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Abstract

Background and objectives: Motor learning experiments with transcranial direct current 

stimulation (tDCS) at 2 mA have produced mixed results. We hypothesize that tDCS boosts motor 

learning provided sufficiently high field intensity on the motor cortex.

Methods: In a single-blinded design, 108 healthy participants received either anodal (N = 36) 

or cathodal (N = 36) tDCS at 4 mA total, or no stimulation (N = 36) while they practiced a 

12-min sequence learning task. Anodal stimulation was delivered across four electrode pairs (1 

mA each), with anodes above the right parietal lobe and cathodes above the right frontal lobe. 

Cathodal stimulation, with reversed polarities, served as an active control for sensation, while the 

no-stimulation condition established baseline performance. fMRI-localized targets on the primary 

motor cortex in 10 subjects were used in current flow models to optimize electrode placement for 

maximal field intensity. A single electrode montage was then selected for all participants.

Results: We found a significant difference in performance with anodal vs. cathodal stimulation 

(Cohen’s d = 0.71) and vs. no stimulation (d = 0.56). This effect persisted for at least 1 h, and 

subsequent learning for a new sequence and the opposite hand also improved. Sensation ratings 

were comparable in the active groups and did not exceed moderate levels. Current flow models 

suggest the new electrode montage can achieve stronger motor cortex polarization than alternative 

montages.
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Conclusion: The present paradigm shows a medium to large effect size and is well-tolerated. It 

may serve as a go-to experiment for future studies on motor learning and tDCS.
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1. Introduction

Prior human behavioral studies have attempted to enhance motor learning through 

transcranial direct current stimulation (tDCS). Motor learning has been shown in both 

human and animal experiments to induce synaptic plasticity in the primary motor cortex 

(M1) [1–4], and became a topic of early tDCS research interest [5]. These studies were 

based on the finding that tDCS can induce a robust change in excitability in M1 [6,7], 

which undergoes changes in activity and excitability during motor sequence learning [3,8–

18]. As such, anodal tDCS over M1 was expected to depolarize the target membrane and 

facilitate learning. While the initial study by Nitche et al. (2003) saw an improvement 

in performance [5], the ensuing literature has seen mixed results [19]. Several studies 

reported that concurrent anodal stimulation over M1 or the cerebellum enhances motor 

sequence learning [20–24]. Others found that M1 stimulation did not affect learning, even 

though excitability was increased [25]. Later studies saw no effect of cerebellar tDCS 

on either learning performance, or neuronal activity recorded with functional magnetic 

resonance imaging (fMRI) [26,27]. Potential issues listed in the review by Buch et al. 

(2017) include a lack of reproducibility and standardization of protocols, as well as an 

incomplete understanding of inter-subject variability in tDCS effects [19]. Sample size in 

tDCS studies has also been brought up as a point of concern [28]. In sum, we are still 

lacking a dependable behavioral method for assessing efficacy of tDCS in modulating motor 

learning.

To address this, we sought to develop a novel paradigm based on our underlying theory 

of the effects of tDCS on synaptic efficacy. It is thought that tDCS enhances learning by 

modulating synaptic efficacy [29], and a key ingredient of synaptic plasticity is membrane 

polarization, which is affected by direct current stimulation via direct polarization and 

modulated firing [30,31]. Thus, applying stimulation concurrently to plasticity induction can 

boost learning. The importance of concurrent stimulation has already been demonstrated 

in the context of motor sequence learning [21]. Induced electric field intensities are likely 

another important factor in tDCS effects. Typical current intensities up to 2 mA [19] are 

estimated to induce less than 1 V/mv [32], well below values used in vitro to demonstrate 

effects on plasticity [30,31,33–36]. We have demonstrated in vitro that synaptic plasticity 

effects increase with stimulation intensity [30,35]. Such a relationship between plasticity 

effects and dosage has not been established conclusively in human studies [37–40], although 

motor learning performance has been shown to improve when using 4 mA [41]. Most 

tDCS experiments avoid intensities above 2 mA due to increased discomfort and difficulty 

in blinding, and the effects and dose response of higher-intensity tDCS therefore remain 

largely unexplored. We can expect that stimulation along the somatodendritic axis would 

maximally polarize neurons [42]. Since the somatodendritic axis of pyramidal neurons is 
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typically oriented normal to the cortical surface [43], the cortical surface may serve as 

an approximation of pyramidal neuron orientation [44]. Currents that are tangential to the 

scalp are therefore likely to be more effective when targeting M1 [44,45]. Yet, most studies 

on motor learning use the M1-SO (M1-supraorbital) montage with predominantly radial 

currents [19]. Finally, our theory predicts that stimulation effects should be specific to the 

synaptic connections undergoing plasticity, which we also confirmed in vitro [30]. This 

would suggest that behavioral effects of tDCS should be specific to the learned task.

