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Abstract

Noninvasive brain stimulation of the primary motor cortex has been shown to alter therapeutic 

outcomes in stroke and other neurological conditions, but the precise mechanisms remain poorly 

understood. Determining the impact of such neurostimulation on the neural processing supporting 

motor control is a critical step toward further harnessing its therapeutic potential in multiple 

neurological conditions affecting the motor system. Herein, we leverage the excellent spatio-

temporal precision of magnetoencephalographic (MEG) imaging to identify the spectral, spatial, 

and temporal effects of high-definition transcranial direct current stimulation (HD-tDCS) on the 

neural responses supporting motor control. Participants (N = 67) completed three HD-tDCS visits 

(anode, cathode, sham), with each involving 20 min of left primary motor cortex stimulation and 

performance of a simple/complex motor sequencing task during MEG. Whole-brain statistical 

analyses of beta oscillatory responses revealed stimulation-by-task interaction effects in the 

left primary motor cortex, right occipitotemporal, and the right dorsolateral prefrontal cortices. 
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Broadly, anodal stimulation induced significantly stronger beta oscillatory responses in these 

regions during simple movement sequences, while neural responses to complex sequences were 

not affected by stimulation. En masse, these data suggest that the beta oscillations serving motor 

planning (i.e., pre-movement) are particularly sensitive to the polarity of noninvasive stimulation 

and that the impact varies based on the difficulty of the movement sequence.
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1. Introduction

Motor control is essential to everyday functioning and is affected by aging, 

psychopathology, and neurological disorders, including Parkinson’s disease, multiple 

sclerosis, and cerebellar ataxia. Noninvasive brain stimulation techniques present a possible 

therapeutic approach to normalizing motor control in these conditions, with several recent 

studies reporting at least moderate success in such areas (Nombela-Cabrera et al., 2023; 

Qiu et al., 2023; Wang et al., 2021). However, the field’s limited understanding of how 

noninvasive brain stimulation affects motor control in healthy adults remains a major barrier 

to progress in this area. In contrast, there is a large body of literature that extensively 

characterizes the neurophysiology of motor control in healthy adults and children. These 

studies have shown that prior to and during movement, there is a robust event-related 

desynchronization (ERD), or decrease in oscillatory power relative to the baseline, in 

the beta frequency range (approximately 15–30 Hz) within the motor cortex contralateral 

to movement (and to a lesser magnitude, the ipsilateral motor cortex). This oscillatory 

response is followed by a post-movement beta rebound (PMBR) that is tightly yoked to 

movement offset and is located slightly posterior to the beta ERD (Heinrichs-Graham et 

al., 2016, 2017, 2018; Jurkiewicz et al., 2006; Wiesman et al., 2020; Wilson et al., 2010). 

There is considerable evidence that the neural oscillatory dynamics supporting planning and 

execution in the beta range are dissociable and index distinct elements of motor control in 

movement sequencing tasks (Heinrichs-Graham et al., 2018; Heinrichs-Graham and Wilson, 

2015; Spooner et al., 2021; Ward et al., 2023; Ng et al., 2011; Pfurtscheller and Lopes 

da Silva, 1999; Tzagarakis et al., 2010; Wilson et al., 2014). Indeed, beta oscillatory 

responses linked with movement planning are present during motor imagery tasks, even 

when no movement is completed (Brinkman et al., 2014). Various movement parameters 

have also been shown to modulate the amplitude of the beta ERD, including task difficulty, 

where greater complexity has been linked to stronger beta ERD responses during the 

execution phase (Heinrichs-Graham and Wilson, 2015), and response uncertainty, where 

greater uncertainty has been associated with weaker beta ERD responses during the planning 

stage (Tzagarakis et al., 2010).

The amplitude of the beta ERD can also be modulated through transcranial direct current 

stimulation (tDCS), with preliminary evidence that anodal stimulation strengthens the beta 

ERD (Notturno et al., 2014). Such noninvasive brain stimulation techniques are known 

to change the excitability of local neuronal populations (Liebetanz et al., 2002; Nitsche 
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et al., 2003; Nitsche and Paulus, 2001), although the precise mechanisms are not fully 

understood. Many studies have suggested that tDCS alters the local ionic environment, 

which affects the response threshold of surrounding neural populations, but does not induce 

action potentials (Liebetanz et al., 2002; Nitsche et al., 2003; Nitsche and Paulus, 2001). To 

increase the spatial specificity of such effects, some recent studies have used a small array of 

metal electrodes (i.e., high-definition tDCS (HD-tDCS)) rather than the conventional tDCS 

sponges, which have been shown to cause widespread effects as the induced electric field 

is diffuse (Datta et al., 2009; Edwards et al., 2013). Regardless of the focality, the polarity 

of stimulation has been shown to cause differential effects, with anodal stimulation being 

associated with increases in motor excitability and cathodal stimulation being associated 

with decreases in excitability (Antal et al., 2007; Nitsche and Paulus, 2000; Saucedo 

