

[image: image1]
Simulating tDCS electrode placement to stimulate both M1 and SMA enhances motor performance and modulates cortical excitability depending on current flow direction
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Introduction: The conventional method of placing transcranial direct current stimulation (tDCS) electrodes is just above the target brain area. However, this strategy for electrode placement often fails to improve motor function and modulate cortical excitability. We investigated the effects of optimized electrode placement to induce maximum electrical fields in the leg regions of both M1 and SMA, estimated by electric field simulations in the T1and T2-weighted MRI-based anatomical models, on motor performance and cortical excitability in healthy individuals.

Methods: A total of 36 healthy volunteers participated in this randomized, triple-blind, sham-controlled experiment. They were stratified by sex and were randomly assigned to one of three groups according to the stimulation paradigm, including tDCS with (1) anodal and cathodal electrodes positioned over FCz and POz, respectively, (A-P tDCS), (2) anodal and cathodal electrodes positioned over POz and FCz, respectively, (P-A tDCS), and (3) sham tDCS. The sit-to-stand training following tDCS (2 mA, 10 min) was conducted every 3 or 4 days over 3 weeks (5 sessions total).

Results: Compared to sham tDCS, A-P tDCS led to significant increases in the number of sit-to-stands after 3 weeks training, whereas P-A tDCS significantly increased knee flexor peak torques after 3 weeks training, and decreased short-interval intracortical inhibition (SICI) immediately after the first session of training and maintained it post-training.

Discussion: These results suggest that optimized electrode placement of the maximal EF estimated by electric field simulation enhances motor performance and modulates cortical excitability depending on the direction of current flow.
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1 Introduction

Transcranial direct current stimulation (tDCS) is a non-invasive cortical stimulation procedure in which weak direct currents polarize target brain regions (Nitsche and Paulus, 2000). The application of tDCS to motor-related cortical areas transiently alters cortical excitability and improves motor performance in healthy individuals and patients with stroke (Jeffery et al., 2007; Tanaka et al., 2009, 2011; Madhavan et al., 2011; Tatemoto et al., 2013; Sriraman et al., 2014; Chang et al., 2015; Vitor-Costa et al., 2015; Angius et al., 2016, 2018; Montenegro et al., 2016; Washabaugh et al., 2016). However, the conventional method of placing tDCS electrodes just above the target brain area often fails to modulate excitability within the target cortex or improve motor performance, frequently limited by significant inter-individual variability (López-Alonso et al., 2014, 2015; Wiethoff et al., 2014; Chew et al., 2015; Yamaguchi et al., 2016; Maeda et al., 2017).

One possible source of this inter-individual variability is the variability of tDCS-generated electrical fields (EFs) (Laakso et al., 2019). The EFs in the brain depend on the electrical resistance of the tissues, i.e., scalp, skull, meninges, and cerebrospinal fluid (CSF), between the electrode and the brain (Truong et al., 2013; Laakso et al., 2015; Opitz et al., 2015). To reduce inter-individual variability in tDCS-induced effects, Laakso et al. (2015, 2016) proposed a systematic way to estimate EFs induced by tDCS at the population level by registering calculated EFs with structural brain magnetic resonance imaging (MRI). Electric field simulation provides information that is useful for optimizing tDCS settings (intensity, electrode size, electrode placement), which in turn may generate EFs with minimized variation among individuals (Evans et al., 2020; Mikkonen et al., 2020). Previous studies speculated that motor-evoked potential (MEP) and cerebral blood flow changes induced by tDCS were related to EF values in the target brain area (Mosayebi-Samani et al., 2021). However, conventional tDCS electrode placement in healthy controls and stroke patients often fails to induce sufficient EFs to achieve the desired effects within the targeted area (van der Cruijsen et al., 2022; Yoon et al., 2024), making the use of electrical field simulations to optimize electrode placement a novel approach for modulating cortical excitability and enhancing motor performance in stroke patients (van der Cruijsen et al., 2022).

Another possible factor of variability is the tDCS-induced current flow. One study reported that tDCS over primary motor cortex (M1) with posterior to anterior (P-A) current flow decreased corticospinal excitability (Rawji et al., 2018). Another group studying motor task learning under tDCS over M1 reported that using anterior to posterior (A-P) current flow disturbed the retention of learned skills (Hannah et al., 2019). These studies suggest that the tDCS-induced current flow plays an important role in mediating changes in corticospinal excitability and motor learning. However, to the best of our knowledge, the effects of current flow direction on motor performance and cortical excitability under tDCS using optimized electrode placement have not been investigated. New insights obtained by such investigation may help enhance tDCS effects, which in turn could benefit patients with neurological disorders in neurorehabilitation with increased cortical excitability and improve motor performance.

