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Abstract 34 

When learning a new motor skill, we benefit from watching others. It has been suggested that 35 

observation of others’ actions can build a motor representation in the observer, and as such, 36 

physical and observational learning might share a similar neural basis. If physical and observational 37 

learning share a similar neural basis, then motor cortex stimulation during observational practice 38 

should similarly enhance learning by observation as it does through physical practice. Here we used 39 

transcranial direct current stimulation (tDCS) to address whether anodal stimulation to M1 during 40 

observational training facilitates skill acquisition. Participants learned keypress sequences across 41 

four consecutive days of observational practice whilst receiving active or sham stimulation over 42 

M1. The results demonstrated that active stimulation provided no advantage to skill learning over 43 

sham stimulation. Further, Bayesian analyses revealed evidence in favour of the null hypothesis 44 

across our dependent measures. Our findings therefore provide no support for the hypothesis that 45 

excitatory M1 stimulation can enhance observational learning in a similar manner to physical 46 

learning. More generally, the results add to a growing literature that suggests the effects of tDCS 47 

tend to be small, inconsistent and hard to replicate. Future tDCS research should consider these 48 

factors when designing experimental procedures. 49 

 50 

Keywords: tDCS, observational learning, primary motor cortex, motor learning, Bayesian analysis 51 

	  52 
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1. Introduction 53 

Learning new motor skills is crucial for successful interactions with one’s environment. 54 

However, the neural mechanisms that underlie skill learning in the human brain are not well known. 55 

Most prior neuroscience research has investigated skill acquisition through physical practice. For 56 

example, prior studies have shown that motor skill learning can be facilitated by applying anodal 57 

transcranial direct current stimulation (tDCS) to the primary motor cortex (M1) during physical 58 

practice of new skills (for reviews, see [1–4]). These results suggest that M1 plays a functional role 59 

when learning novel motor skills through physical practice. However, motor learning also occurs 60 

when watching others perform actions in the absence of physical practice [5]. To date, the extent to 61 

which the motor system operates similarly in physical and observational learning remains unclear. 62 

In the present study, therefore, we use anodal tDCS over M1 to determine the extent to which 63 

stimulation of the motor system may also facilitate learning via observation. 64 

Motor learning increases excitability of M1 and strengthens synaptic connections within M1 65 

through long-term potentiation (LTP)-like mechanisms [6–8]. Similarly, applying an anodal current 66 

over M1 via tDCS increases excitability of cortical neurons under the surface area of the electrode 67 

[9,10] and the aftereffects of stimulation are believed to be related to LTP-like changes in synaptic 68 

plasticity [11]. In addition, combining anodal tDCS over M1 with a motor learning task (so-called 69 

“online” stimulation) has been shown to facilitate motor learning [1–4], which suggests that there 70 

may be additive effects of combining stimulation techniques with learning paradigms. 71 

Physical practice of motor movements is not essential to learn new skills; motor skills can also 72 

be learned by watching others perform actions [5]. Although many studies have shown that motor 73 

skills can be learned via observation, the specific neural mechanisms that are required to translate 74 

visual input into motor programs are not well understood [12,13]. Several theories suggest that 75 

action observation engages an observer’s own motor system by establishing internal representations 76 

of the motor programs required to perform the action (for a review, see [14]). Engagement of 77 

premotor and parietal cortices is consistently reported during both action execution and action 78 
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observation, and these two brain regions form the core of the so-called human mirror system 79 

[15,16].  80 

Although M1 is not part of the premotor-parietal mirror system, accumulating evidence suggests 81 

that it plays an important role in action observation, as well as learning by observation. 82 

Electrophysiological recordings in monkeys have shown that cells in M1 exhibit mirror-like 83 

properties, meaning that they respond to both observed and executed movements [17–19]. In 84 

humans, repetitive transcranial magnetic stimulation (TMS) over M1, which temporary disrupts 85 

function, effectively inducing a short-lived “virtual lesion”, reduces the benefits of motor learning 86 

by observation [20]. Further, M1 engagement during observation might be a critical determinant for 87 

the success of motor learning via observation [21]. If M1 plays a similar functional role in 88 

observational learning as it does in physical learning, increasing M1 excitability during 89 

observational learning should facilitate skill acquisition in a similar manner as that reported for 90 

learning by physical practice.  91 

Here, we investigate whether applying anodal tDCS over M1 during observational practice 92 

facilitates acquisition and retention of a keypress sequence learning task. We hypothesise that 93 

observational practice coupled with anodal tDCS should have beneficial effects on learning 94 

compared to observational practice alone, as has been previously reported for learning by physical 95 

practice [1–4]. Such a pattern of findings would support the view that M1 plays a similar functional 96 

role in learning via observation and physical practice, thus further illuminating the functional 97 

mechanisms supporting action and perception links in motor learning. 98 

 99 

2. Method 100 

Participants 101 

Fifty-five participants consented to participate in the study. Five participants did not finish all 102 

sessions, including the post-training testing sessions. The five participants were thus excluded from 103 
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analyses as they did not have post-training performance measures that were critical for testing our 104 

hypothesis. The final sample comprised 50 participants: 14 males and 36 females, 18 to 30 years old 105 