Here we took a systematic approach to increase effective intensity on target by applying 

state-of-the-art targeting techniques to maximize field intensity orthogonal to cortical 

surface, which is the predominant orientation of pyramidal neurons [43]. The timing- and 

task-specific effects of this stimulation method were tested on motor sequence learning. We 

sought to avoid excessive discomfort by spreading out currents on the scalp [46–48], across 

four pairs of 12 mm diameter high-definition electrodes, each passing 1 mA for a total 

current of 4 mA fMRI was used to localize an active target region for motor learning in a 

small sample of 10 subjects. Then, through current flow modeling we optimized placement 

of the eight electrodes to maximize polarizing intensity, as opposed to focality [45] on 

the target in each head. From these individualized layouts a generalized montage was 

derived. Our models predicted that this electrode montage would confer stronger membrane 

polarization than commonly used layouts. To match the inevitable sensation effects at 

4 mA, we compared anodal vs. cathodal stimulation in two different cohorts. A third, 

no-stimulation control group was included to control for the effects of cathodal stimulation 

on motor learning [21]. Across these three conditions we expected a monotonic effect 

on performance. We compared the behavioral effects under these conditions through a well-

established sequential “finger tapping task” (FTT) that has been used to study procedural 

and motor skill learning [8,49–51] and applied in tES studies [22,27]. A sample size of N = 

36 per group was selected, based on a power analysis of a previous study with the same task 

[49]. We hypothesized that 4 mA tDCS can enhance concurrent motor sequence learning 

with medium to large effect sizes (H1). Furthermore, we expected this boosting effect to 

last over time (H2). Based on our prior in vitro DCS work, we hypothesized that the lasting 

tDCS effect is specific to the hemisphere paired with stimulation (H3) and specific to the 

sequence paired with stimulation (H4).

2. Methods

2.1. Target location

Stimulation target locations were determined based on the fMRI activation in a finger 

tapping task that is closely related to the FTT. We did this in a smaller imaging cohort 

(10 healthy adults, 2 female, 8 male, age range = 18–55 years, mean ± SD = 24.2 ± 

6.12 years). We also obtained T1 images for the purpose of current flow modeling and 

montage optimization (see below). All participants provided written informed consent to 

participate in this research, under approval of the City University of New York Institutional 

Review Board (IRB). Exclusion criteria for potential participants included any history 

of neurological or psychiatric disorders, traumatic brain injury, disabilities in the upper 

extremities, severe visual impairment, and any MRI contraindication.
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Participants were scanned in a Siemens 3 T Prisma MRI (Siemens, Munich, Germany) at 

the City University of New York’s Advanced Science Research Center using a 32 channel 

head coil receiver. The data for each participant consisted of a sagittal threedimensional 

T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) anatomical scan and a 

functional echo planar imaging scan during a hand-motor task. The anatomical scans were 

collected with the following parameters: 208 slices, TR/TE/TI = 2400/2.15/1000 ms, slice 

thickness = 1 mm, flip angle = 8°, FOV = 256 ×240, in-plane resolution = 256 × 240 mm2, 

and acquisition time = 5:42 min. Task fMRI were collected using an echo-planar imaging 

scan: 60 interleaved axial slices, slice thickness = 2.4 mm, no slice gap, multiband factor 

= 6, TR/TE = 800/30 ms, flip angle = 52°, FOV = 216 ×216 mm2, in-plane resolution 

= 90 × 90, and acquisition time = 6:54 min. During task fMRI, participants held one 

4-button response pad in each hand, with one finger on each button. Prompted by a computer 

monitor, the participants pressed buttons in alternating sets of 30 s on one hand at a time, 

alternating between hands with 30 s of rest between sets. To simulate the FTT, during each 

set participants pressed the buttons one at a time in sequence from the pinky toward the 

index finger and repeated this sequence as many times as possible during the 30 s. 10 sets 

were completed for each hand, for approximately 10 min total during the fMRI session. 

Contrasts in blood oxygenation level dependent (BOLD) signal intensity during performance 

of finger tapping were calculated in AFNI (Analysis of Functional NeuroImages) relative 

to the signals during the rest periods (separately for left and right hands). Subject level 

preprocessing included: slice time correction, despiking, coregistering the functional time 

series to a target volume and aligning the anatomical to the coregistered data, censoring 

data with motion greater than 1 mm from the target volume, smoothing the fMRI by 

applying a 5 mm Gaussian kernel to the brain extracted data, bandpass filtering between 

0.01 and 0.1 Hz, and detrending the time series to correct for signal drift. To remove artifact 

from signal, time series data from the white matter and cerebral spinal fluid, along with 6 

motion regressors from the registration were included as nuisance regressors in AFNI’s 

‘3dDeconvolve’ function which modeled the data to the input stimulus (left/right/rest 

finger tapping blocks) and produced statistical maps of the regression beta coefficients and 

t-statistics for significance of the coefficients. The resulting t-statistic maps were thresholded 

to determine the voxels most active during sequential finger movement (Fig. 1, for left 

hand). We focus on the left hand (right hemisphere) as the sequence learning task will target 

the non-dominant hand in right-handed participants. Cortical parcellation was performed 

using FreeSurfer [52,53], which we used to narrow down active regions to the “hand knob” 

area on the precentral gyrus, and within those boundaries manually selected a single voxel 

with maximal or near-maximal statistical value as the target.

2.2. Electrode placement

For each participant in the imaging cohort (N = 10), we first determined the desired field 

orientation, designated as the orthogonal unit vector to the cortical surface at the target. 