Marquez et al., 2013). Both anodal and cathodal stimulation can cause changes in behavioral 

performance (Antal et al., 2007; Hodkinson et al., 2022), which vary based on the specific 

task and the stimulation parameters (Saucedo Marquez et al., 2013). In many past studies, 

tDCS of the primary motor cortex has been shown to modulate neuronal responses and have 

favorable effects, such as improvements in motor learning and enhanced dexterity (Bastani 

and Jaberzadeh, 2014; Convento et al., 2014; Guimarães et al., 2023).

A distributed network of cortical regions extending beyond the primary motor cortex 

is known to support motor control, including the posterior parietal cortex, dorsolateral 

prefrontal cortex (dlPFC), and cerebellum (Hanakawa et al., 2008; Kim et al., 2018; Toni 

et al., 1998). These regions are known to be sensitive to the complexity of movement 

sequences and together may also support the increased motor coordination and execution 

demands involved in performing motor sequences (Heinrichs-Graham and Wilson, 2015). 

Thus, alterations in non-primary motor areas may impact network level connectivity and 

functioning across various nodes of the motor control network. For instance, tDCS studies 

of the dlPFC have demonstrated significant effects on motor sequence learning and other 

aspects of motor task performance, which supports a connection between higher-order 

association cortices and motor function (Ballard et al., 2021; Leite et al., 2011). Further, the 

prefrontal, anterior cingulate, and parietal cortices exhibit complementary profiles of neural 

activity during motor sequence learning and play a clear role in supporting motor control of 

complex movements (Toni et al., 1998). However, there is a paucity of studies examining 

the impact of stimulation over the primary motor cortex on neural dynamics across the 

distributed network of brain regions supporting motor control.

Herein, we investigated whether HD-tDCS of the primary motor cortex affects the neural 

oscillations serving the planning and execution of motor actions in healthy young adults 

using a whole-brain approach. Specifically, we applied anodal and cathodal HD-tDCS and 

then collected magnetoencephalography (MEG) during a motor sequencing paradigm. We 

chose to stimulate the primary motor cortex as studies have shown it is critical to motor 

control during movement sequences and is strongly interconnected to critical regions in the 

parietal and dlPFC (Ballard et al., 2021; Heinrichs-Graham and Wilson, 2015; Leite et al., 

2011; Nakashima et al., 2021). Based on previous studies that stimulated the primary motor 

cortex (Nitsche and Paulus, 2000; Stagg and Nitsche, 2011), we hypothesized that there 

would be polarity-dependent modulation of motor planning and execution dynamics that 

would vary based on the complexity of the sequence. Specifically, we predicted that anodal 
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stimulation would strengthen the beta ERD while cathodal stimulation would weaken the 

beta ERD in the primary motor cortex. Further, we anticipated association cortices to be 

more significantly impacted by neurostimulation during the planning phase relative to the 

execution phase.

2. Methods

2.1. Ethical approval

All experimental procedures conformed to the standards set by the Declaration of Helsinki. 
The study protocol was approved by the local Institutional Review Board (IRB). A full 

description of the study was given to all participants, followed by written informed consent, 

which adhered to the guidelines set forth by the IRB.

Participants—Sixty-seven, right-handed healthy adults (33 females) between the ages of 

19 – 34 years (mean = 25.2 years) were enrolled from the local community. Exclusionary 

criteria included any medical illness affecting CNS function (e.g., HIV/AIDS), any 

neurological or psychiatric disorder, history of head trauma, current substance use, and 

the MEG laboratory’s standard exclusionary criteria (e.g., ferromagnetic implants). All 

experimental procedures conformed to the standards set by the Declaration of Helsinki.

2.2. High-definition transcranial direct current stimulation

A 4 × 1 configuration (central electrode surrounded by four with opposite polarity; Soterix 

Medical; New York, NY) was utilized to deliver HD-tDCS to the left primary motor cortex 

(M1). Based on the Okamoto et al. transformations of the scalp-based international 10/20 

system to MNI space, the central electrode was placed on C3, which corresponds to the 

primary motor cortex, with the surrounding electrodes of opposite polarity at C1, C5, FC3, 

CP3 (Klem et al., 1999; Okamoto et al., 2004; Okamoto and Dan, 2005). This montage 

was designed to deliver maximum stimulation to the left primary motor cortex (i.e., M1) 

with the least possible stimulation spreading to neighboring regions. Current flow modeling 

was conducted with the ROAST software to ensure the stimulation was being applied to the 

intended region with minimal spread (Fig. 1; Huang et al., 2019).