(M = 20.60 years, SD = 2.40). All participants were right-handed (based on self-report) Bangor 106 

University student volunteers with normal or corrected-to-normal vision and no history of 107 

neurological or psychiatric disorders. Participants reported no contraindications to TMS or tDCS 108 

(personal/family history of epilepsy or seizures, metal or implants in the body, frequent headaches, 109 

history of serious head injury, heart disease, possibility of being pregnant), and were not taking any 110 

medication that affects brain function (e.g., anti-epileptic medication, tranquilizers, or anti-111 

depressants). Prior to the first stimulation session, participants were assigned to the sham (N = 24) 112 

or active stimulation (N = 26) group (see section 1.2.3 for assignment procedure). No significant 113 

differences existed between the groups in terms of demographics and baseline performance 114 

(summarised in Table 1). Participants provided their written informed consent prior to beginning all 115 

experimental procedures and either received eight course credits or were paid £30 for their 116 

participation following completion. The study was conducted in accordance with the Declaration of 117 

Helsinki and all procedures were approved by the Ethics Committee of the School of Psychology at 118 

Bangor University (protocol 2016-15675) and the UK Ministry of Defence Research Ethics 119 

Committee (protocol 735/MODREC/15).  120 

 121 

Stimuli and procedure 122 

A keypress sequence learning paradigm was implemented, based on the task used by Wiestler 123 

and Diedrichsen [22]. A standard QWERTY black computer keyboard had the Q 3 4 5 and Y keys 124 

covered with red tape and all surrounding keys removed. In pre- and post-training sessions, 125 

participants were required to press the red keys with the five fingers of their left hand in a specified 126 

order. During the observational training tDCS sessions, participants watched videos of the 127 

experimenter performing the keypress task. For the video recordings, a similar keyboard was used 128 

with the only difference that the sides of the five keys were covered in yellow to improve the 129 
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visibility of the key being pressed. Stimuli presentation and response recordings were performed 130 

using MATLAB 8.3.0 (The MathWorks, MA, USA) and Psychophysics Toolbox 3.0.12 [23]).  131 

 132 

Keypress Sequences  133 

The same set of 12 five-element keypress sequences was used previously by Wiestler and 134 

Diedrichsen [22]. Each sequence required the five fingers of the left hand to be pressed once in a 135 

sequential order, with each of the 12 sequences featuring a different order with no more than three 136 

adjacent finger-presses in a row. All sequences were matched for difficulty, based on a pilot 137 

experiment [22]. For each participant, from the set of 12 sequences, four sequences were randomly 138 

allocated to the Trained condition, and four other sequences were allocated to the Untrained 139 

condition. The remaining four sequences remained unused.  140 

 141 

Videos 142 

 For the observational training sessions, 13-second videos were created showing the 143 

experimenter’s left hand from a first-person perspective, slightly tilted to the right (see Figure 1A 144 

and Supplementary Materials (video)). Each video showed the experimenter executing one 145 

sequence five times, with naturally varying breaks between each sequence repetition to ensure a 146 

more authentic presentation of the performance. For the same reason, for each sequence five 147 

different video versions were recorded. This ensured closer to natural performance variation of the 148 

same sequence. An additional video version for each sequence was created where one of the five 149 

sequence executions was incorrect. This resulted in 72 videos in total.  150 

Sequences were executed at an intermediate performance level, which was determined by 151 

behavioural pilot test results, where the average time to complete a correct sequence execution was 152 

2.29 seconds (Pilot: N = 17, M = 2.29 s, SE = 0.14). Each original video, showing five repetitions 153 

of the same sequence, was slightly sped up or slowed down (±10%) to make it exactly 13 seconds 154 
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long. Consequently, the authenticity of movement performance was somewhat reduced, but the 155 

relative variability within the video remained intact. The average length of time for a single 156 

sequence execution in the videos was 2.3 seconds. The videos were presented on a computer 157 

monitor in full colour on a black background. The frame rate was 29 frames per second with the 158 

resolution of 600 x 526 pixels, showing approximately natural hand size.  159 

 160 

Figure 1. Sequence learning and testing elements. A. Observation trial example. A 161 

sequence cue was followed by a video showing a hand executing the sequence five times, either 162 

correctly or incorrectly. Occasionally a question was asked whether there was an error in any 163 

of the five repetitions, and a response had to be made.  B. Execution trial example. A cued 164 

sequence had to be memorised and then executed five times while receiving performance 165 

feedback. 166 

 167 

Training and Testing Procedures 168 

Participants were required to watch and learn four different 5-element keypress sequences 169 

performed by a model with the left (non-dominant) hand. Participants underwent six testing 170 

sessions (Figure 2). Consecutive multiple-day stimulation sessions were administered because they 171 

generally produce higher tDCS effects compared to single stimulation sessions [1], showing a 172 
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cumulative increase in cortical excitability [24] and improved motor skill consolidation and 173 

retention [25,26]. On the first day of testing (day 1), participants’ left-hand motor area was localised 174 

with TMS (see below for details). After the localisation procedure, participants received task 175 

instructions and completed three single sequence execution trials to ensure they understand the task. 176 