The sit-to-stand movement, a typical daily activity (Alexander et al., 2000), relies on the lower limb fields of M1 for essential motor signaling to induce muscle contraction during this action (Pearson, 2000). The supplementary motor area (SMA) is integral for the coordination and execution of motor programs, particularly in skilled movements and postural control (Mihara et al., 2008, 2012; Fujimoto et al., 2014). Considering this, we selected FCz and POz electrode placements in our study to induce the maximal average EFs in M1 and SMA on both sides, as revealed by electric field simulations. These simulations demonstrated that conventional electrode placements above the target brain area do not achieve maximal EFs in these regions (Table 1). Moreover, the extent of EFs induced in the target area correlates with the cortical excitability changes induced by tDCS (Mosayebi-Samani et al., 2021), leading to our decision not to include a conventional tDCS group in this study.



TABLE 1 Electric field simulation of each electrode montage.
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We hypothesized that the jointly optimal tDCS for SMA and M1, as estimated by electric field simulation, would positively influence motor performance in the sit-to-stand movement, as assessed by muscle strength and neurophysiological assessments; MEPs and short-inter-cortical inhibition (SICI). To address this hypothesis, we used electric field simulation to determine the electrode placement that maximized EFs in SMA and M1 and then examined how tDCS influenced sit-to-stand performance, muscle strength, and cortical excitability in healthy individuals.



2 Materials and methods


2.1 Participants

The study involved 36 healthy young college student volunteers (18 women; aged 21 ± 1 year) (Table 2). Out of 37 initial participants, one was excluded due to medication affecting the central nervous system. The sample size, set at 12 per group, was determined by a power analysis referencing Tanaka et al. (2009), and aligns with the recommended minimum for pilot studies (Julious, 2005).



TABLE 2 Participant characteristics.
[image: Table2]

Participants had no history of orthopedic or neurological diseases and were not treated with medications that would affect the central nervous system. To control factors that could influence the effectiveness of non-invasive brain stimulation, participants were asked to avoid vigorous physical activity and consumption of alcohol and caffeine during the experiment period and to ensure adequate sleep the night before the experiment to avoid sleep deprivation (Guerra et al., 2020).

All participants gave written informed consent before participating in the experiment. This study was approved by the Ethics Committee of Yamagata Prefectural University of Health Sciences (approval number: 1806–06) and was performed according to the ethical standards of the Declaration of Helsinki.



2.2 Experimental procedure

The study was a randomized, triple-blind, sham-controlled trial. Intervention conditions were concealed from participants, outcome assessors, and data analysts. Participants were stratified by sex and randomly assigned to groups using float numbers between 0 and 1 from a continuous uniform distribution. Assignment was based on whether the number drawn is smaller or equal in value compared to 0.5 or larger than 0.5. These numbers were generated by a third party unrelated to evaluation or intervention (Microsoft, Washington, United States).

To induce the maximal EFs in both SMA and M1, the optimal electrode configuration was determined through computer simulations (see “Electric field simulation”). These simulations indicated that the field maximizing electrode-pair positions were at FCz and POz (Figure 1). Participants received tDCS with one of the following three different electrode placements: (1) anodal and cathodal electrodes positioned over FCz and POz, respectively, resulting in anterior-to-posterior current flow (A-P tDCS); (2) the reverse arrangement, where anodal and cathodal electrodes were positioned over POz and FCz, respectively, resulting in the reverse (posterior to anterior) currents (P-A tDCS), and (3) no current passed (sham tDCS) (Figure 2).

[image: Figure 1]

FIGURE 1
 Electric field simulations. The optimal electrode locations were at FCz and POz (A), which produced a current flow in the anterior–posterior or posterior–anterior direction, depending on the polarity of the electrodes. A streamline plot visualizes the current direction between the electrodes in a representative head model (B). The Electric field (EF) strengths averaged over 62 head models and registered to a common template brain are shown from the superior direction at a depth of 1 mm below the surface of the grey matter (C,D). In (D), the hemispheres have been separated to visualize the EF strength along the interhemispheric fissure, with the black outlines showing the regions of interest (ROI) that correspond to the left and right SMA and M1 (E). The average EF strengths over each ROI are presented as mean ± standard deviation (F).