Each participant completed three separate visits at the same time of day, but at 

least one week apart (M = 9.77 days, std = 5.94 days). Stimulation conditions were 

pseudorandomized to include two active (i.e., anodal and cathodal) and one sham HD-tDCS 

session. Participants, as well as the researchers who analyzed the data, were kept blind as 

to which visits were active stimulations and sham. Staff members applying the stimulation 

were not blinded to the experimental conditions of each visit, but had no role in data analysis 

or MEG data acquisition. During the active visits, participants underwent 20 min of 2.0 mA 

direct current stimulation, plus a 30-s ramp-up period. No stimulation was applied during 

the sham visits besides that of the ramping procedure, which was adopted to mitigate the 

likelihood of participants accurately identifying which session they were undergoing. To 

keep them actively engaged, participants performed a multi-source interference task during 

the stimulation session, which was designed to probe cognitive control and engage attention 

networks (Arif et al., 2023, 2024; Bush et al., 2003; Bush and Shin, 2006; Son et al., 2024; 
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Wiesman et al., 2020; Wiesman and Wilson, 2020). Following active/sham stimulation, 

participants were moved to the MEG recording chamber, with about 45 min from the end of 

stimulation to the beginning of the MEG experiment which is well within the time window 

to monitor offline tDCS effects (Kuo et al., 2013).

2.3. Experimental paradigm

This study utilized a motor sequencing task designed by and previously used in our 

laboratory (Heinrichs-Graham and Wilson, 2015; McCusker et al., 2021; Ward et al., 2023). 

The participant was asked to fixate on a centrally presented crosshair for 3750 ms with their 

hand resting on a five-finger button pad. After this baseline period, a series of three numbers, 

each corresponding to a finger on their hand, was presented on the screen. Participants were 

instructed to press the buttons corresponding to the sequence. Participants had 2250 ms to 

complete their movement, after which the numbers disappeared, leaving only the fixation 

cross remaining on the screen. There were two conditions that were distinguished by the 

complexity of the motor plan (Fig. 1). In the “simple” condition, the series of numbers in 

the plan were sequential and resulted in the tapping of 3 adjacent fingers (i.e., “1–2–3″, 

“2–3–4″, “4–3–2″, “3–2–1″). In the “complex” condition, each number was at least one 

number away from the previous number (i.e., “1–4–2″, “2–4–1″, “3–1–4″, “4–1–3″), and 

thus mapped to a sequence in which the finger being tapped was not adjacent to the previous 

finger tapped. Trials were pseudo-randomized and a total of 160 trials (80 per condition) 

were completed, with an overall MEG recording time of about 16 min for the task.

2.4. MEG data acquisition

All recordings were conducted in a two-layer magnetically shielded VACOSHIELD room 

(Vacuumschmelze, Hanau, Germany). With an acquisition bandwidth of 0.1–330 Hz, 

neuromagnetic responses were sampled continuously at 1 kHz using a MEGIN Neo MEG 

system (Helsinki, Finland) with 306 sensors, including 204 planar gradiometers and 102 

magnetometers. During data acquisition, participants were monitored via real-time audio-

visual feeds from inside the shielded room. Each MEG dataset was individually corrected 

for head motion and subjected to noise reduction using the signal space separation method 

with a temporal extension (Taulu et al., 2005; Taulu and Simola, 2006).

2.5. Structural MRI processing and MEG coregistration

Prior to MEG measurement, five coils were attached to the participant’s head and localized, 

together with the three fiducial points and scalp surface, with a 3D digitizer (FASTRAK, 

Polhemus Navigator Sciences, Colchester, VT, USA). Once participants were positioned for 

MEG recording, an electric current with a unique frequency label (e.g., 322 Hz) was fed 

to each of the coils. This induced a measurable magnetic field and allowed each coil to be 

localized in reference to the sensors throughout the recording session. As coil locations were 

also known with respect to head coordinates, all MEG measurements could be transformed 

into a common coordinate system. With this coordinate system, each participant’s MEG 

data were coregistered with their high-resolution T1-weighted structural brain data prior to 

source space analysis using BESA MRI (Version 2.0). Structural T1-weighted MR images 

were acquired using a Siemens Prisma 3T MRI scanner with a 32-channel head coil and 

a 3D MP-RAGE sequence with the following parameters: TR = 2400 ms; TE = 2.05 ms; 
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flip angle = 8◦; FOV = 256 mm; slice thickness = 1 mm; voxel size = 1 mm3; 192 slices. 