The familiarisation procedure was followed by a pre-test, which was followed immediately by the 177 

first observational practice session. The observational practice sessions continued the next three 178 

consecutive days (day 2 to day 4). For most participants, sessions were arranged at the same time of 179 

the day as the first practice session (with 1.5 to 2.5-hour difference for three participants in the 180 

sham group, and 0.5 to 1.5-hour difference for four participants in the active stimulation group). 181 

The day after completing the final observational practice session, participants performed a post-test 182 

to assess learning (day 5). One week later, they returned to the lab one final time to perform a 183 

retention test to assess memory for the different sequences (day 12).  184 

Stimuli presentation and response recordings were performed using MATLAB 8.3.0 (The 185 

MathWorks, MA, USA) and Psychophysics Toolbox 3.0.12 [23]). All scripts are available at 186 

Github (https://github.com/dcdace/2017_tDCS). 187 

 188 

Figure 2. Experimental procedure. The experiment involved pre-test, four 20-minute-long 189 

training sessions coupled with tDCS, post-test, and retention-test. In the pre-, post- and 190 
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retention-tests, participants executed eight keypress sequences (four of them to be trained, the 191 

other four untrained) with the left (non-dominant) hand. In the training sessions, participants 192 

watched videos of a model’s left hand executing four of the eight sequences. During training, 193 

participants received either sham or active (1 mA) 20-minute stimulation over the right motor 194 

cortex (35cm2 large area centred on the left-hand motor area M1). 195 

 196 

Testing sessions 197 

In the pre- and post- and retention performance sessions, participants performed four Trained 198 

and four Untrained sequence execution trials in a random order with the left hand. Each trial 199 

consisted of five repetitions of the same sequence. All trial-related information was presented 200 

centrally at the bottom of the screen against a grey background. A trial started with a black fixation 201 

cross (0.2 s), followed by the sequence cue presented as five digits (2.7 s) that indicated from right 202 

to left which key to press: “1” – the right-most key pressed with the thumb; “5” – the left-most key 203 

pressed with the little finger. After the cue, the digits were replaced by the fixation cross and five 204 

black asterisks above it. This served as a “go” signal to execute the memorised sequence five times 205 

as quickly and accurately as possible. If the correct key was pressed, the corresponding asterisk on 206 

the screen turned green, if a wrong key was pressed, the asterisk turned red (see Figure 1B).  207 

      After executing a single sequence, the central fixation cross changed colour to provide 208 

feedback on the performance (0.8 s): green – correct sequence execution; red – incorrect sequence 209 

execution; blue –  correct, but executed 20% slower than the median execution time (ET) in the 210 

previous trials; three green asterisks – correct and executed 20% faster than the median ET in the 211 

previous trials. After this short feedback, all asterisks turned black signalling the start of the next 212 

execution trial. After five executions of the same sequence, the trial ended and the next sequence 213 

was cued.  214 
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      Participants’ performance was assessed as the average sequence initiation time, execution 215 

time, and error rate for the four trained (to-be-trained) and the four untrained sequences. The error 216 

rate was measured as the percentage of incorrect sequence executions. Incorrectly executed trials 217 

were excluded from initiation time and execution time measurements. The initiation time was 218 

measured as the duration between the “go” signal and the first keypress. The execution time was 219 

measured as the duration between the first and fifth keypresses.  220 

Observational training sessions  221 

During the observational training sessions, participants received either sham or active brain 222 

stimulation while watching videos of the model’s left hand executing four sequences. Each video 223 

showed five repetitions of the same sequence. A trial started with a 5-digit cue (for 2.6 s), indicating 224 

the sequence to be executed, followed by a video (13 s) showing five executions of the cued 225 

sequence. Participants were instructed to watch whether the hand executed the correct sequence all 226 

five times. Occasionally participants were asked whether there was an error in any of the five 227 

executions – the error question.  228 

Each practice session was divided into three blocks, separated by a one-minute rest period. 229 

Within each block, 20 videos were presented in a random order: each sequence video four times, 230 

and one ‘error video’ (with at least one incorrect sequence execution) for each sequence. The error 231 

question was asked randomly 5-7 times per block. At the end of each block, participants received 232 

feedback on how accurately they spotted the incorrect sequence executions. During each session, 233 

participants saw a correct execution of each sequence at least 60 times (3 blocks, 4 videos per 234 

block, 5 repetitions per video, plus some correct repetitions in the ‘error video’). The whole training 235 

session lasted approximately 20 minutes and was coupled with 20-minutes of sham or active tDCS.  236 