[image: Figure 2]

FIGURE 2
 Schematics and timeline of the experimental procedures. Healthy participants were randomly assigned to one of three groups in which sit-to-stand training followed tDCS using different current flow paradigms: (i) anterior–posterior (A-P tDCS), (ii) posterior–anterior (P-A tDCS), and (iii) no current (sham tDCS). A single training session consisted of 5 sets of 1 min sit-to-stand with a 180-s rest period between sets. The training was conducted in 5 sessions over 3 weeks, with 48 to 72 h between sessions. Sit-to-stand were assessed before tDCS intervention (Pre), at each of the five sessions (S1, S2, S3, S4, S5), and after training sessions (Post). The single- and paired-pulse TMS were assessed at Pre, S1, and Post and knee extensor and flexor peak torques were assessed at Pre and Post.


Participants were stratified by sex and were randomly assigned to one of the above three groups. All participants underwent the sit-to-stand training following tDCS intervention. The sit-to-stand training was conducted once every 3 or 4 days for 3 weeks (a total of 5 sessions). Exercise performance, measured by the number of sit-to-stands executed in a minute, was assessed pre-training, during each training session, and post-training. Muscle strength (knee extension and flexion peak torques) was measured pre- and post-training. Cortical excitability was measured pre-training, immediately after the first training session, and post-training. Pre-training assessments were conducted between 48 and 72 h before the first training session. Post-training assessments were conducted between 48 and 72 h after the final training session.



2.3 tDCS setting

tDCS was administered using a DC-Stimulator-Plus (neuroConn, GmbH, Germany) connected to a pair of sponge surface electrodes, each with a surface area of 35 cm2, soaked in a 0.9% NaCl saline solution. With the electrodes placed on the scalp of the participant, a direct current of 2 mA was applied for 10 min. Skin pre-treatment agents and alcohol swabs were used to reduce scalp skin resistance at the electrode contact area. The electrode placement was consistently maintained at the same positions, determined by measuring the length of the participant’s head with a tape measure during each session. For the sham condition, the same procedure was performed; however, the current was turned off after the first 15 s to mimic the transient skin sensation felt at the beginning of the direct current. Intervention condition was masked to participants, outcome assessors, and data analysts.



2.4 Electric field simulation

In order to induce the maximal EF strength in both SMA and M1, the optimal electrode montage was determined based on computer simulation of the EFs, similarly to our previous studies (Laakso et al., 2016; Fujimoto et al., 2017).

For the computer simulations of the EF, we utilized 62 individual MRI-based anatomical models, consistent with those used in our previous studies (Laakso et al., 2016; Fujimoto et al., 2017). Each model, with an isotropic resolution of 0.5 mm, was constructed from the segmentation of T1- and T2-weighted (T1w and T2w) MRI data. FreeSurfer image analysis software was employed to segment the brain, including gray and white matter (Dale et al., 1999; Fischl et al., 1999; Fischl and Dale, 2000). Other tissue compartments were segmented as follows: The inner and outer boundaries of the skull, along with the outer surface of the scalp, were identified from the MRI data. An experienced investigator utilized semi-automatic image processing techniques, including thresholding, opening/closing, smoothing, and region growing on the T1w and T2w data, with the parameter values chosen on a per-subject basis. The spaces between the brain, inner skull surface, outer skull surface, and the scalp surface were automatically segmented into multiple tissue types using both MRI data and geometrical operations. The space between the skull and brain was segmented into CSF (large T2w), blood (small T2w), and dura (outer 1.5 mm which is not CSF or a large dural vein). The space between the inner and outer boundaries of the skull was segmented into compact bone (small T2w but having at least a 1-mm-thick inner layer and 1.5-mm-thick outer layer) and spongy bone (large T2w). Lastly, the space between the outer boundary of the skull and the surface of the scalp was stratified into fat (large T1w), muscle (small T1w), and skin (small T1w, at least 2-mm thick, at most 1-cm thick including subcutaneous fat) The quality of each model was verified by two independent examiners (Laakso et al., 2016). The electrical conductivities assigned to each tissue were (Laakso et al., 2016): gray matter (0.2 S/m), white matter (0.14 S/m), blood (0.7 S/m), compact bone (0.008 S/m), spongy bone (0.027 S/m), dura (0.16 S/m), CSF (1.8 S/m), muscle (0.16 S/m), skin and fat (0.08 S/m), and eye (1.5 S/m). The sensitivity of the EF to conductivity values was assessed by varying bone conductivity by ±50% and the CSF conductivity by ±10% and repeating all calculations.