Structural MRI data were transformed into standardized space and aligned parallel to the 

anterior and posterior commissures. Following source analysis, each participant’s MEG 

functional images were also transformed into standardized space and spatially resampled.

2.6. MEG pre-processing, time-frequency transformation, and sensor-level statistics

Eye blinks and cardio-artifacts were removed from the data using signal space projection 

(SSP), which was accounted for during source reconstruction (Uusitalo and Ilmoniemi, 

1997). The continuous magnetic time series was divided into epochs (duration: 5400 ms), 

with 0 ms defined as movement onset (i.e., first button press) and the baseline defined as the 

−1400 to −900 ms time window (i.e., before movement onset). Epochs containing artifacts 

were removed based on a fixed threshold method, supplemented with visual inspection. 

Briefly, the amplitude and gradient distributions across all trials were determined per 

participant, and those trials containing the highest amplitude and/or gradient values relative 

to this distribution were rejected based on participant-specific thresholds. This approach 

was employed to minimize the impact of individual differences in sensor proximity and 

head size, which strongly affect MEG signal amplitude. After artifact rejection, an average 

of 70.30 (std = 8.31) epochs in the simple and 69.68 (std = 8.70) epochs in the complex 

condition remained. A 2 × 3 repeated-measures analysis of variance (ANOVA) indicated that 

the number of trials did not differ by condition (p = .106), by stimulation (p = .187), or the 

interaction (p = .289).

Artifact-free epochs were transformed into the time-frequency domain using complex 

demodulation (Kovach and Gander, 2016), and the resulting spectral power estimations 

per sensor were averaged over trials to generate time-frequency plots of mean spectral 

density. This time-frequency analysis was performed with a frequency-step of 2 Hz and 

a time-step of 25 ms between 4 and 30 Hz to examine beta activity. These sensor-level 

data were normalized using the respective bin’s baseline power, which was calculated as 

the mean power during the −1400 to −900 ms time window. The specific time-frequency 

windows used for source reconstruction were determined by statistical analysis of the 

sensor level spectrograms across all participants and stimulation conditions using the entire 

array of 204 gradiometers. Specifically, paired-sample t-tests against baseline were run on 

each data point, and the output spectrogram of t-values was thresholded at p < .05 to 

define time-frequency bins containing potentially significant oscillatory deviations across 

all participants and stimulation conditions. Time-frequency bins that survived the threshold 

were then clustered with temporally and/or spectrally neighboring bins that were also above 

the threshold (p < .05), and a cluster value was derived by summing the t-values of all data 

points in the cluster. Nonparametric permutation testing (1000 permutations) was then used 

to derive a distribution of cluster values, and the significance level of the observed clusters 

was tested directly using this distribution (Ernst, 2004; Maris and Oostenveld, 2007).

2.7. MEG beamformer imaging and statistics

Cortical neural responses were imaged using the dynamic imaging of coherent sources 

(DICS) beamformer (Gross et al., 2001; Van Veen et al., 1997), which employs spatial 

filters in the time-frequency domain to calculate source power for the entire brain 
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volume. Such images are typically referred to as pseudo-t maps, with units (pseudo-t) 

that reflect noise-normalized power differences (i.e., active vs. passive) per voxel. MEG 

preprocessing and imaging used the Brain Electrical Source Analysis (BESA; Version 

7.1) software. Normalized source power was computed for the selected time frequency 

windows (see Results) over the entire brain volume per participant at 4.0 mm × 4.0 mm 

× 4.0 mm resolution. The resulting beamformer images were grand-averaged across all 

participants and HD-tDCS configurations (i.e., anodal, cathodal, and sham) to assess the 

neuroanatomical basis of the significant oscillatory responses identified through the MEG 

sensor-level analysis. For a more detailed description of our methods, see (Wiesman and 

Wilson, 2020). These beamformer images were subjected to whole-brain statistical analyses 

using a 2 × 3 repeated-measures ANOVA, separately for planning and execution windows. 

The condition factor had two levels (simple, complex) and the stimulation factor had three 

levels (sham, anodal, cathodal). Any beamforming outliers for each time-frequency window 

of interest were excluded prior to analysis.