This was done by loading each anatomical image in a MATLAB (MathWorks, Natick, MA) 

graphical user interface (GUI) that displayed the 2-D sagittal, coronal, and axial views of 

the head. The GUI showed the origin of the vector at the target voxel, and the second 

point of the vector was selected manually. Polarity of the stimulation dictated whether the 

vector pointed into or out of the cortical surface. The resulting 3-D directional vector was 
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automatically recorded as a unit vector by the program. For reproducibility of results without 

the need for costly individual MRIs (given the large sample size), we sought to create 

a single montage that provided reasonable results for all 10 participants in the imaging 

cohort. We selected a common desired field orientation by averaging orientation across 

all 10 subjects (33° from to the anterior/posterior direction and 11.3° from the horizontal/

axial plane). We then generated a current flow model using ROAST (Realistic, vOlumetric 

Approach to Simulate Transcranial electric stimulation) [45,54,55] in MATLAB for each 

of the individual T1-weighted anatomical MRIs. Individualized 4+4 HD-tDCS montages 

were generated using ROAST’s “leadfield” and “targeting” options. The electrode locations 

were optimized for maximum electric field intensity at the target voxel and normal to the 

cortical surface. Note that maximal intensity differs from the objective of focal stimulation, 

which are two conflicting criteria [55]. As such, we did not expect field distributions to 

be focal, but rather optimal in intensity. Total current was limited to 4 mA with 1 mA per 

electrode pair across 4 anodes and 4 cathodes (4+4) [56] selected from candidate locations 

in the 10-10 international system (an example of a model in one subject is shown in Fig. 

2a and b). To decide on a single generalized montage we tallied the “votes” of how often 

a given electrode was selected (Fig. 2c). The four locations with the most “votes” were 

selected for each polarity to yield the final montage (Fig. 2d). Under the anodal condition, 

the cathodes are in the frontal positions of F4, F2, AF4, and Fz, and the anodes are in the 

parietal positions of P4, CP4, CP2, and P2. Here we define “anodal” stimulation as inward 

current on the targeted cortical structure, and the polarity of each electrode is reversed in 

“cathodal” stimulation, with opposite current flow directions. A reference electrode was 

placed at CP3 (drawing no current). After the generalized 4+4 HD montage was selected, 

individual ROAST models were simulated using the same 10 MRI samples for later analysis.

2.3. Stimulation and behavioral task

2.3.1. Participants—For the motor sequence learning task 108 healthy, right-handed 

adults (52 female, 56 male, age range = 18–55 years, mean ± SD = 24.6 ± 6.42 years) 

provided written informed consent to participate in this study, under approval of the 

City University of New York IRB. Exclusion criteria for potential participants included 

left-handedness, any history of neurological or psychiatric disorders, use of medication for 

those disorders, traumatic brain injury, disabilities in the upper extremities, or severe visual 

impairment. People with very thick or braided hair and those who wore a weave or wig 

were not included. Musicians were also excluded from the study, including professionals and 

amateurs who were regularly practicing a musical instrument that involves fine sequential 

finger movements, such as piano, guitar, violin, and trumpet, and those who had recent or 

extensive prior experience with such instruments but have since stopped playing. Most but 

not all subjects were naive to tDCS and electrical stimulation. All subjects completed the 

full session of experimental procedures, even though they were allowed to withdraw due to 

discomfort at any point during the procedure.

2.3.2. Experimental design—In a single-blind design, participants were randomly 

assigned to receive either anodal or cathodal stimulation (polarities as defined above; N 

= 36 per group). Anodal stimulation serves as the active, excitatory condition. Cathodal 

stimulation serves as the active control condition because at 4 mA the sensation is noticeable 
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and cannot be reasonably shammed (see Fig. S7). To establish an unstimulated control 

level of learning, we subsequently tested a control group where all subjects obtained no 

stimulation (N = 36). However, in order to simulate the stimulation environment as closely 

as possible, participants in the no-stimulation control group underwent the same procedures 

as the other two groups, including wearing a cap and having gel applied to the scalp, and 

they were informed that they may be stimulated. Sample size for each group was determined 

a priori based on performance data collected by Bönstrup et al. [49] in G*Power 1.3 [57]. 

Predicting a 30% increase in performance with stimulation, the effect size Cohen’s d was 

determined to be approximately 0.64, and with an error probability of 5% and expected 85% 

power on a one-sided, two-sample t-test, we set the group sample size at 36.

2.3.3. Procedure—Stimulation was administered using a Soterix M×N9 HD-tES System 

(Soterix Medical, New York, NY) with silver/silver chloride sintered ring high-definition 

electrodes (Soterix Medical, New York, NY) attached to a 10-10 HD-Cap (Soterix Medical, 

New York, NY) at the positions determined above (Fig. 2d), with conductive gel (SignaGel, 

Parker Laboratories, Fairfield, NJ) applied between the scalp and electrodes. The ring 

electrodes have an outer radius of 6 mm, an inner radius of 2.5 mm, and a height of 1 

mm. The contact area of the electrode holder base is approximately 2.7 cm2. There is 

an approximately 9–10 cm distance (depending on head geometry) between the parietal 

electrodes and the frontal electrodes.

Participants were seated in front of a computer monitor and a keyboard with 4 adjacent 

keys labeled “1”, “2”, “3”, and “4” from left to right. The FTT described here follows the 

procedures detailed by Bönstrup et al. [49], originally conceived by Karni et al. [8] At the 

beginning of each FTT section, the participants were asked to place their left hand on the 

labeled keys (Fig. 3a). Each iteration of the task consisted of 36 continuous trials, each 20 s 

long. During the first 10 s of each trial a sequence of 5 digits appeared on the monitor in a 

MATLAB GUI. Participants were instructed to press the keys corresponding to the numbers 

shown on screen in the order they appear in, from left to right, “as quickly and as accurately 

as possible”. They were to complete the sequence as many times as possible during those 10 

s, which were followed by a 10-s rest interval. The same sequence was displayed throughout 

all trials in one iteration of the FTT. Before the task, subjects were familiarized with the 

finger placement on the keyboard and the visual interface by pressing a basic, intuitive 

sequence of 1-2-3-4-1.