The EF was determined as the gradient of the electric scalar potential [image: image], which was obtained by numerically solving [image: image] with homogeneous Neumann boundary conditions, where [image: image] is the conductivity (S/m) and [image: image] is the current source/sink (A/m3). The finite element method (FEM) with 0.5 mm cubical first-order elements was employed for numerical solution (Laakso and Hirata, 2012; available at https://version.aalto.fi/gitlab/ilaakso/vgm-fem). The stimulation electrodes were modeled identically to our previous studies (Laakso et al., 2016; Fujimoto et al., 2017), as a 1 mm thick rubber sheet embedded in a saline-soaked sponge (1.6 S/m), with size, shape, and current intensity identical to those in the actual experiment (Figure 1). After obtaining the EF, it was interpolated to a polygonal surface reconstruction of the brain at 1 mm depth below the gray matter surface. As detailed in Laakso et al. (2016), the individual surface EFs were then registered with each other and mapped to the Montreal Neurological Institute (MNI) ICBM 2009a nonlinear asymmetric template (Fonov et al., 2009, 2011) using FreeSurfer and the spherical demons algorithm (Yeo et al., 2010). This process enabled determination of the population-average EFs of the bilateral SMA and M1 in the MNI space.

For the optimization of the electrode montage, we considered four regions of interest. The regions of interest for M1 and SMA had a radius of 1 cm and were centered at [± 9, − 39, 54] and [± 3, − 9, 60] in the standard brain space, respectively. Our aim was to find a montage of two electrodes that produces symmetric bilateral stimulation and maximizes the average EF strength over the four regions of interest. To achieve symmetric stimulation, both the anode and cathode needed to be placed on the midline of the head. For practical applicability, the electrode locations were selected using the International 10–10 system: The first electrode was placed at Fz, FCz, Cz, CPz, or Pz, and the second electrode at an extracephalic location, frontally (Fpz), posteriorly (Iz), or close to the stimulated areas (POz or Pz). The electrodes were oriented so that the long edges of the electrodes were perpendicular to the posterior–anterior direction. Any locations which would have caused the electrodes to overlap were excluded, leaving 23 electrode montages, listed in the first two columns of Table 1.

The EF produced by each montage were calculated for all 62 head models, and the EF strength averaged over each/all regions of interest was determined. Finally, the mean and standard deviation of these average values were calculated over the 62 head models. The results for each studied electrode montage are provided in Table 1. It was found that the FCz-POz configuration induced the largest mean value of the average EF strength over the four regions of interests, closely followed by the Fz-Pz montage. At the individual level, FCz-POz was the optimal montage in 32/62 models and Fz-Pz in 22/62 models (Supplementary Table S1). Repeating the EF analyses for altered bone and CSF conductivities indicated that either the FCz-POz or the Fz-Pz montage was the optimal configuration regardless of the choice of the conductivity values (Supplementary Table S1). Thus, the FCz-POz configuration, visualized in Figure 1, was used in the experiment.



2.5 Sit-to-stand training

The participants performed the sit-to-stand task starting from a seated position on a 20 cm box. They were instructed to perform the sit-to-stand task by standing up straight from the box as quickly as possible with fully extended trunk, hip joints, and knee joints, then sit down. The training protocol of a single session consisted of 5 sets of 1 min sit-to-stand task with a 180-s rest period between sets (Figure 2). While monitoring the participant’s performance to ensure proper form (fully extend the trunk, hip joints, and knee joints) examiners counted the completion of each correctly executed sit-to-stand. The counts were averaged over the 5 sets. The sit-to-stand training was conducted a total of 5 sessions. The 48 to 72 h interval between sessions was used to avoid the effect of fatigue on the performance. Before training session, participants warmed up on a bicycle for 5 min, then performed a set of stretches focused on the knee extensor and flexor muscles. They repeated the same routine to warm down after each session.



2.6 Muscle strength assessment

Knee extensor and flexor peak torques were assessed using an isokinetic dynamometer (Multi-Joint 3, Biodex Medical Systems Inc., Shirley, NY, United States) with the same procedure as Maeda et al. (2017). Participants were instructed to extend the knee with maximal effort while the dynamometer flexed the knee at a speed of 30°/s from the initial 20° to the 90° eccentric contraction of the knee extensors. For the measurement of the knee flexors torques, participants flexed the knee while the dynamometer extended the knee at 30°/s from 90° to 20°. The maximal knee extensor and flexor torques were evaluated for 3 sets (5 repetitions/set) under eccentric (30°/s) conditions. The maximal knee extensor and flexor torques obtained in 5 repetitions were taken as the peak torque, and the average of the peak torque for each set was calculated.



