —-30 68 L Precentral Gyrus
3 37 0.007 5.56 —28 —10 10 L Putamen
Left bridge > Rest 1 230 <0.001 6.6 -8 —42 —16 L Cerebellum
818 —22 —-32 —28 L Cerebellum
2 616 <0.001 6.20 12 —28 70 R Thalamus
3.05 2 —-16 64 R Supplemental motor area
5.58 6 —-32 58 R Precentral Gyrus
3 25 0.012 4.95 30 —10 6 R Putamen
Right bridge > Rest 1 146 <0.001 6.79 —-28 —10 10 L Putamen
4.75 —24 —22 14 L Thalamus
2 554 <0.001 6.42 —-12 —28 70 L Precentral Gyrus
5.97 —4 —-20 64 L Supplemental motor area
5.51 —6 —34 58 L Precuneus
3 238 0.016 6.41 8 —42 —18 R Cerebellum
8.20 24 —-32 —28 R Cerebellum

Comparisons of each task against rest. All clusters were significant at p < 0.05 with familywise error correction (FWE-corr) for analysis. In both unilateral bridging tasks,
the location of the peak voxel within the somatosensory regions were located in the contralateral hemisphere.
No. of voxels, number of 2 mm?® voxels in the cluster; Peak-Z, peak Z-value within the cluster; L, Left; R, Right; Rest, rest condition no movement.
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Study Citation Journal Study type Sample Intervention Outcomes Highlights
counts
Lefaucheur 67 Clin Guidelines \ X X Recommendation: definite
etal., 2014 Neurophysiol analgesic effect of HF rTMS of
M1 contralateral to pain side in
neuropathic pain (Level A)
Mhalla et al., 38 Pain Randomized 40 40 fibromyalgia patients were  Self-reported TMS may be a valuable and
2011 controlled trial randomized to receive active average pain safe new therapeutic option in
or sham rTMS of the left intensity with the patients with fibromyalgia.
primary motor cortex. numerical scale.
Rossini 35 Clin An updated report \ \ \ Further research is still needed
et al., 2015 Neurophysiol to compare the respective
value of various cortical
targets, depending on the side
and frequency of stimulation
and the clinical presentation,
with respect to the location
and the respective
sensory-discriminant and
affective-emotional
components of pain.
Hosomi 31 Pain A randomized, 70 A series of 10 daily 5-Hz McGill pain Daily high-frequency rTMS of
et al., 2013 multicenter, rTMS (500 pulses/session) of  questionnaire. M1 is tolerable and transiently
double-blind, primary motor cortex (M1) or provides modest pain relief in
Crossover, sham stimulation was applied neuropathic pain patients.
sham-controlled trial. to each patient with a
follow-up of 17 days.
de Andrade 29 Pain A randomized, 12 Three groups of 12 volunteers ~ Cold pain thresholds Endogenous opioids are
et al., 2011 double-blind were selected at random and  and the intensity of shown to be involved in the
crossover design. given active stimulation pain. analgesic effects of repetitive
(frequency 10Hz, at 80% transcranial magnetic
motor threshold intensity, stimulation of the motor
1500 pulses per session) of cortex.
the right M1, active
stimulation of the right
DLPFC, or sham stimulation,
during two experimental
sessions 2 weeks apart.
Klein et al., 28 Pain Guidelines \ N N The suffering and disability
2015 associated with uncontrolled
chronic pain, the common and
serious adverse effects
associated with pain
medications, and the
preliminary evidence of
efficacy and safety of TMS for
treating some types of pain
mandate greater investment in
developing this therapy.
Rossi et al., 26 Clin Guidelines \ \ \ The present updated
2009 Neurophysiol guidelines review issues of risk
and safety of TMS in clinical
practice and research.
Moisset 26 European Review \ \ \ LTP-like mechanisms,
et al,, 2016 Journal of Pain dependence on endogenous
opioids and increase in
concentration of
neurotransmitters
(monoamines, GABA) have all
been implicated in its
analgesic effects.
Leung et al., 26 The Journal of A meta-analysis \ \ \ rTMS appears to be more
2009 Pain effective in suppressing
centrally than peripherally
originated neuropathic pain
states.
O’Connell 25 The Cochrane An updated review \ \ \ The available evidence
etal., 2014 database of suggests that low-frequency

systematic
reviews

TMS, rTMS applied to the
pre-frontal cortex, CES and
tDCS are not effective in the
treatment of chronic pain.
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Study