3. Results

3.1. Behavioral results

For each participant, reaction time, movement duration, and accuracy measures were 

calculated and tested for main effects and stimulation-by-task interactions. Participants 

completed the motor sequencing task with a high degree of accuracy, with an average of 

94.02 % across stimulation and task conditions (see Table 1 for more details). All statistical 

analyses were conducted after removing outliers that were three standard deviations from 

the mean. For accuracy, there was a significant main effect of task condition (F(1, 58) = 

5.36, p = .024), such that participants were less accurate in the complex relative to the 

simple condition. Further, there was a main effect of task condition on reaction time (F(2, 

61) = 93.04, p < .001) and reaction time variability (F(1, 61) = 5.14, p = .027; Fig. 2), 

such that participants took longer to respond and were less variable (i.e., lower coefficient 

of variation) in the complex compared to the simple condition. There was also a main 

effect of task condition on movement duration (F(1, 63) = 99.99, p < .001), such that 

participants took longer and were more variable in completing the full movement sequence 

in the complex relative to the simple condition (Fig. 2). There was no main effect of task 

condition on movement duration variability (F(1, 63) = 1.223, p = .273). No main effects 

of stimulation or interaction effects were found for reaction time, accuracy, or measures of 

variability.

3.2. Sensor-level results

Using a rigorous two-step approach to determining time-frequency windows, we identified 

statistically significant oscillatory responses in the beta range (16–24 Hz) centered around 

the button press (Fig. 3). All responses were significant at p < .005 following multiple 

comparisons correction using nonparametric cluster-based permutation testing. The beta 

ERD response was separated into the planning (−500 to 0 ms) and execution (0 to 500 ms) 

phases to distinguish the differential cognitive and motor processes that serve the initiation 

of motor sequences. The neural generators of these time-frequency responses were estimated 

using a beamformer algorithm, separately for each task and stimulation condition. These 
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images were averaged across all task and stimulation conditions per person, then grand 

averaged across the sample to generate images representative of the group-level response 

in each time-frequency window (Fig. 3). Note that the PMBR response is also clearly 

discernable in Fig. 3, but this response was not imaged or further examined given the 

significant conditional differences in movement duration that were observed, as this would 

confound any comparisons.

3.3. Dynamic functional maps: main effects of task condition

Two (planning and execution) 2 × 3 repeated-measures ANOVAs indicated a main effect 

of task condition in both the planning and execution phases (all ps < 0.001, k-threshold = 

8). In the planning phase, participants exhibited a stronger beta ERD response (i.e., more 

negative relative to baseline) in the complex relative to the simple condition in the right 

somatosensory cortices (F(1, 43) = 26.05) and right superior parietal cortex ((F(1, 43) = 

19.36; Supplemental Figure 1). In contrast, the right inferior occipital (F(1, 43) = 14.86) 

and right occipitotemporal regions (F(1, 43) = 15.97) exhibited stronger beta ERD responses 

in the simple relative to the complex condition. During the execution phase, participants 

exhibited stronger beta ERD responses in the complex relative to the simple condition 

in the left superior temporal cortex (F(1, 43) = 16.84), anterior medial prefrontal cortex 

(amPFC; F(1, 43) = 16.60), and a distributed network of brain regions that included the 

occipito/parietal/temporal cortices (F(1, 43) = 63.68). There were no significant main effects 

of stimulation condition in either the planning or execution windows.

3.4. Dynamic functional maps: stimulation-by-task interaction effect

In addition to the main effects described above, we found stimulation by task interaction 

effects in both the planning and execution windows (all ps < 0.001, k-threshold = 8). During 

the planning phase (Fig. 4), post-hoc testing revealed stronger beta ERD responses (i.e., 

more negative relative to baseline) during simple trials in the right dlPFC (F(2, 86) = 10.08) 

following anodal stimulation compared to both cathodal (p < .001) and sham (p = .003) 

conditions, while the cathode and sham conditions did not differ from one another (p = 

.151). This overall pattern in the right dlPFC was maintained during the movement execution 

window (F(2, 86) = 8.52), with post-hoc testing again revealing stronger beta oscillations 

during simple trials following anodal stimulation compared to both cathode (p = .004) and 

sham (p = .049) conditions, while the cathode and sham conditions did not differ from 

one another (p = .502; Fig. 4). Further, beyond the dlPFC, the same pattern held for motor 

planning beta responses in a medial area of the left primary motor cortex that bordered the 

supplementary motor area (F(2, 86) = 10.20) and right occipitotemporal cortex (F(2, 86) = 

8.34). Briefly, post hoc analyses revealed stronger beta ERD responses (i.e., more negative 

relative to baseline) in the left primary motor cortex during simple trials following anodal 

stimulation compared to both cathodal (p = .002) and sham (p = .039) conditions, with the 

latter two stimulation conditions not differing from each other (p = .444). Finally, in the 

right occipitotemporal cortex post-hoc testing revealed that in the simple condition, anodal 

stimulation was associated with stronger beta ERD responses compared to the cathode (p = 

.036) and sham (p = .006) conditions, while the cathode and sham conditions did not differ 

from one another (p = .477; Fig. 4). In addition, anodal stimulation was associated with 

weaker beta ERD responses compared to the sham (p = .027) but not the cathodal condition 
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(p = .128) during complex trials, while the sham and cathode conditions did not differ from 

one another (p = .283).