2.7 Electromyography

The participants were comfortably seated in a chair with their arms resting on a cushion. The electromyography (EMG) was recorded via Ag/AgCl-plated surface electrodes (1 cm diameter) placed 2 cm apart over the right rectus femoris (RF) muscle. Responses were acquired using a Neuropack MEB-2200 system (Nihon Kohden, Tokyo, JPN) filtered in the 10 Hz to 1 kHz pass-band. EMG signals were sampled at 5 kHz and stored on the computer for off-line analysis using the LabVIEW software (National Instruments Inc., Austin, Texas, United States).



2.8 Transcranial magnetic stimulation

To assess changes in motor cortex excitability, single-pulse transcranial magnetic stimulation (TMS) was applied to the leg area of the left M1 using a magnetic stimulator (Magstim200, Magstim, Dyfed, UK) connected to a double-cone coil of 110-mm diameter. The hotspot of the M1 was confirmed based on induction of the largest MEP amplitude in the right RF muscle during tonic voluntary contraction. The stimulation intensity was adjusted to 120% of the active motor threshold (aMT). The aMT was defined as the lowest stimulus intensity needed to produce MEPs greater than 200 μV in at least 5 out of 10 consecutive trials during the maintenance of 100 μV of RF voluntary isometric contraction (Rossini et al., 2015; Temesi et al., 2017). The time between stimulus pulses was varied between 5 and 7 s. The stimulus timing was automatically controlled using LabVIEW.

In order to induce SICI we used a subthreshold conditioning paired-pulse paradigm (Kujirai et al., 1993). We used stimulus intensities of 80% aMT for the conditioning stimulus and 120% resting motor threshold (rMT) for the test stimulus. Throughout the experiment, the test stimulus was adjusted to maintain the MEP amplitude equal to the RF MEP amplitude at baseline. The interstimulus interval was set at 2.5 ms, and 15 MEPs were recorded from the RF muscle (Fisher et al., 2002). The conditioned MEP amplitudes were expressed as percentages of the mean test MEP amplitudes.



2.9 Statistical analysis

The primary outcome measures included the sit-to-stand counts and muscle strength measured pre-training and post-training. We used the 2-way mixed-model analysis of variance (ANOVA) to evaluate the differences in outcome with group (A-P tDCS, P-A tDCS, sham tDCS) and time (pre-training and post-training) used as within-subject factors. Muscle strength was tested separately for the left and right knee flexors and extensors. Similarly, for the sit-to-stand counts during training sessions, we used a 2-way mixed-model ANOVA with the group (A-P tDCS, P-A tDCS, sham tDCS) and time (pre-training, session 1, session 2, session 3, session 4, and session 5) as factors. A t-test with Bonferroni adjustment for multiple comparisons was performed to compare training effects for the group and time factor. For MEP amplitudes and SICI, we applied a 2-way mixed-model ANOVA with the group (A-P tDCS, P-A tDCS, sham tDCS) and time (pre-training, immediately after a first session of training, post-training) as factors. A t-test with Bonferroni adjustment for multiple comparisons was performed to compare changes in cortical excitability pre-training, immediately after the first session of training, post-training for the group and time factor. p values <0.05 were considered statistically significant for all analyses. Statistical analyses were performed using SPSS 28.0 (IBM, Armonk, NY, United States).




3 Results

All participants successfully completed the 3-week training. There were no reports of adverse events related to the training or tDCS. However, data for one participant in the P-A tDCS group was lost due to a device malfunction during the post-training test MEP and SICI measurements. Despite this, the percentage of correct responses in the condition remained below the chance level, indicating that, blinding in the intervention condition was maintained. The results of the motor performance and physiological factors for each group are illustrated in Tables 3, 4.



TABLE 3 Motor performance.
[image: Table3]



TABLE 4 Physiological factors.
[image: Table4]


3.1 The sit-to-stand counts

The sit-to-stand counts continued to increase throughout the 5 sessions and were greater after than before training in all groups. At post-training assessment, the sit-to-stand counts for the A-P tDCS group were significantly higher than the sham tDCS group, indicating that A-P tDCS promoted sit-to-stand performance (Figure 3). These observations were supported by primary outcome results of the 2-way mixed-model ANOVA, which revealed significant interactions (F(2, 33) = 3.652, p < 0.05), with a significant main effect of time (F(1, 33) = 88.990, p < 0.01). No significant main effect of the intervention was observed (F(2, 33) = 0.398, p = 0.675). Similarly, the multiple comparison test revealed that the sit-to-stand counts were significantly increased at post-training for all groups compared to the pre-training (p < 0.01). When the sit-to-stand counts were compared between the groups, the counts were significantly greater in the A-P tDCS group compared to the sham tDCS group (p < 0.05) at post-training. However, 2-way mixed-model ANOVA found no significant differences in the counts among the groups during training session (F(10, 165) = 1.879, p = 0.051). The main effects of time were significant (F(5, 165) = 25.685, p < 0.01), but no significant main effect of the intervention was observed (F(2, 33) = 0.777, p = 0.468).