Lefaucheur
etal., 2011

de Oliveira
etal., 2014

Lindholm
etal., 2015

Kang et al.,
2009

Picarelli
etal, 2010

Sigma*

0.14

0.13

0.13

0.13

0.11

Journal

Journal of Pain

Journal of Pain

Pain

Archives of
Physical
Medicine and
Rehabilitation

Journal of Pain

Study type Sample
Retrospective study 59
Prospective, 23
double-blind,
placebo-controlled

study

Randomized, 16
placebo-controlled,

crossover study

Blinded, 11
randomized

crossover study

Double-blind, 23

placebo-controlled,
randomized trial

Intervention

Patients were treated by
epidural motor cortex
stimulation for more than 1
year and in whom active
and sham 10 Hz rTMS
sessions were performed
targeted over the cortical
representation of the painful
area.

Active rTMS and sham
rTMS, and were treated
with 10 daily sessions of
rTMS over the left
PMC/DLPFC (10 Hz, 1,250
pulses/d).

Navigated high-frequency
rTMS was given to the
sensorimotor (S1/M1) and
the right secondary
somatosensory (S2)
cortices.

rTMS was applied on the
hand motor cortical area
using a figure-of-eight coil.
One thousand stimuli were
applied daily on 5
consecutive days. Real and
sham rTMS were separated
by 12 weeks.

Patients were treated with
the best medical treatment
(analgesics and adjuvant
medications, physical
therapy) plus 10 daily
sessions of either real or
sham 10 Hz rTMS to the
motor cortex (M1).

Outcomes

The visual analog
scale

The visual analog
scale

The numerical
rating scale

Numeric rating
scale, the Brief Pain
Inventory

The visual analog
scale

Highlights

Neuropathic pain can be
significantly relieved by
motor cortex rTMS.

rTMS of the PMC/DLPFC is
not effective in relieving
CPSP.

The right S2 cortex is a
promising new target for the
treatment of neuropathic
orofacial pain with
high-frequency rTMS.

The therapeutic efficacy of
rTMS was not demonstrated
when rTMS was applied to
the hand motor cortical area
in patients with chronic
neuropathic pain at multiple
sites in the body, including
the lower limbs, trunk, and
pelvis.

Repetitive sessions of
high-frequency rTMS shows
efficacy as an add-on
therapy to refractory CRPS
type | patients.

*Sigma = (centrality+1)burstness (burstness on the index) to identify innovative reference.
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Brain region Cluster
size
(voxel)

Classical frequency band

(0.01-0.08Hz)
Brainstem 149
Pons 67
Cerebelum_9_R (aal) 21
Medulla 19
Temporal_Sup_L (aal) 260
Slow-4 band (0.027-0.073 Hz)
Temporal_Sup_L (aal) 175
Slow-5 band (0.01-0.027 Hz)
Temporal_Pole_Sup_L (aal) 292

Coordinates
*y2)

12, —42, -39

-51,3,-9

—-60, 6, -9

-57,9,6

Peak t-value

3972

—4.6805

—4.2171

-6.1004

aal, anatomical autometic labeling; L, left; R, right; T, statistical value of peak voxel showing
ALFF changes pre- and post-rTMS (negative values: ALFF decreased after rTMS; positive

values: ALFF increased after rTMS).
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Brain region Cluster Coordinates  Peak t-value

size *v.2)
(voxel)