The experiment was divided into two sessions: the main task session to test hypothesis 

H1 and the follow-up session to test hypotheses H2–H4 (Fig. 3b). During the initial 

session, participants received stimulation simultaneously while they performed the FTT with 

sequence S1 (4-1-3-2-4) using their left hand. The stimulation intensity was ramped up over 

30 s until it reached a maximum intensity of 4 mA (1 mA at each electrode), at which point 

the participants began the task. Like the FTT, tDCS lasted for 12 min, after which current 

ramped down over 30 s back to zero. A visual analog scale (Wong-Baker FACES pain 

scale) was administered immediately after stimulation ended. Subjects were asked to rate 

sensation levels from 0 to 10, 10 being the most severe, at points throughout the stimulation 

session: the beginning, middle, and after stimulation. Sensation quality ratings at each time 
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point were also collected, from the options: “No sensation”, “Tingling”, “Pricking/Stinging”, 

“Itching”, “Burning”, “Other”.

Between the two sessions the participants had a break of 1 h and were free to engage in any 

activity (typically they engaged with their book, smartphone, personal laptop, or went out 

to get lunch). The followup session began with a repeat of S1 as a test of lasting learning 

effect. Next, subjects learned sequence S2 (2-3-1-4-2) for 12 min with the same FTT, but 

now using the right hand. The aim here was to test if there were carry-over effects to the 

unstimulated hemisphere. This was then immediately followed by learning sequences S3 

(3-4-2-1-3) back on the left hand again with 12 min of FTT. The aim was to test if there 

were carry-over effects to a new sequence in the stimulated hand. Note that neither of these 

follow-up learning tasks were paired with tDCS.

2.3.4. Statistical analysis—All statistical analyses were done in MATLAB. The 

primary measure of FTT performance is the number of fully completed sequences during 

each trial. Additionally, the inverse of the average time interval between keypresses within 

those fully correct sequences, as well as incomplete but correct sequences at the end of each 

trial, was taken as the tapping speed for each trial, as described by Bönstrup et al. [49] 

Normality of the performance metrics was assessed using the Lilliefors test, and equivalence 

of variances was checked using F-tests. Planned comparisons of the number of correct 

sequences and tapping speed between the anodal and cathodal groups were done using a 

two-sample t-test on the performance metrics averaged over the entire 12 min of the task. 

The same analyses were applied to test H2–H4. After the no-stimulation control was added, 

a fixed-effect linear model was used to test whether the number of correct sequences scales 

with stimulation current across all three stimulation conditions (−4 mA, 0 mA, +4 mA) as 

post hoc analysis, in addition to two-sample t-tests between the anodal and no-stimulation 

groups. Bayes Factor analysis was used to quantify the favorability of the null hypothesis 

that two values are equal, as described by Rouder et al. [58]. Nonparametric tests were used 

where assumptions of normality are violated. This was the case for the data in Fig. 5b and c 

and S3, where the Mann-Whitney U test was used for comparisons between the anodal and 

cathodal groups, and the Kruskal-Wallis test was used to test for effects of polarity and task 

condition.

2.3.5. Current flow modeling—Further analysis of current flow models was performed 

to directly compare the estimated efficacy of the 4+4 montage against existing setups. The 

first is M1-SO, which has been commonly used since the earliest tDCS motor learning 

study [5,19,59]. The other is a common 4+1 high-definition montage, intended for focal 

stimulation [60]. Simulations were done using the same 10 head MRIs from the imaging 

cohort used for montage selection. Three separate models were generated per head, one for 

each montage passing 4 mA total: 1) generalized 4+4 as determined above, with 1 mA per 

electrode pair; 2) M1-SO with 50 × 70 × 3 mm sponge electrodes, anode over C4 delivering 

4 mA and cathode over Fp1 drawing 4 mA; and 3) 4+1 with high-definition electrodes, 

anode over C4 delivering 4 mA and cathodes over F4, Cz, P4, and T8 drawing 1 mA each. 

High-definition electrodes were modeled as 9.3 mm radius discs to approximate the surface 

area of the gel and scalp interface. The MRI were segmented as a part of the ROAST 
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pipeline, using SPM12 (The Wellcome Center for Human Neuroimaging, London, UK). 

Estimated electric field intensity was measured in three ways from the gray matter volume: 

1) as the 99th percentile electric field magnitude across the whole brain; 2) 99th percentile 

electric field magnitude within a 1 cm radius sphere around the target voxel; and 3) the 

scalar projection of the electric field vector at the target voxel onto the normal vector of the 

cortical surface. Paired t-tests were used to compare these results across the 4+4 and M1-SO 

montages.

3. Results

3.1. Anodal stimulation improves motor sequence learning

To test H1, the primary outcome measure was the number of correct sequences completed 

across all trials with concurrent stimulation. The number of correct sequences combines 

speed and accuracy, and is therefore less susceptible to individual variations in the speed-

accuracy tradeoff. The learning trajectory over the 36 trials is shown in Fig. 4a. By averaging 

across all trials we capture early learning gains as well as late saturation of performance. 