Motor cortex stimulation 237 

Right M1 localisation 238 
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Single-pulse TMS was used to localise the left-hand motor area. The TMS coil was positioned 239 

on the right hemisphere, slightly anterior and ventral to the vertex of the skull to induce a muscle 240 

twitch in the relaxed fingers of the left-hand. The stimulator output was started at 45% and 241 

increased in steps of 2-5% until a visible twitch was observed. The stimulator output never 242 

exceeded 80% and participants received no more than 20 total pulses in total, with an inter-pulse 243 

interval kept to at least 5 seconds. The optimal location at which TMS evoked a just-noticeable 244 

finger twitch was marked on the participant’s scalp with a surgical marker. For nine participants, a 245 

visible twitch was not observed following this procedure and the motor hand area was instead 246 

marked per position C4 of the EEG 10-20 system (after [27]). The localisation procedure was 247 

performed only on the first testing session and the marked M1 location was renewed with the 248 

surgical marker before each stimulation session.  249 

The nine participants whose M1 area could not be localised using TMS were assigned to the 250 

sham group as the precise location of the stimulated area was not critical for sham stimulation. We 251 

acknowledge that random assignment, independent of localisation procedure, would have been a 252 

better approach. The reasons why we could not evoke a visible twitch in some participants may 253 

include extent of representation of the hand area and/or its accessibility via the cortical surface. To 254 

ensure that any group differences are not driven by the non-random assignment to groups, we 255 

repeated the main analyses of observational training and stimulation effects with the nine non-TMS 256 

localised participants excluded. The results of this analysis (see Supplementary Materials 1) suggest 257 

that non-random group assignment did not systematically bias our findings.  258 

Stimulation parameters 259 

We performed a single-blinded protocol. Participants were semi-randomly assigned to the sham 260 

or active stimulation group, keeping gender balanced between the groups and ensuring that the 261 

motor hand area of the active group was localised using TMS procedure described above. 262 

Participants were told that they would receive stimulation for up to 20 minutes, not specifying the 263 

exact length of the stimulation and not revealing the existence of two stimulation groups. During 264 
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each practice session, the sham group received 30 seconds and the active group received 20 minutes 265 

of tDCS (c.f. [28]).   266 

A 1 mA constant current was delivered using a battery-driven DC-stimulator Plus (NeuroConn 267 

GmbH, Ilmenau, Germany) via a pair of conductive-rubber electrodes placed into saline-soaked 268 

sponges (7 x 5 cm; 0.029 mA/cm2 current density). The electrodes were secured with elastic bands. 269 

The contact impedance was monitored throughout the session to ensure it stays below 15 kΩ.  270 

The anode was centred over the previously marked right M1. Due to the electrode size, the 271 

stimulation likely extended into premotor and anterior parietal cortices as well. The cathode was 272 

placed on the left supraorbital ridge (see photographs in Figure 2). The current was ramped up to 1 273 

mA over 10 seconds, held constant for either 30 seconds (sham) or 20 minutes (active), and then 274 

ramped down over 10 seconds. This method is recommended to reliably blind participants to 275 

stimulation condition and ensure similar sensations for sham and active stimulation groups [28].  276 

The observational training task started one minute after stimulation onset, to allow time for 277 

participants to adapt to the stimulation sensations and to ensure they felt comfortable with carrying 278 

on with the task. The stimulation ended about one minute before the end of the task.  279 

Sensations questionnaire 280 

After each training session, participants provided information on the intensity of experienced 281 

sensations (itching, pain, burning, heat, pinching, metallic taste, fatigue), the timing of any 282 

discomfort (when did the discomfort begin and how long did it last?), and the perceived impact of 283 

the stimulation on their performance (adapted from [29]). At the end of the experiment (day 12) 284 

participants were debriefed and asked whether they think they received sham or active stimulation.  285 

Data analysis 286 

All statistical analysis was performed using R (v3.3.2, 2016-10-31) in RStudio (v1.0.136, 2016-287 

12-21, RStudio, Inc, Boston, MA). Graphs were produced in MS Excel 2016 (Microsoft, Redmond, 288 
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WA, USA). The Excel files, raw data and scripts with all analysis procedures and for reproducing 289 

results are available at https://github.com/dcdace/2017_tDCS.  290 

Given the total sample size of 50, the study had 80% power to detect effects of tDCS that are 291 

conventionally considered large (Cohen’s d = 0.71; the effect size was estimated with a power.t.test 292 

function in R for a two-sample, one-sided t-test with 25 observations per group). Three previous 293 

multiple stimulation session (3-5 consecutive days, 20-25 min per day, 1-2 mA, ~12.5 participants 294 

per group) M1 anodal-tDCS physical training studies reported large tDCS effects ranging from 0.95 295 

to 1.33 Cohen’s d [25,26,30].  296 

The effect of observational training on sequence-specific learning was assessed as a post-training 297 

difference between the trained and untrained sequence initiation time, execution time, and error 298 

rate. For the sequence initiation time and execution time, we measured a percentage difference 299 