[image: Figure 3]

FIGURE 3
 Changes in the sit-to-stand counts following tDCS combined with sit-to-stand training. Data are presented as mean (symbols) ± the confidence interval (whiskers). Data for the three groups are shown in different symbols: A-P tDCS (red triangles); P-A tDCS (blue inverted triangles); and sham tDCS (gray circles). The sit-to-stand counts were assessed before training (Pre), session 1 (S1), session 2 (S2), session 3 (S3), session 4 (S4), session 5 (S5) and after 3 weeks training (Post). Significant (p < 0.05) pairwise differences within group between the pre and another time point (asterisk) and between groups at a fixed time point (dagger) are indicated.




3.2 Muscle strength

The peak torque in right and left knee flexors were increased in the P-A tDCS group, and only in that group, following 3 weeks of training (Figure 4). In contrast, no changes were observed for peak torque in the knee extensors in any of the groups. Statistical analyses supported these observations. For knee flexor torques, 2-way mixed-model ANOVA showed significant interactions between intervention and time (Right: F(2, 33) = 8.099, p < 0.01, Left: F(2, 33) = 10.917, p < 0.01). The main effects of time were significant (Right: F(1, 33) = 9.425, p < 0.01, Left: F(1, 33) = 8.436, p < 0.01). No significant main effects of the intervention were observed (p > 0.1 for both right and left). For knee extensor torques, there was also no interaction between intervention and time, and the main effects of both time and intervention were not significant (p > 0.1 for each test, for both right and left).

[image: Figure 4]

FIGURE 4
 Changes in muscle strength following tDCS combined with sit-to-stand training. Muscle torque (Nm) measurements are presented as mean (bar) ± the confidence interval (whiskers) for the (A) right knee extension, (B) left knee extension, (C) right knee flexion, and (D) left knee flexion. Data for the three groups are labeled by color: A-P tDCS (red), P-A tDCS (blue), sham tDCS (gray). Muscle torque were assessed before training (Pre) and after 3 weeks training (Post). Significant (p < 0.05) pairwise differences within group between the Pre and Post (asterisks) and between groups at a fixed time point (daggers) are indicated.


Multiple comparison test revealed that the left and right knee flexor peak torques in the P-A tDCS group were significantly increased at post-training above their pre-training levels (p < 0.01). The left knee flexor peak torques in the P-A tDCS group, in particular, were significantly increased over levels in the sham tDCS group at post-training (p < 0.05).



3.3 MEP amplitudes

There was no significant interaction between intervention and time (F(4, 66) = 0.655, p = 0.626), and the main effects of both time and intervention were not significant (p > 0.3 for both). These results confirmed that MEP amplitudes remained stable at pre-training levels during and after training.


3.3.1 SICI

SICI was suppressed in the P-A tDCS group immediately after the first session of training and remained so post-training. Moreover, compared to other groups, the suppression seen in the P-A tDCS group was marked (Figure 5), suggesting that P-A tDCS-induced plastic changes of SICI in the primary motor cortex.

[image: Figure 5]

FIGURE 5
 Changes in the short-interval intracortical inhibition (SICI) following tDCS combined with sit-to-stand training. The relative changes in SICI, as a % of the reference (test MEP), are shown as the mean (bars) and confidence intervals (whiskers) for three time points (pre, S1 and Post) in different colors for the three groups: A-P tDCS (red), P-A tDCS (blue), sham tDCS (gray). SICI were assessed before training (Pre), after session 1 (S1) and after 3 weeks training (Post). Significant (p < 0.05) pairwise differences within group between the pre and another time point (asterisks) and between groups at a fixed time point (dagger) are indicated.