The average number of correct sequences during concurrent stimulation in the anodal group 

was significantly higher than that of the cathodal group (Fig. 4a; Cohen’s d = 0.71, t (70) 

= 3.0, p = 4.3 × 10−3, planned comparison). Tapping speed was also significantly higher in 

the anodal group during stimulation compared to the cathodal group (Fig. 4b; Cohen’s d = 

0.61, t (70) = 2.5, p = 0.014). Thus, the subjects in the anodal group not only completed the 

sequence correctly more times within the learning session, but also completed each sequence 

more quickly.

3.2. Learning gains outlasts stimulation period for at least 1 h

The effect of polarity on performance persisted 1 h after stimulation ended, in agreement 

with H2 (Fig. 5a). The anodal group continued to complete S1 more times than the cathodal 

group (t (70) = 3.1, p = 2.6 ×10−3, Fig. 5a), but not more quickly (t (70) = 1.7, p = 0.086, 

Fig. S1a).

3.3. Learning gains extends to unstimulated motor sequence and unstimulated hand

Learning gains after stimulation were not specific to the stimulated hemisphere or sequence, 

contrary to H3 and H4. Difference between the anodal and cathodal groups carried over 

to learning with the right hand starting 72 min after stimulation (Fig. 5b). There was a 

significant difference in the number of correct sequences (U = 915, p = 2.7 × 10−3, Fig. 5b) 

and a trend for tapping speed (t (70) = 1.9, p = 0.064, Fig. S1b). We consider the right hand 

as unstimulated, as field magnitudes on its motor cortex representation are negligible.

There was also a significant difference in learning of a new sequence S3 on the left hand 

between anodal and cathodal group 84 min after stimulation (Fig. 5c). The gain manifested 

in both number of correct sequences (U = 927, p = 1.7 × 10−3) and tapping speed (t (70) = 

2.3, p = 0.024, Fig. S1c).
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3.4. Anodal stimulation provided a net gain in performance over no stimulation

The follow-up experiment on a third cohort tested a no-stimulation control group (Fig. 6). 

The goal for this follow-up experiment was to test whether anodal stimulation improves 

performance over doing nothing at all, while acknowledging that sensation clearly differs 

to the active anodal and cathodal conditions. A linear fixed effect model including this 

follow up experiment shows that there is a monotonic effect of stimulation current (cathodal, 

control, anodal) on the number of correct sequences with concurrent stimulation (F (1) 

= 8.5, p = 4.4 × 10−3). This is also true for the followup tasks: F (1) = 9.0, p = 3.4 

× 10−3 (1-h followup); F (1) = 10, p = 1.5 × 10−3 (other hand); F (1) = 12, p = 9.6 

×10−4 (other sequence). Post hoc analysis finds that the group with anodal stimulation 

outperformed the control group in terms of correct sequences (Cohen’s d = 0.56, t (70) = 

2.3, p = 0.023, planned comparison for the follow-up experiment). Tapping speed in the 

anodal group during stimulation was numerically higher than the control group (Fig. S2, 

t (70) = 1.8, p = 0.071). Thus, it appears that anodal stimulation boosts learning not just 

in contrast to cathodal stimulation but in absolute terms. In general, and as expected, the 

no-stimulation condition falls between the cathodal and anodal condition. The difference 

between the cathodal and no-stimulation conditions was not significant in either the number 

of correct sequences (t (70) = 0.59, p = 0.56) or the tapping speed (t (70) = 0.48, p = 0.63). 

Bayes factor analysis provides moderate evidence in favor of no difference between cathodal 

stimulation and control in the number of correct sequences (BF01 = 3.5) and in tapping 

speed (BF01 = 3.7).

3.5. Learning gains improved initial performance in new learning task

Thus far we have analyzed performance averaged over the entire 12 min of the training 

period, and not distinguishing gains that carry-over to initial performance vs. additional 

gains in learning of a new sequence. We therefore test if the carry-over effects are already 

present at the beginning of the follow-up tests (Fig. S3). To test this we performed separate 

Kruskal-Wallis tests on initial performance with factors of conditions (Lasting Effect, Other 

Hand, Other Sequence) and polarity (anodal, cathodal). We find that the initial number of 

correct sequences is affected by polarity (H (1) = 4.4, p = 0.035) and by task condition 

(H (1) = 110, p = 1.6 × 10−24). A two-way ANOVA suggests that there is no interaction 

with task condition (F (2) = 0.15, p = 0.86), but these data violate the assumption of 

normality. This suggests a nonspecific carry-over effect on initial performance. Note that 

initial performance in the first trial of the entire experiment differed in speed (Fig. S4) but 

not correct sequences (U = 1.5 × 10−3, p = 0.74, BF01 = 4.12 in favor of null hypothesis), 

nor can the difference in speed predict the final outcomes (see Fig. S3–S6 for more details). 

This suggests that the observed polarity effects are not the results of an inhomogeneous 

sample of participants.