([(untrained/trained)-1]*100), but for the error rate (to avoid dividing by zero), we calculated an 300 

absolute difference (untrained-trained) between the trained and untrained sequences. Results for all 301 

of these measures are plotted in Figure 4A-C (raw performance measures are provided in 302 

Supplementary Materials 2). To correct for possible pre-training differences, we performed a linear 303 

regression between the pre-training difference (predictor) and the post-training difference (outcome; 304 

see Figure 4E for an example plot). The intercept of the regression line was used as a measure of the 305 

post-training difference between trained and untrained sequences, controlling for possible pre-306 

training differences. This method reduces the noise of unwanted differences in the difficulty of 307 

trained and untrained sequences and thus allows a more accurate measurement of the training effect.  308 

For the assessment of tDCS effects, we complemented null hypothesis significance testing with a 309 

Bayesian analysis to provide evidence for the null result. We used the generalTestBF function of 310 

the R package BayesFactor v0.9.12-2 [31] with its default parameters. The Bayesian test produced a 311 

Bayes factor to allow quantification of evidence in favour of either the alternative (BF10) or null 312 

(BF01) hypothesis based on prior beliefs and the present data. To describe the Bayes factor results 313 

we used Jeffreys’ [32] classification scheme and reported both BF10 and BF01. Jeffreys proposed 314 
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benchmarks for evaluating the strength of evidence as anecdotal (BF10 0-3), substantial (BF10 3-10), 315 

strong (BF10 10-30). These Bayes Factors can be readily interpreted as a ratio of evidence in favour 316 

of the experimental effect compared to the null effect. For example, a BF10 of 3 would represent that 317 

the experimental effect is three times more likely than the null, given the data. 318 

The significance threshold for all statistical comparisons was p < 0.05. If not specified otherwise, 319 

all sample means are reported with their 95% confidence intervals in squared brackets. Confidence 320 

intervals for two-tailed tests were calculated as SE*2.07 for the sham group (df 23) and SE*2.06 for 321 

the active group (df 25), whereas confidence intervals for one-sided tests were calculated as 322 

SE*1.71 for df 23 and df 25 [33].  323 

 324 

Results 325 

Group characteristics and sensations during training sessions 326 

Gender proportion between sham and active stimulation groups was compared using a Chi-327 

square test. Mann-Whitney U tests were used to compare group age and experienced sensations 328 

during the training sessions. Participants’ baseline performance (pre-training average of trained and 329 

untrained sequences) was compared using a two-tailed independent measures t-test. Results are 330 

summarised in Table 1. The reported sensations for each training day are summarised in Table 2 331 

and averages of all training days plotted in Figure 3. 332 

There were no differences in gender, age, and baseline performance between the groups. On 333 

average, both groups reported mild to moderate levels of discomfort during stimulation with no 334 

significant difference between the groups (Table 1; Figure 3A). Although the active stimulation 335 

group did report a small but significantly larger impact of stimulation on performance than the sham 336 

group, the perceived impact for both groups was closest to zero (“no impact”) (Table 1; Figure 3B). 337 

Finally, sensations lasted significantly longer for the active compared to the sham group (Figure 338 



15 

 

Page

15 

3C), with average sensations stopping between “quickly” and “in the middle of the block” across 339 

both groups. 340 

The reported sensation data, therefore, shows that there were small but significant sensation 341 

differences between the sham and active stimulation groups. The sham protocol should provide 342 

comparable sensations to the active stimulation protocol [28]. However, small but significant 343 

sensation differences between the stimulation groups, using comparable protocols to ours, have 344 

been reported before [29], raising an issue that the widely accepted sham stimulation procedure may 345 

not be sufficiently effective.  346 

Following the recommendation of Fertonani et al. [29], at the end of the experiment, we asked 347 

participants whether they think they received sham or active stimulation. In total, 54% thought they 348 

received active stimulation, 32% thought they received sham stimulation and 14% did not know. 349 

There was no significant difference between the two groups in terms of which kind of stimulation 350 

they thought they received (χ2 = 1.24, p = 0.538), thus confirming the success of the blinding 351 

procedure. 352 

Table 1. Group characteristics and self-reported sensations during training sessions.  353 

 Sham (N = 24) Active (N = 26) Group difference 
(p-value, effect size) 