Classical frequency band
(0.01-0.08Hz)
Insula_L (aal) 506 30, 24,9 ~5.9848
Heschl_R (aal) 253 45,-18,6 —4.0475
Corpus Callosum 109 3,21,12 ~5.489
Slow-4 band (0.027-0.073 Hz)
Insula_L (aal) 274 -30,21,9 —4.4308
Corpus callosum 8
Slow-5 band (0.01-0.027 Hz)
Temporal_Sup_R (aal) 312 45,-18,3 —4.8464
Putamen_L (aal) 354 -30,-18,6 —5.1193
Supp_Motor_Area_L (aal) 367 -6, 15,54 —6.0648

aal, anatomical automatic labeling; L, lef; R, right; T, statistical value of peak voxel showing
ReHo changes pre- and post-rTMS (negative values: ReHo decreased after rTMS).
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SOA Oms 80 ms 160 ms 240 ms 480 ms
Accuracy 95.38 (5.28) 95.37 (5.30) 95.92 (4.97) 95.47 (4.77) 96,42 (4.29)
Reaction time 1.00 0.21) 1.03 (0.22) 1.03 (0.23) 1.04 (0.24) 1.04 (0.20)
Card condition Lie Other Truth

Accuracy 95.18(5.99) 97.43(4.14) 94.52 (5.91)

Reaction time 1.04 (0.24) 1.01(0.22) 1.03 (0.20)

site Left Right Parietal

Accuracy 9651 (4.40) 96.23 (6.89) 94.37 (7.69)

Reaction time 1.06 (0.31) 1.03 (0.25) 1.00(0.19)
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Variable

Age
Sex
Race

Ethnicity
Partnered status
Annual household income

Highest education level

Employment status

Health insurance status

Cigarettes per day
Categories

FTND
Age started smoking, years
Last quit attempt

Self-efficacy for quitting
Motivation for quitting
Delay discounting rates of

Range or categories

20-64 years
Female
White or Caucasian
Black or African American
Other
Non-Hispanic
Un-partnered
<$10,000
$10,000-$24,999
$25,000-$74,999
>$75,000
High school
College
Graduate school
Full time
Part-time
Retired
Disabled
Unemployed
Homemaker
Medicare and/or Medicaid
Private
None
6-25
6-10
>10
0-8
8-44 years
Never
Past year
Greater than 1 year ago
0-10
1-10
$100
$1,000

M (SD) or% (n)

50.78 (10.96)
69.6% (16)
69.6% (16)

13% (3)
17.3% (4)
87% (20)

52.2% (12)
17.4% (4)
39.1% (9)
39.1% (9)

4.3% (1)
39.1% (9)
47.8% (11)

13% (3)
30.4% (7)

13% (3)

13% (3)
8.7% (2)
17.4% (4)
17.4% (4)
78.2% (18)
17.4% (4)
4.3% (1)
14 (5.510)
39.1% (9)
60.9% (14)
5.0 (2.00)

17.96 (6.609)

13% (3)
34.7% (8)
52.2% (12)

6.35 (2.740)
7.91 (2.521)

—3.449 (2.781)

—3.948 (2.707)

Unpartnered, single, divorced, separated, widowed; Partnered, married, partnered,
or living with significant other. FTND, Fagerstrom Test for Nicotine Dependence.
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(A) at 105% RMT of FCR Method Resolution Method x resolution

M1 M2 F p F p F p
FDI 4.81+1.48 4.27 +1.25 F(1,19) = 5.335 0.032 F(2, 38) = 1.655 0.212 F(2, 38) = 3.128 0.093
ADM 1.68 £ 0.50 1.50 £ 0.43 F(1,17) = 5.158 0.036 F(2, 34)=1.927 0.173 F(2, 34) = 2.638 0.122
APB 3.54 +£1.12 3.25 +1.03 F(1,19) = 7.967 0.011 F(2, 38) = 1.002 0.342 F(2, 38) = 3.404 0.079
FPB 2.21 £0.59 2.00 +0.53 F(1,19) =9.775 0.006 F(2, 38) = 1.286 0.273 F(1,19) =9.775 0.006
EDC 1.63 £ 0.33 1.49 £ 0.29 F(1,19) = 19.435 0.000 F(2, 38) = 2.625 0.086 F(1,19) = 19.435 0.000
FDS 140+ 0.22 1.29 £ 0.20 F(1, 19) = 24.526 0.000 F(2, 38) = 0.582 0.517 F(2,38) =11.278 0.002
ECR 2.09+0.43 1.93 £0.39 F(1,19) = 13.025 0.002 F(2,38)=2.576 0.089 F(2, 38) = 5.639 0.023
FCR 1.43 £ 0.19 1.33+£0.17 F(1,17) = 20.599 0.000 F(2, 34) = 0.096 0.830 F(2, 34) = 9.791 0.004