3.6. Sensation of 4 mA is tolerable and well matched with active control

The post-stimulation questionnaire records at most, moderate sensation levels at the 

beginning of the stimulation (Fig. 7). Sensation decreases afterwards, subsiding to very 

mild levels by the end of the trial. Bayes Factor analysis shows that there were no significant 

differences in sensation ratings between the anodal and cathodal groups (BF01 = 2.59 in 
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favor of no differences at the beginning of the trial), suggesting that the boost in learning 

seen in the anodal group is not the result of differing sensation. This is further supported 

by the lack of a performance difference between the cathodal and no-stimulation groups, 

despite a large difference in sensation.

3.7. Estimated field magnitudes and safety implications of the 4+4 configuration

We calculated estimated field magnitudes using ROAST [54] for the generalized 4+4 

electrode montage as well as the M1-SO and 4+1 high-definition montages, with each 

delivering 4 mA total (see Methods). As expected, a qualitative comparison of the field 

profiles (Fig. 8a) finds that the 4+1 configuration is more focal [45], while the 4+4 and 

M1-SO profiles are more diffuse. Paired t-tests predict that electric field intensity under 

4+4 is significantly stronger than that under M1-SO (Fig. 8b) in gray matter across the 

whole brain (t (9) = 4.7, p = 1.2 × 10−3), within 1 cm of the target voxel (t (9) = 2.6, p = 

0.029), and normal to the cortical surface at the target voxel (t (9) = 9.5, p = 5.5 × 10−6). 

Likewise, the estimated field intensity under 4+4 is stronger in all three respective measures 

than under 4+1 (t (9) = 5.5, p = 4.0 × 10−4; t (9) = 4.1, p = 2.7 × 10−3; t (9) = 8.8, p = 

9.8 × 10−6). The last of the three is the relevant quantity in the context of our hypothesis 

on membrane polarization. When comparing the generalized 4+4 montage delivering 4 

mA with the conventional M1-SO montage delivering 2 mA, we expect polarizing field 

magnitude to increase by a factor of 4 (0.47 vs 0.10 V/m).

Aside from increasing field magnitudes, the new montage is intended to reduce current 

density on the scalp in order to minimize skin sensation. The highest current densities on 

the scalp layer are 4.1 ± 0.17 A/m2, 4.6 ± 0.27 A/m2, and 11 ± 0.29 A/m2 for the three 

configurations respectively (4+4, M1-SO, and 4+1, Fig. 8c). These values with the proposed 

montage at 4 mA are at least an order of magnitude below the safety threshold of preclinical 

studies [61].

4. Discussion

We find that anodal stimulation with inward current flow on M1 improves concurrent motor 

sequence learning with a medium to large effect size of 0.7 over cathodal stimulation with 

outward current flow. This effect outlasts the period of stimulation by at least 1 h. The active 

control condition ruled out the possibility that this is the result of differing sensation levels. 

Importantly, the difference in performance appears to reflect a net performance gain with 

anodal stimulation over not stimulating at all. With no dropouts out of 72 subjects, we find 

that distributing 4 mA across 4+4 electrodes is safe and tolerable. Modeling suggests that 

this protocol can achieve stronger field magnitudes in the “hand knob” in M1 and may prove 

more effective than commonly used setups in a future empirical comparison.

In raising stimulation intensity to 4 mA we were mindful of issues related to sensation, 

tolerability, and safety. Although previous efforts have demonstrated that 4 mA is generally 

well tolerated [41,62,63], not all studies properly accounted for differences in sensation. 

This is especially important at 4 mA, where sensation can no longer be shammed. Because 

traditional sham stimulation with ramps can provide reliably effective blinding only up to 1 

mA [64–66], we used cathodal stimulation as active control with comparable sensation. 

Hsu et al. Page 10

Brain Stimul. Author manuscript; available in PMC 2023 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition, these studies delivered 4 mA across a single pair of sponge or rubber 

electrodes. We previously found that mitigating discomfort from direct current of more 

than 2 mA delivered across a single pair of electrodes can be challenging [67]. The 4+4 

montage proposed here spreads out the current, passing only 1 mA per electrode. This 

not only reduces sensation [46], but also minimizes current density at the skin to help 

limit undesirable electrochemical interactions [68]. Computational model analysis suggests 

that the highest current density on the scalp under the 4+4 montage is less than half of 

that under an equivalent 4+1 montage. At 4 mA it remains one order of magnitude lower 

than the threshold for tissue damage (50 A/m2 at 30 min of stimulation) [61]. Between 

optimization and increasing stimulation current, we estimate that the relevant field intensity 

here was increased four-fold over current M1-SO practice. In summary, 4 mA tDCS through 

a 4+4 configuration is safe, tolerable, and effective. It is nevertheless worth noting that 

estimated intensities remain below the levels often used in vitro and in vivo in animal 

experiments. We believe that with the current multi-electrode approach one may be able 

to further increase stimulation intensity. Although we demonstrate a positive result with 

4 mA tDCS, a direct comparison with lower or higher currents would be necessary to 

definitively conclude whether higher currents actually confer stronger behavioral effects. 

Likewise, empirical comparisons against other paradigms would be required to support our 

estimated improvements.