Demographics    
   Gender (male:female) 8:16 6:20 0.623 
   Age (years; M ±SD) 20.96 ±2.97 20.27 ±1.71 0.446, d = 0.217 
Baseline performance    
   Pre-test initiation time (s; M ±SD) 0.77 ±0.25 0.89 ±.30 0.117, d = 0.455 
   Pre-test execution time (s; M ±SD) 1.92 ±0.57 2.02 ±0.68 0.590, d = 0.153 
   Pre-test error rate (%; M ±SD) 25 ±13 30 ±15 0.203, d = 0.366 
Sensations    
   Strongest (M ±SD) 1.23 ±0.49 1.46 ±0.79 0.478, d = 0.202 
   Affected (M ±SD) 0.16 ±0.32 0.30 ±0.36 0.037, d = 0.618 
   Lasted (M ±SD) 1.14 ±0.48 1.79 ±0.71 0.001, d = 1.04 
Shaded fields highlight variables that significantly differed between the sham and active stimulation 
groups. Strongest: the strongest reported sensation intensity level (0-4); Affected: how much did 
sensations affect performance (0-4); Lasted: when did the discomfort stop (0-3) 

Table 2. Frequencies of self-reported sensations during the training sessions. 354 

The strongest intensity of discomforting sensations 
 Day 1 Day 2 Day 3 Day 4 

0: none, 1: mild, 2: moderate, 3: considerable, 4: strong 
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 

Sham 1 12 10 1 - 4 11 8 1 - 2 15 7 - - 5 14 5 - - 
Active 2 11 8 3 2 2 18 2 3 1 2 15 4 2 3 3 16 5 2 - 
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How much did the sensations affect performance? 
 Day 1 Day 2 Day 3 Day 4 

0: not at all, 1: slightly, 2: considerably, 3: much, 4: very much 
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 

Sham 19 5 - - - 20 4 - - - 22 2 - - - 21 2 1 - - 
Active 18 7 - 1 - 20 6 - - - 18 7 1 - - 20 6 - - - 

 

 
When did the discomfort stop? 

 Day 1 Day 2 Day 3 Day 4 
ns: no sensations, 1: quickly, 2: middle of the block, 3: end of the block 

ns 1 2 3 ns 1 2 3 ns 1 2 3 ns 1 2 3 
Sham 1 15 4 4 4 14 4 2 2 19 3 - 5 18 - 1 

Active 2 6 9 9 2 11 7 6 2 8 7 9 3 9 8 6 
                 

 

 355 

 356 

Figure 3. The 4-day average values of self-reported sensations during the training sessions. 357 

Large dots: group averages; small dots: individual participant values; red: active; blue: 358 

sham; error bars: 95% CI, two-tailed; * p < 0.05, ** p < 0.01, two-tailed.  359 

 360 

Accuracy during training sessions 361 
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During the observational practice sessions, attention to the task was assessed by accurate 362 

responses to the error question (spotting incorrectly executed sequences). The overall accuracy was 363 

83%, significantly higher than a 50% chance level (yes/no answers; t49 = 24.61, p < 0.001, two-364 

tailed), confirming that participants paid attention to the task. The average accuracies for each group 365 

and day are plotted in Figure 4D. On average, across the four training days, the sham group 366 

performed better (M = 86% [82%, 90%]) than the active group (M = 81% [77%, 85%]), with a 367 

marginally significant difference between the two groups (Welch two sample t-test for non-equal 368 

variance: t47.27 = 1.99, p = 0.052, two-tailed, d = 0.56). 369 

The small difference in error detection accuracy between the groups was an unexpected finding. 370 

It cannot be ruled out that anodal tDCS of M1 had some negative effects on the error detection 371 

accuracy. However, we do not have any a priori or theoretical grounds to support this suggestion. 372 

Another possibility is that the error detection accuracy was influenced by the discomforting 373 

sensations during the training sessions that, as reported above, affected the stimulation group more 374 

than the sham group. This possibility is supported by a significant negative correlation between the 375 

average error detection accuracy and the average self-report on how much performance was 376 

affected by the discomforting sensations (Kendall’s tau-b = -0.296, p = 0.008, two-tailed; across 377 

both groups).  378 

The lower error detection accuracy for the active stimulation group raises a possibility that the 379 

active group may not have been able to learn from the videos as well as the sham group due to 380 

stimulation-related discomfort and consequent impact on attention. To account for this possibility, 381 

we complement the planned analysis with an exploratory analysis that includes mean error detection 382 

accuracy as a covariate when assessing the stimulation effect.  383 

 384 
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 385 

Figure 4. Performance results. Pre-, post-, and retention-test difference in initiation time 386 

(A), execution time (B), and error rate (C) between trained (TR) and untrained (UN) 387 

sequences for sham (blue) and active (red) stimulation groups. D. Error detection accuracy 388 

during observational practice sessions. A-D. Bars and large dots: group averages; small dots: 389 

individual participant values; error bars: 95% CI (one-tailed for A, B,  and C; two-tailed for 390 

D). E. Regression lines of pre-test (predictor) and the post-test difference between trained and 391 

untrained sequence initiation times for sham (blue) and active (red) stimulation groups. 392 