4. Discussion

In this investigation, we used high-definition transcranial direct current stimulation (HD-

tDCS) and high-density MEG imaging to quantify movement-related neural dynamics that 

were differentially sensitive to stimulation polarity and movement complexity. We identified 

several main effects of task condition in the motor planning and execution windows, with 

the overall pattern being that complex movements elicit stronger beta ERD in both the 

planning and execution windows across a distributed network of brain regions involved in 

basic sensory, motor, and higher-order processing. Our most interesting findings were the 

stimulation-by-task interaction effects in the left primary motor cortex (i.e., direct target of 

stimulation), the right dorsolateral prefrontal cortex (dlPFC), and the right occipitotemporal 

cortex. Functionally, the beta ERD is tightly coupled with the planning and execution of 

movements and dissipates quickly following the completion of a movement sequence. These 

neural responses occur specifically in brain regions that are interconnected and critical for 

motor control. Indeed, altered beta ERD responses have been identified across disorders 

with motor deficits and are frequently correlated with the severity of symptoms (Embury 

et al., 2019; Heinrichs-Graham et al., 2014a,b, 2017; McCusker et al., 2021; Wilson et 

al., 2013, 2016). This pattern of findings suggests that the beta ERD responses supporting 

movement planning and execution are sensitive to the polarity of noninvasive electrical 

stimulation and that these neuromodulatory effects are contingent on the complexity of the 

movement sequence.

4.1. Behavioral findings

In line with the existing literature, we identified a main effect of task condition behaviorally, 

such that participants took longer to initiate (i.e., reaction time) and complete (i.e., 

movement duration) the movement sequences in the complex relative to the simple condition 

(Haaland et al., 2004; Heinrichs-Graham and Wilson, 2015; McCusker et al., 2021; Ward et 

al., 2023). Furthermore, there was a significant difference in reaction time variability (i.e., 

coefficient of variation), such that participants were more variable in movement initiation 

in the simple relative to the complex condition. However, there was no condition-wise 

difference in variability in the duration of the sequential movement. While movement 

variability and the speed-accuracy tradeoff (i.e., Fitts’ law) have been examined in rapid 

aimed movements, linking these processes to target localization, movement preparation 

time, movement execution, and the variability of more fine-tuned digit movements remains 

relatively unexplored (Churchland et al., 2006; Sutter et al., 2021; van Beers et al., 2004). 

Our novel results suggest that the variability of movement planning, but not execution of 

finger movements, is susceptible to the complexity of the movement sequence. Interestingly, 

we did not observe a main effect of stimulation on behavioral measures. The literature is 

mixed with respect to the impact of brain stimulation on motor performance, with repetitive 

transcranial magnetic stimulation (rTMS) of the motor cortices impacting temporal but not 

spatial accuracy (Avanzino et al., 2008) and behavioral outcomes in complex but not simple 

conditions (Gerloff et al., 1997). Likewise, transcranial electrical stimulation has been 
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associated with enhancing motor performance in motor tasks (Spooner and Wilson, 2023) 

and altering performance in some non-motor tasks (Arif et al., 2021; Erker et al., 2024; 

McDermott et al., 2019; Wiesman et al., 2018) but not others (Koshy et al., 2020; Spooner et 

al., 2020). One significant factor that may have contributed to the lack of behavioral findings 

in this study was the timing of neuromodulation relative to the completion of the motor 

sequencing task. There is considerable heterogeneity in behavioral effects of transcranial 

electrical stimulation on motor and cognitive function, particularly with respect to whether 

the task was completed during stimulation (online effects) or independently (offline effects). 

Indeed, several studies suggest that behavioral effects are maximal during stimulation or 

shortly thereafter and reduce in strength over time (Friehs and Frings, 2019; Martin et al., 

2014), although others have shown significant stimulation-induced behavioral effects for at 

least 30 to 45 min or more (Bachtiar et al., 2015; McDermott et al., 2019; Wiesman et 

al., 2018). Thus, the current behavioral results may not reflect the full magnitude of the 

neuromodulation effect, which may be more pronounced immediately after stimulation, due 

to the timing of the MEG task relative to the stimulation. Further work may help elucidate 

the potential causes of such behavioral inconsistencies in the literature, which may be due, 

at least in part, to more subtle differences in task design, stimulation parameters and/or 

configuration, specific brain regions targeted, and/or the participant population of interest.