These experiments are based on the general theory that tDCS modulates the excitability 

and synaptic plasticity occurring in M1 during motor sequence learning. However, 

motor learning involves in addition to M1, the cerebellum, striatum, premotor cortex, 

supplementary motor area (SMA) and the spinal cord [1,10,69–75]. Numerous models have 

proposed that functionally connected networks across the various brain regions are engaged 

in parallel, with varying levels of activity throughout different stages of learning [76]. Doyon 

et al. (2003) described the interaction of cortico-striatal and cortico-cerebellar circuits [77], 

both active in the fast stage of learning, engaging the cerebellum for coordination and the 

striatum for sequence memory. Over the course of motor sequence learning, reliance shifts 

from cortico-cerebellar to cortico-striatal, when adaptive functions become less essential 

[77]. At the same time, motor learning has been shown to correlate with changes in 

markers of M1 activation as measured in various neuroimaging modalities [3,8–17], so 

M1 appears to play a role in task representation. With successive learning sessions, M1 

also undergoes structural changes reflected in gray matter volume increase [78–81]. It 

is possible that stimulation of M1 facilitates these changes within M1 or facilitates the 

broader cortico-cerebellar and cortico-striatal interactions. There is already well-established 

literature demonstrating tDCS effects on M1 excitability [6,7,82], although it has not been 

able to directly demonstrate a correlation between excitability changes and improvements 

in performance [25]. During motor learning, lasting changes in behavioral performance 

can be observed during the first seconds of learning already [83]. There is evidence of 

short-term consolidation within this same FTT used here [49], where a substantial portion 

of task performance gains happen during the short 10-s rest periods between training. Gray 

matter volume can change during 30–60 min of motor sequence learning, suggesting rapid 

plasticity [13]. It has been demonstrated that motor sequence learning for as briefly as 

30 min can reduce GABA concentration in the sensorimotor cortex [14,15], and GABA 
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disinhibition through tDCS and other methods can facilitate plasticity [16]. BDNF secretion 

is also linked to motor learning and modulated by DCS [33].

Based on our previous findings with DCS, we examined the specificity of tDCS effects. 

We observe a carryover effect across the rest period, where learning is boosted for both 

a new sequence and on the opposite hand. This appears to contradict the in vitro DCS 

work in our lab on synaptic plasticity, which suggests that stimulation has to be concurrent 

with training and that effects are specific to the learned task (H4) [30]. Here instead we 

observe that learning gains extend in time to a new motor sequence practiced without 

concurrent stimulation, hand and note that performance was improved even at baseline 

for the new sequence. In the past, neural markers of plastic changes after motor learning 

were observed only for the trained hand [14,84], suggesting hemispheric specificity (H3). 

Consistent with this interpretation, we only see a follow-up gain in baseline performance 

on the new sequence for the stimulated hand and not for the unstimulated hand. However, 

given the complexity of the neural networks engaged during motor learning, the observed 

carryover effects may not be fully related to stimulation of M1 alone. Many motor learning 

studies have demonstrated that newly acquired skills can generalize to unfamiliar tasks 

and environments [85,86] and transfer across hemispheres [87–90]. Thus, assumptions of 

specificity in our hypotheses may not be fully resolved by these behavioral effects. It is 

possible that the stimulation’s predicted lack of focality polarizes untargeted regions of the 

brain that contribute to learning, leading to nonspecific effects. Although we expect field 

intensities outside the M1 target’s immediate vicinity to be low, the premotor cortex and 

SMA are still close enough to be stimulated. The opposite M1 is also close enough to 

experience a field magnitude of around 0.3 V/m, which may have facilitated intermanual 

transfer of learning. Because the 4+4 montage is not focal and various brain regions are 

involved in the task, we opted to use cathodal stimulation as an active control rather than 

find a neutral area to stimulate. Spatial specificity of the stimulation may be improved with 

montages optimized of focality or with individualized electrode montages [44], which could 

be tested in future studies. The application of less involved, simple finger movement tasks 

may help resolve effects of spatial specificity.

We draw two potential conclusions from the observation of an unspecific effect. First, 

the stimulation may have caused a form of meta-learning, i.e. learning in general is 

improved after stimulation (at least up to 84 min, when we last tested learning). Second, 

this meta-learning effect is not specific to the stimulated hemisphere and cannot be due to 

enhancement of visuomotor mapping, since that would have been specific to the trained 

hand. Another factor that may have led to unspecific gains is a lasting enhancement of 

attention. Future experiments would be needed and specifically designed to distinguish 

between these possibilities.

There could also be methodological explanations for the observed non-specific effect 

of tDCS on motor learning. For instance, despite randomization we could have had an 

inhomogeneous sample, i.e. the cohort of participants in the anodal group just happened 

to be better learners. Indeed, motor learning performance can be quite variable across 

subjects, as a result of long term training (e.g. in musicians) with concomitant increase 

in gray matter volume or density [78,91]. In addition, the experimental design does 
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not include a measurement of baseline learning skill prior to training. Future studies 

may incorporate a pre-stimulation task to help identify inhomogeneity across groups. 

However, a quantitative analysis of the starting performance suggests that sample differences 

are unlikely. Alternatively, in a single blinded experiment, the experimenter may have 

introduced a non-specific bias on the participants. However, given that the instructions to the 

participants followed a strict script, this also seems unlikely. A replication of this study on a 

new cohort of participants with double blinding could help address these concerns.

Nevertheless, it is safe to conclude that the observed effects were not specific to training that 

was concurrent with stimulation, pointing to a more general neuromodulatory mechanism. 