Intercepts of the regression lines represent the predicted post-test difference if the pre-test 393 
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difference is zero. Vertical bars represent 95% CIs (one-tailed) of intercepts F. Same as E, but 394 

post-test difference corrected for error detection accuracy during training sessions. 395 

Observational training effects on sequence-specific learning 396 

Both groups showed significant observational training effects at both post-test and retention-test 397 

on all three performance measures, with medium to large effect sizes for the performance difference 398 

between trained and untrained sequences (dz = 0.52 – 1.02; comparable to previous reports on 399 

keypress sequence learning by observation, e.g., [34–36]). The only exception to this pattern of 400 

results was that the active stimulation group demonstrated no effect on error rates at the retention-401 

test. Detailed results are provided in Table 3, columns I and II, where B0 represents the percentage 402 

performance improvement from pre-test. All tests in Table 3 are one-tailed as we were testing a 403 

directional prediction for the difference between trained and untrained sequences. Furthermore, 404 

Supplementary Materials 3 document the extent to which the training manipulation generalised to 405 

the untrained sequences, comparing the active and sham stimulation groups. 406 

 407 

tDCS effects on sequence-specific learning by observation 408 

Primary analysis 409 

The effect of stimulation on sequence-specific learning was assessed by comparing observational 410 

training effects (the post-training ~ pre-training regression line intercepts) between the sham and 411 

active stimulation groups. The performed analysis of covariance (ANCOVA) did not reveal any 412 

significant difference between the two groups on any of the three measures either at post-test or 413 

retention-test (Figure 4E plots post-test initiation time results; see Supplementary Materials 4 for 414 

ANCOVA results of the raw means). The Bayes factor analyses yielded anecdotal to substantial 415 

evidence against the stimulation effect. Detailed results are provided in Table 3, column III 416 

(reporting significance of the group as a predictor variable for the training effect).  417 

Secondary analysis: accounting for error detection accuracy 418 
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Due to error detection differences between the groups, in an exploratory analysis we added mean 419 

error detection accuracy as a covariate to the previous ANCOVA model and repeated the group 420 

comparison analysis. This exploratory analysis revealed evidence for the stimulation effect on the 421 

percentage difference between trained and untrained sequence initiation times at post-test. 422 

Compared to the sham group, the active stimulation group showed greater difference on this 423 

measure (see Figure 4F). The error detection accuracy significantly predicted the outcome (β = 424 

0.431, p = 0.003; the better the accuracy during training, the faster initiation time of trained relative 425 

to untrained sequences at post-test). All other measures showed substantial to strong evidence 426 

against the stimulation effect when accounting for the error detection accuracy. Detailed results are 427 

provided in Table 3, column IV (reporting significance of the group as a predictor variable for the 428 

training effect accounting for the error detection accuracy). 429 

Table 3. Observational practice effects and tDCS effects on sequence-specific learning. 430 

 I II III IV 
 Observational training effect 

(trained vs. untrained performance) 
Primary results Secondary results 

 
tDCS effect 

(group difference) 

tDCS effect (group 
difference), 

accounting for accuracy 
during training sessions 

Sham Active 

In
iti

at
io

n 
tim

e Post t(22) = 2.65, p = 0.008, 
B0 = 13%, dz = 0.54. 

t(24) = 4.02, p < 0.001, 
B0 = 24%, dz = 0.79. 

t(47) = 1.50, p = 0.072, d = 0.44, 
anecdotal evidence against the 

effect 
(BF10/BF01 = 0.70/1.43). 

t(46) = 2.48, p = 0.008, d = 0.73, 
anecdotal evidence for the effect 

(BF10/BF01 = 2.41/0.41). 

Ret. t(22) = 3.21, p = 0.002, 
B0 = 21%, dz = 0.66. 

t(24) = 2.87, p = 0.004, 
B0 = 21%, dz = 0.56. 

t(47) = 0.05, p = 0.480, d = 0.01, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.29/3.49). 

t(46) = 0.01, p = 0.496, d = 0, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.29/3.45). 

Ex
ec

ut
io

n 
tim

e  

Post t(22) = 5.02, p < 0.001, 
B0 = 15%, dz = 1.02. 

t(24) = 4.75, p < 0.001, 
B0 = 14%, dz = 0.93. 

t(47) = -0.37, p = 0.355, d = 0.11, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.30/3.31). 

t(46) = -0.49, p = 0.312, d = 0.15,  
substantial evidence against the 

effect 
(BF10/BF01 = 0.31/3.20). 

Ret. t(22) = 4.02, p < 0.001, 
B0 = 10%, dz = 0.82. 

t(24) = 3.99, p < 0.001, 
B0 = 10%, dz = 0.78. 

t(47) = -0.06, p = 0.475, d = 0.02, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.28/3.55). 

t(46) = -0.02, p = 0.492, d = 0.01, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.29/3.43). 