*Bold face implies p < 0.05.
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(A) at 105% RMT Intensity Session Intensity x session p-value pairwise comparison

FDI EDC FCR F P F P F P FDI/EDC FDI/FCR EDC/FCR
FDI  1.61+024 248+060 4.86+1.41 F(2,36)=4.855 0.032 F(1,18)=1.390 0.254 F(2,36)=0.634 0.454 0.307 0.087 0.195
ADM 0.92+021 099+0.17 2.16+0.60 F(2,24)=5.385 0.032 F(1,12)=1.216 0.292 F(2,24)=0.238 0.790 1.00 0.076 0.137
APB 1.683+041 1.89+045 3.74+1.28 F(2,34)=3.050 0.093 F(1,17)=0.939 0.346 F(2,34)=1.337 0.267 1.00 0.213 0.364
FPB 1.18+£0.28 1.53+0.37 2.41+0.69 F(2,34)=3.439 0.073 F(1,17)=4.425 0.051 F(2,34)=1.398 0.260 0.273 0.158 0.406
EDC 1.01£0.21 094 +0.12 1.75+0.36 F(2,34)=5.960 0.016 F(1,17)=0.082 0.778 F(2,34)=0.146 0.865 1.00 0.031 0.078
FDS 0.83+0.12 0.97 £0.18 1.60+0.25 F(2,30)=6.345 0.005 F(1,15)=1.090 0.313 F(2,30)=1.174 0.323 1.00 0.020 0.077
ECR 1.24+020 1.62+043 2.45+0.53 F(2,30)=4.730 0.016 F(1,15)=0.319 0.580 F(2,30)=0.867 0.388  0.947 0.030 0.217
FCR 0.69+0.11 0.99+0.20 1.39+0.20 F(2,30)=5.173 0.012 F(1,15)=2.079 0.170 F(2,30)=1.388 0.265 0.473 0.011 0.376

*Bold face implies p < 0.05.
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M1

A 041
G 090
c, 058
¢, 080

FDI

M2

0.42
0.90
0.59
0.80

ADM

M1

0.67
0.88
0.55
0.68

M2

0.67
0.88
0.55
0.68

APB

M1

0.56
0.89
0.69
0.76

M2

0.55
0.89
0.70
0.76

M1

0.69
0.89
0.61
0.81

FPB

M2

0.69
0.89
0.61
0.82

EDC

M1

0.73
0.92
0.56
0.76

M2

0.72
0.92
0.57
0.76

M1

0.32
0.89
0.51
0.66

FDS

M2

0.31
0.89
0.51
0.66

M1

0.58
0.92
0.51
0.72

ECR

M2

0.57
0.92
0.51
0.72

“Excellent: 0.8 < ICC (dark green, bold); good: 0.65 < ICC < 0.8 (light green); moderate: 0.5 < ICC < 0.65 (yellow); poor: ICC < 0.5 (light red).