Early studies have reported non-specific lasting change in neuronal excitability in the 

absence of learning [6,7,92]. Later studies suggest that these lasting changes may be due 

to increased synaptic efficacy among other mechanisms [29]. For instance, it has often been 

argued that increased neuronal activity leads to an increase in BDNF synthesis and release, 

which could cause a lasting gain to synaptic efficacy, even during subsequent induction 

[33,34,93]. In contrast, the mediator of DCS effects we had previously hypothesized [30,31] 

is the acute modulation in membrane potential, which can only act on synaptic plasticity 

during concurrent stimulation. While in-vitro experimentation is needed to resolve these 

cellular and molecular mechanisms, ultimately we require a reliable go-to experimental 

protocol to test behavioral learning effects in humans. It is our hope that the protocol 

presented here will be independently replicated by other laboratories and thus provide a firm 

stepping stone on the path of progress for the science of transcranial electric stimulation. 

In particular, we hope this protocol can be repeated in clinical populations, such as motor 

stroke, to determine whether the learning gains demonstrated here in a healthy population 

are relevant in clinical practice.
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Fig. 1. Statistical map of BOLD activity during simple sequential finger tapping with left hand.
A target “hot spot” was manually selected on the cortical surface of the “hand knob” area of 

M1 in the precentral gyrus.
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Fig. 2. Selection of electrode montage.
Electrode polarities under anodal stimulation are shown. (a) Electric field estimated for an 

individual subject with a 4+4 electrode montage (red and blue circles represent 4 anodes 

and 4 cathode, respectively). This montage was optimized to achieve maximum intensity at 

the voxel in the “hand knob” with the highest fMRI activation, with current flowing from 

posterior to anterior direction normal to the cortical surface under anodal stimulation. As 

expected, for maximal polarizing intensity, fields are broadly distributed. (b) 2D views of 

estimated electric field on gray matter resulting from stimulation for the same subject in 

(a). White arrows represent electric field vectors and red rings mark the manually selected 

“hand knob” target. (c) Tally of how often an electrode location (in the 10-10 system) was 

selected by the optimization routine in ROAST for the 10 individual subjects models and 

targets (red: anodes, blue: cathodes) (d) Locations selected (with the highest tally in panel 

c) for a common montage that was used for all subjects during the motor sequence learning 

task. Anodes (red) each inject 1 mA and cathodes (blue) each draw 1 mA for a total of 4 mA 

of constant current stimulation.
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Fig. 3. Experimental protocol.
(a) Four fingers are placed on four keys labeled “1”, “2”, “3”, “4” (thumb is not used). A 

monitor prompts the subject to press the keys in the sequence shown. Each trial comprises 

a 10-s interval during which the subject repeatedly presses the sequence as fast as possible, 

followed by 10 s of rest. Each section contains 36 trials lasting 12 min total. (b) An initial 

learning section using the left (non-dominant) hand is paired with 12 min of stimulation of 

the contralateral hemisphere (right). This is followed by a 1-h break. The task is repeated to 

test for carryover effects without stimulation. Different sequences S1, S2, and S3 are used 

throughout different sections. S1: 4-1-3-2-4, S2: 2-3-1-4-2, S3: 3-4-2-1-3.
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Fig. 4. Performance in the finger tapping task with concurrent tDCS targeting contralateral 
motor cortex.
(a) The primary outcome, measured as the number of correct sequences completed per 

trial (mean: solid curve, SEM: shaded area). (b) The secondary outcome, measured as the 

tapping speed for each trial. * indicates significant difference (p < 0.05) between anodal and 

cathodal groups in the average over all trials.
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Fig. 5. Carry-over effects of stimulation on performance and learning.
Number of correct sequences completed per trial during followup tasks, averaged across 

subjects. (mean: solid curve, SEM: shaded area, * indicates significant difference at p < 

0.05) between anodal and cathodal groups. (a) Performance with the same hand (left) and 

same sequence, tested 60 min after tDCS. This captures lasting learning effects of the 

targeted hemisphere and sequence. (b) Learning of a new sequence with the opposing (right) 

hand 72 min after tDCS. This captures lasting carry-over effects on learning to the other 

hand. (c) Learning of a new sequence with the same (left) hand 84 min after tDCS. This 

captures lasting carryover effects to learning of other sequences.
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Fig. 6. 
Comparison of anodal and cathodal stimulation with the follow-up control condition of no 

stimulation. Same data as Figs. 4a and 5, but here each point is a subject, indicating the 

number of correct sequences averaged over all 36 trials (mean: solid line; SEM: shaded 

area).
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Fig. 7. Post-stimulation VAS ratings of sensation experienced throughout different points of the 
stimulation session.
The maximum rating participants can give is 10 (“Extreme” intensity). A rating of 5 

corresponds to “Moderate” sensation. Error bars represent SEM.
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Fig. 8. Comparisons of ROAST current flow modeling results between different tDCS 
configurations, each delivering 4 mA total current.
Models were generated from N = 10 MRI heads. (a) Coronal views of electric field delivered 

to gray matter with the respective montages. The red circle marks the target and white 

arrows represent electric field vectors. Results from one head shown as an example. (b) 

Estimated electric field intensities as measured in gray matter across the whole brain, within 

1 cm of the target voxel, and along the normal vector on the target voxel. Individual points 

represent a measurement from each of 10 heads. The colored horizontal line represents 

the average and the shaded area represents the standard deviation. * denotes a significant 

difference between 4+4 and M1-SO. (c) 3D visualizations of current density on the skin with 

4+4, M1-SO, and 4+1 tDCS montages, in the same order as in (a).
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