This result were borne out by a 2-way mixed-model ANOVA, showing significant interactions (F(4, 65) = 3.261, p < 0.05) between intervention and time, and main effects of session times (F(2, 65) = 3.796, p < 0.05) and intervention (F(2, 33) = 3.678, p < 0.05). Multiple comparison showed that SICI in P-A tDCS group was significantly decreased immediately after the first session of training and remained so post-training below the pre-training values (both, p < 0.05). Furthermore, the SICI was significantly decreased in the P-A tDCS group compared to the A-P and sham tDCS groups immediately after the first session of training (both, p < 0.05).





4 Discussion

This is the first study to investigate the effects of different current flows with electrode placement optimized for tDCS to produce maximum EFs in SMA and M1. Our primary findings are as follows: (1) A-P tDCS enhanced sit-to-stand counts after 3 weeks of training; (2) P-A tDCS increased the right and left knee flexor peak torques after 3 weeks of training; and (3) P-A tDCS decreased SICI immediately after the first session of training held it decreased until post-training. These results indicate that optimized electrode placement of tDCS can promote motor performances and modulate cortical excitability depending on the current flow. Moreover, all participants completed the training without adverse effects, making applying our method in healthy controls a valuable step toward enhancing current neurorehabilitation practices.

The conventional method of placing tDCS electrodes is just above the target brain area where researchers expected to modulate cortical excitability (Nitsche and Paulus, 2000; Tanaka et al., 2009, 2011). However, this strategy for electrodes placement was unable to induce optimal EFs in the target cortical areas (Laakso et al., 2016), and it often fails to improve motor function and modulate cortical excitability in healthy individuals and patients with stroke (Kan et al., 2013; Muthalib et al., 2013; Maeda et al., 2017; Klomjai et al., 2018; Alix-Fages et al., 2020; Katagiri et al., 2021). Therefore, we adopted FCz and POz for the placement of the two electrodes because these loci were identified, by simulated EFs in MRI-based model brains, as those leading to the inducing of maximum EFs to the SMA and M1. The conventional method of placing the stimulation electrode just above the target brain area (i.e., Cz plus a reference electrode at a distant location) was not optimal for inducing EF to the target brain area (Table 1). The results of these simulations indicated that unconventional electrode placement (i.e., where the target brain area is between the two electrodes) may modulate the brain area. However, to the best of our knowledge, no studies have examined changes in motor performance with optimized electrode placement tDCS by electric field simulation. A previous study reported a positive correlation between the EF values induced in the target brain areas and changes in cortical excitability caused by tDCS (Mosayebi-Samani et al., 2021). Therefore, use of electrical field simulations for electrode placement tDCS may modulate cortical excitability and enhance motor performance. In addition, studies have reported that the conventional tDCS targeting M1 combined with long-term muscle strength training did not improve muscle strength or motor performance (Hendy and Kidgell, 2013; Maeda et al., 2017; Marcos-Frutos et al., 2023; Jung et al., 2024). On the other hand, we found that optimized electrode placement by electric field simulation enhances muscle strength and motor performance. Therefore, optimized electrode placement tDCS might elicit improvements in muscle strength and motor performance that could not be achieved with conventional methods. These results suggest that the determination of tDCS electrode placement by electric field simulation for standard brain models may provide important findings for future neurorehabilitation studies.

Surprisingly, we found that motor cortex excitability and motor performance improved when currents flowed in opposite directions. The tDCS effect depends on the relationship between the EF vector and the morphology and orientation of the neurons and individual neuronal compartments, which determines the polarization state of neurons (Liu et al., 2018). Indeed, it has been reported that corticospinal excitability and motor task learning are affected by current flow between the tDCS electrodes (Rawji et al., 2018; Hannah et al., 2019). Our tDCS electrode placement produced a similarly strong EFs in SMA and M1. Therefore, different populations of neurons in SMA and M1 may have depolarized or hyperpolarized depending on the direction of the current flow. A-P tDCS in our experiments induced current flows from SMA to M1, which is expected to effectively depolarize in the SMA area. This in turn is thought to facilitate the coordination and execution of motor programs during skilled movement and postural control, which are functions of the SMA (Mihara et al., 2008, 2012; Fujimoto et al., 2014). Investigators using a similar electrode placement to ours have reported that body weight-supported treadmill training and tDCS with anode in front of Cz and cathode over inion improved the balance and gait function after stroke, but paradoxically without changes in leg motor function (Manji et al., 2018). Conversely, P-A tDCS induces current from M1 to SMA, which is expected to effectively depolarize in the M1 area. In the previous studies, posterior to anterior current flow from M1 to the opposite supraorbital improved muscle strength in the upper and lower limbs (Tanaka et al., 2009; Hazime et al., 2017; Vargas et al., 2018). Therefore, posterior to anterior current flow targeting M1 and SMA in the P-A tDCS group may have led to the increased peak torque of knee flexion after the 3 weeks of training.