4.2. Stimulation-by-Task interaction effects

Our most interesting findings were the stimulation-by-task effects in the right dlPFC, a 

medial area of the left primary motor cortex that bordered the supplemental motor area 

(SMA), and the right occipitotemporal region. In accordance with our hypothesis that 

neuromodulation would be dependent on movement complexity, the overall pattern of results 

suggests that HD-tDCS of the motor cortex affects the beta oscillations serving simple 

movement sequences, while the same neural responses during performance of complex 

sequences were unaffected. Indeed, post-hoc testing revealed that anodal stimulation was 

associated with stronger beta ERD responses during the planning phase of simple trials in 

each of these three regions relative to both cathodal and sham stimulation, which did not 

differ from each other in any region. No such stimulation related differences were observed 

in the complex condition, with the exception of the occipitotemporal region. These results 

may reflect the utilization of a specialized set of neural resources that are optimized for more 

advanced motor plans during the complex condition, leading to decreased susceptibility to 

the effects of stimulation. In contrast, the simple movement plan may be accomplished 

by using heterogeneous pools of neural resources, leading to more flexibility and thus 

potential vulnerability to the effects of stimulation. There is at least some support for this 

perspective in the literature, with a prior rTMS study of the SMA inducing errors only 

in the more complex movement sequence (Gerloff et al., 1997). Thus, the relative ease of 

planning simple movements affords a degree of neural flexibility and corollary susceptibility 

to stimulation that is not observed in complex movement planning, which may require 

specialized neural mechanisms that are more resistant to perturbation. However, these results 

should be interpreted with caution and replicated in future studies, as it is also possible 

that the simple-only effect reflects a limit on the dynamic range of beta responses in the 

complex condition (Heinrichs-Graham et al., 2018; Wilson et al., 2014; Heinrichs-Graham 

and Wilson, 2016; Wilson et al., 2018). Taken together, we found that the neural signatures 

Son et al. Page 10

Neuroimage. Author manuscript; available in PMC 2025 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of movement planning and execution were susceptible to both stimulation polarity and 

movement complexity in both movement-related and higher-order regions.

4.3. Main effect of task condition

There were several main effects of task condition in the planning and execution periods, 

replicating a wide body of existing work showing greater neural activity in the complex 

relative to the simple condition (Haaland et al., 2004; Heinrichs-Graham and Wilson, 

2015; Manganotti et al., 1998; McCusker et al., 2021; Shibasaki et al., 1993; Ward et al., 

2023). During the planning phase, there were stronger beta ERD responses in the complex 

condition relative to the simple condition in regions of the right sensorimotor cortices, as 

well as the right superior parietal lobule. Previous work has identified altered neural activity 

in the somatosensory cortices well before movement onset (Ariani et al., 2022; Gale et al., 

2021), potentially reflecting a preparatory state in anticipation of somatosensory feedback 

during subsequent execution of the motor plan. In addition, spatial maps in the parietal 

cortices have been shown to be essential for motor planning and execution, especially in 

the context of sequence-related movements (Catalan et al., 1998; Haaland et al., 2004; 

Harrington et al., 2000; Heinrichs-Graham and Wilson, 2015; Manganotti et al., 1998; 

Turella et al., 2016), with beta band modulations being essential in the planning of such 

movements. Furthermore, increased beta ERD responses in the complex relative to the 

simple condition persisted into the execution phase and became more spatially distributed, 

in line with previous studies showing right parietal cortex activation (Heinrichs-Graham et 

al., 2020; Heinrichs-Graham and Wilson, 2015). In contrast, the occipito-temporal regions 

exhibited the opposite effect, where there were stronger beta ERD responses in the simple 

condition relative to the complex condition. Thus, it appears that while earlier regions in the 

attention streams and lower-rank components of the sensorimotor-association axis (Sydnor 

et al., 2021) are sufficient and recruited for simple planning, higher-order parietal and 

somatosensory regions are preferentially recruited in the complex condition. Taken together, 

these results point toward regionally specific modulation and recruitment of motor and 

extrastriate cortices during the performance of motor sequences.

5. Conclusions

These novel contributions to the literature expand upon recent studies and demonstrate 

the sensitivity of neural processes serving motor control to HD-tDCS in a polarity-

dependent manner. Before closing, we want to suggest multiple factors that should be 

incorporated in future work to broaden the scope of the implications. Though these 

results contribute significantly to our understanding of how HD-tDCS can impact the 

neurophysiology underlying movement planning and execution of differing complexities, 

varying the length of the sequence may also provide overlapping or distinct insights into 

distinct neurophysiological changes (Catalan et al., 1998). Furthermore, modulation of the 

stimulation parameters (i.e., amplitude, duration, intermittent or continuous; Hashemirad 

et al., 2016) may also provide insights into the neurobehavioral impact of noninvasive 

brain stimulation on motor control. In addition to polarity, the brain state and oscillatory 