FCR

M1

0.15
091
0.53
0.83

M2

0.14
091
0.53
0.83
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Condition

Male/female

Age (year)

Weight (Kg)

SE-L (diopter)

SE-R (diopter)
Astigmatism-L (diopter)
Astigmatism-R (diopter)
Esotropia/exotropia
Color Vision

Confrontation visual field

log MAR-L(BCVA)
log MAR-R(BCVA)

PRT

12/9
9.16 4+ 2.42
22.36 £ 7.27
3.756+1.35
3.156+ 1.55
1.50 £ 0.50
1.565+0.55

12/9

Full

Full
0.68 +0.15

-0.15+0.05

POT

12/9
9.16 + 2.42
22.86:% 7.27
3.45 4+ 1.565
3.25+1.35
1.45 +£0.55
1.35+£0.45

0/0

Full

Full
0.434+0.25

-0.10 £0.05

t/x2

N/A
N/A
N/A
4.431
4.064
5.873
5.054
NA
NA
NA
1.873
7.439

N/A
N/A
N/A
0.864
0.809
0.912
0.846
NA
NA
NA
0.024
0.927

The 2-sample T-test was analyzed between the same patients before and after
low frequency (LF) repetitive transcranial magnetic stimulation (rTMS); Data are
expressed as mean + standard deviation.
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Brain areas MNI coordinates number of T value

voxels
X Y r4

PRT < POT

Fusiform Gyrus (R) 39 -51 -24 61 4.192

Frontal Inf Orb Lobe (L) 21 21 -27 43 4.8077
PRT > POT

Angular Gyrus (R) 45 -66 36 240 -5.6255
Cingulum Mid Lobe (R) 9 -39 39 224 -5.0931
Parietal Inf Lobe (L) —54 -45 45 127 -5.9884

The statistical threshold was set at the voxel level with P < 0.05 for multiple compar-
isons using False Discovery Rate (Q < 0.01 and cluster size > 15).

ALFF, amplitude of low-frequency fluctuation; L, left; R, right; MNI, Montreal
Neurological Institutet; PRT, pre-rTMS; POT, post-rTMS.
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Author

Ophthalmologic Hilbert et al., 2019
diseases
Wang and Luo, 2004
Makris et al., 2013
Bocca et al., 2015
Lietal., 2020
Neurogenic Ferreira et al., 2011
diseases
Wang et al., 2020
Suzuki et al., 2020

Year

2016

2018
2019
2019
2020
2011

2020
2020

Disease

Optic neuritis

Comitant strabismus
Acute eye pain
SAvanced monocular blindness
Retinal detachment
Alzheimer’s disease

Parkinson’s disease
Huntington’s disease
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Brain areas

Cingulum Mid R

Angular R
Parietal inf L

Fusiform R
Frontal Inf Orb L

Experimental result

POT < PRT

POT < PRT
POT < PRT

POT > PRT
POT > PRT

Brain function Anticipated results

Complex somatic and visceral motor function and pain Improve monitoring sensation and stereotactic and memory
response function
The production, expression and reception of language Improve the ability to identify, explain, or remember words
Ability in mathematics and logic Improve logical thinking, divergent thinking and other aspects of the
ability
Responsible for identifying the subcategories of objects Improved ability to identify similar objects

Responsible for thinking, calculation, and related to  Removal of schizophrenia, major depression and anxiety disorders
individual needs and emotions

PRT, pre-rTMS; POT, post-rTMS; L, left; R, right.
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Decreased ALFF

Increased ALFF

Restored visual
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ROC curves of combined risk factors

ROC curves of combined risk factors

1.0 I'— I s
| I — Cingulum Mid R — FusiformR
ug ol —r [ —— e
%‘OS-J 2067
N 0 :.4- ".Spu:if'u:ii';3 N N - :4- Specificity N N
Cutoff value  Sensitivity  Specificity AUC CI p
Cingulum Mid R 1.173 0.869 0.857 0.907 0.816-0.998 <0.001
Angular R 1.286 0.869 0.952 0.961 0.898-0.942  <0.001
Parietal Inf L 1.512 0.826 0.952 0.944  0.868-0.985 <0.001
Fusiform R 0.735 0.857 0.869 0.874  0.757-0.990 <0.001
Frontal Inf Orb L 0.898 0.809 0.913 0.899 0.807-0.990 <0.001
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