Interestingly, we found that the peak torque was improved in knee flexors, but not in the knee extensor. During the sit-to-standing exercise, knee flexor muscles are required for the smooth extension of the knee joint via eccentric muscle contraction, whereas knee extensor muscles are activated to extend the knee joint via concentric muscle contraction (Bryanton and Bilodeau, 2017). The effectiveness of muscle training depends on the mode of muscle contraction being evaluated (Higbie et al., 1996). Based on these earlier studies, the muscle strength increases we detected in the assessment of eccentric contraction of the knee flexor muscles was not unexpected.

A decrease in SICI was observed in the P-A tDCS group alone, while SICI did not change in the other groups. This result may also support the hypothesis that different populations of neurons in SMA and M1 may have depolarized or hyperpolarized depending on current flow. It has been reported that conventional non-optimized anodal tDCS over M1 reduced SICI there (Nitsche et al., 2005; Biabani et al., 2018). Others have shown that changes in SICI probably reflect the activity of GABAA-ergic intracortical inhibitory connections in cortical layer 1 since the inhibition is evoked by conditioning stimulus below motor threshold (Di Lazzaro et al., 2006; Di Lazzaro and Rothwell, 2014). In addition, previous studies suggested that the current of tDCS will preferentially polarize neural components that are aligned with the direction of current flow (Bikson et al., 2004; Jackson et al., 2016; Hannah et al., 2019). Therefore, the neural elements involved in the change in SICI were more likely to be selectively modulated according to the direction of the applied EFs because they were specific to our task and located in a shallow layer. This is speculation that change in SICI might be associated with increasing the efficiency of transmission of the descending drive of M1, resulting in stronger muscle contraction (Hendy and Kidgell, 2014; Hendy et al., 2015). In contrast, the effects of the different tDCS conditions on corticospinal excitability were not observed in the present study. An earlier review reported for conventional anodal tDCS an increase in corticospinal excitability along with the reduction in SICI (McNeil et al., 2009). One possible factor is fatigue after training. It is known that fatigue after muscle contractions inhibits the corticospinal response at the spinal level (McNeil et al., 2009, 2011; Carroll et al., 2017). Thus, a negative effect on corticospinal rather than intracortical excitability may have been at play.

Relearning the sit-to-stand movement is essential to rehabilitation after a stroke (Alexander et al., 2000). Conventional rehabilitation, combined with anodal tDCS over M1, improved sit-to-stand performance in patients following stroke (Andrade et al., 2017). Therefore, tDCS with optimized electrode placement may assist with stroke rehabilitation. Furthermore, our results indicate that different effects are observed relative to tDCS current flow direction. These findings provide new insights into current neurorehabilitation paradigms. Specifically, the A-P tDCS could be adapted for stroke patients needing to improve their sit-to-stand performance. Additionally, P-A tDCS could be adapted for stroke patients requiring enhanced muscle strengthening. Therefore, the optimized electrode placement for tDCS can be determined based on patient-specific treatment objectives.

However, this study has several limitations. First, we have not compared the effects of the optimized electrode placement with those of the conventional tDCS electrode placement. A single session of conventional tDCS combined with exercise has been shown to enhance muscle strength and modulate corticospinal tract excitability (Kim and Ko, 2013; Washabaugh et al., 2016). In contrast, the effects of repetitive sessions remain unclear (Wang et al., 2021; Marcos-Frutos et al., 2023). Therefore, further studies are necessary to compare the effects of optimized electrode placement tDCS to conventional tDCS in repetitive sessions. Second, the cortical EFs were calculated numerically through the FEM in an anatomical model in accordance with the 62 MRIs, not the participants that were recruited. Third, the SMA activity changes were not evaluated following the training. Fourth, this study was conducted on healthy individuals. Therefore, in the future, EFs need to be calculated for each subject to reduce inter-individual variability in tDCS-induced effects. Additionally, SMA activity changes after training should be evaluated through postural control tasks. Finally, further research is required to examine whether tDCS with an optimized electrode placement can improve motor performance and brain function more than the conventional tDCS method in patients with stroke. In conclusion, we showed that electrode placement of the maximal EFs in SAM and M1 estimated by electric field simulation enhances sit-to-stand performance, lower limb muscle strength, and modulates motor cortical excitability depending on the direction of current flow in young healthy individuals.
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