phase during stimulation have also been shown to impact the behavioral effects of 

neuromodulation, which may further elucidate the mechanisms driving behavioral changes 
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(Bergmann, 2018; Li et al., 2019; Spooner and Wilson, 2023). Lastly, all of our participants 

were right-handed according to self-report, but future studies could enhance rigor by 

performing a formal assessment of handedness. Despite these limitations, the current 

study provides valuable data on the potential plasticity of the neurophysiology supporting 

movement planning and execution in healthy adults.
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Fig. 1. Current flow model and experimental protocol.
(A) Current distribution modeling using the HD-tDCS montage showed relatively focal 

stimulation of the left primary motor cortex. Participants received 20 min of anodal, 

cathodal, and sham HD-tDCS over the left primary motor cortex during three sessions, 

which were pseudorandomized and separated by at least a week (mean = 9.77 days). 

Following stimulation, there was a 45-minute average delay during which the HD-tDCS 

equipment was removed from the participant’s head and they were prepared and positioned 

for the MEG recording. (B) Participants completed a motor sequencing task during the 

MEG recording, which consisted of a fixation cross for 3750 ms, followed by a series of 

three numbers with each corresponding to a finger on their right hand. Participants were 

instructed to quickly and accurately press the buttons corresponding to the sequence, prior to 

the sequence disappearing after 2250 ms. There were two conditions that were distinguished 

by the complexity of the motor plan. In the “simple” condition, the series of numbers in 

the plan were sequential and resulted in the tapping of 3 adjacent fingers, while in the 

“complex” condition each number was at least one number away from the previous number, 

and thus mapped to a sequence in which the finger being tapped was not adjacent to the 

previous finger tapped.
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Fig. 2. Behavioral performance on the motor sequencing task.
The scatterplots show reaction time (left) and movement duration (right) on the x-axis 

and the coefficient of variation on the y-axis, with each datapoint reflecting the behavioral 

outcome in either the simple (light blue) or complex (dark blue) condition. Box plots above 
the scatterplots represent the data distributions for reaction time and movement duration, 

while the box plots to the right of the scatterplots represent the data distributions of measure 

variability. * indicates p < .05, n.s. indicates not significant.
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Fig. 3. Sensor- and source-level responses to the motor sequencing task.
The grand-averaged time-frequency spectrogram from a MEG sensor near the motor cortices 

with time (ms) displayed on the x-axis and frequency (Hz) on the y-axis, with the color 

bar representing the percent difference in power from baseline. Dashed boxes indicate 

statistically significant decreases in beta power that were subjected to beamforming. On 

the right, grand-averaged beamformer images (across both task conditions and the three 

stimulation conditions) are shown for the planning and execution time-frequency windows.
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Fig. 4. Stimulation-by-task interaction effects in the planning and execution windows.
Whole-brain 2 × 3 repeated-measures ANOVAs revealed significant stimulation-by-task 

interaction effects (all ps < .001). The histograms show the median (black line) and 

mean (black dot), as well as the individual data points for each of the stimulation and 

task conditions. In the planning window, there were significant interactions in the right 

occipitotemporal cortex, dorsolateral prefrontal cortex (dlPFC), and a left primary motor 

cortex area directly posterior to the supplemental motor area (SMA). In the execution 

window, there was a significant interaction in the right dlPFC. Stronger beta oscillatory 

responses (i.e., more negative relative to baseline) during the planning phase were observed 

in the simple condition following anodal stimulation compared to cathodal and sham in all 

three regions and the same pattern held for beta responses during movement execution in the 

right dlPFC. Finally, weaker beta oscillations were observed following anodal stimulation 

compared to the sham condition in the right occipitotemporal cortex. **p < .005, *p < .05.
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Table 1

Reaction Time (ms).

Condition Anode Cathode Sham Mean

Simple 755.5 (169.5) 754.6 (171.7) 743.7 (163.9) 751.2 (168.4)

Complex 831.1 (180.8) 822.1 (179.5) 808.0 (170.4) 820.4 (176.9)

Mean 793.3 (175.2) 788.3 (175.6) 775.8 (167.2) 785.8 (172.7)

Movement Duration (ms)

Simple 556.7 (117.4) 552.5 (111.7) 537.8 (110.1) 549.0 (113.1)

Complex 637.5 (134.6) 622.5 (127.2) 619.9 (125.1) 626.7 (129.0)

Mean 597.1 (126.0) 587.5 (119.5) 578.8 (117.6) 587.8 (121.0)

Accuracy (%)

Simple 95.3 95.2 95.7 95.4

Complex 94.5 94.0 95.2 94.6

Mean 94.9 94.6 95.5 94.0

Reaction time and movement duration values presented as: mean (SD).
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