Er
ro

r r
at

e Post t(22) = 2.56, p = 0.009, 
B0 = 7%, dz = 0.52. 

t(24) = 2.89, p = 0.004, 
B0 = 9%, dz = 0.57. 

t(47) = 0.47, p = 0.322, d = 0.14, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.31/3.20). 

t(46) = 0.20, p = 0.422, d = 0.06, 
substantial evidence against the 

effect 
(BF10/BF01 = 0.31/3.28). 

Ret. t(22) = 2.99, p = 0.004, 
B0 = 7%, dz = 0.61. 

t(24) = 1.45, p = 0.08, 
B0 = 4%, dz = 0.28. 

t(47) = -0.81, p = 0.210, d = 0.24,  
anecdotal evidence against the 

effect 
(BF10/BF01 = 0.37/2.71). 

t(46) = -1.05, p = 0.149, d = 0.31, 
anecdotal evidence against the 

effect 
(BF10/BF01 = 0.44/2.27). 

Shaded fields highlight non-significant effects. All p-values reported reflect one-tailed tests as we had directional predictions for 
inflence of training and stimulation on our performance measures. Results are uncorrected for multiple comparisons. 

 431 
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 432 

Discussion 433 

We investigated the extent to which anodal tDCS over M1 facilitates motor sequence learning by 434 

observation, as previously reported for learning by physical practice [1–4]. Both active and sham 435 

stimulation groups benefited from observational practice, replicating previous findings that motor 436 

skills can be learned by observation without overt physical practice [5,34–39]. However, active 437 

stimulation over M1 did not provide an advantage to learning the motor sequences through 438 

observation over and above sham stimulation. Furthermore, Bayesian analyses revealed anecdotal 439 

to substantial evidence in favour of the null hypothesis across our dependent measures. Our findings 440 

therefore do not provide strong support for the hypothesis that excitatory M1 stimulation can 441 

enhance observational learning in a similar manner to physical learning.  442 

 443 

Understanding the role of the motor system during observational learning 444 

Although there is a consensus that shared mechanisms exist between action observation and 445 

execution [14], the role played by the motor system in observational learning is not clear [12,13]. 446 

Indeed, several studies have questioned the notion of motor-driven learning by observation, arguing 447 

instead that it is driven by perceptual and cognitive processes [40–42]. It is possible, therefore, that 448 

primary motor areas might be engaged during action observation [43–45], but their involvement 449 

might not be critical in shaping observational learning.  450 

Alternatively, it is possible that the effect of anodal tDCS over M1 during observational learning 451 

is smaller than during physical learning and subtler than we could detect in the current study. The 452 

current study had 80% power to detect an effect size that is typically considered large (0.71 Cohen’s 453 

d). Therefore, we have reasonable confidence that we could detect large effects of stimulation, 454 

similar to which were reported previously during physical learning, should they exist. In addition, 455 

we followed recommended stimulation protocols by stimulating on consecutive days to enhance 456 
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effects of stimulation [1] and skill learning [25,26] (although see work by Monte-Silva and 457 

colleagues [46] that demonstrates the abolishment of LTP-like plasticity in motor cortex when 458 

follow-up stimulation occurs 24 hours after initial stimulation). As such, we designed the 459 

experiment to increase the likely impact of tDCS on skill learning, but nonetheless report a null 460 

result. We suggest that future studies wishing to further explore the role of M1 in observational 461 

learning use of a similar protocol with larger sample sizes, in order to increase statistical power to 462 

detect smaller effects.  463 

 The null result we report here adds to a growing set of null results in tasks ranging from 464 

working memory [47,48] to language [49,50]. In addition, several recent meta-analyses document 465 

conflicting evidence regarding the efficacy of tDCS in a variety of paradigms where effects have 466 

previously been reported, as well as growing scepticism regarding a causal role of tDCS in 467 

performance enhancement [48,50]. Given concerns over publication bias in general [51] and in the 468 

domain of tDCS in particular [52], it is important to report null results in order to provide a less 469 

biased estimate of the likely effect sizes that tDCS may have on behaviour. Therefore, balanced 470 

reporting of null results (in addition to positive results, such as those observed with tDCS over 471 

premotor cortex facilitating observational learning of a motor sequence [53]) will help to build a 472 

cumulative science of observational learning and tDCS. For instance, based on the details of the 473 

current study, researchers who wish to further explore the relationship between primary motor 474 

cortex activity and observational learning will have a more accurate estimate of the likely effect 475 

sizes that they might be targeting, which will directly inform power calculations and study design 476 

decisions. 477 

 The current study also provides a platform for future tDCS studies to build upon in other 478 

ways. Indeed, there are many avenues that future work could pursue in order to probe the 479 

relationship between the motor system and observational learning. For example, the effects of tDCS 480 

on observational learning may be task-dependent. Aridan and Mukamel [21] reported a positive 481 

relationship between M1 activity during action observation and the success of motor skill learning 482 
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via observation only if the observed model’s performance was faster than the observer’s 483 

performance at baseline. The current study used an intermediate model, which may not have been 484 

challenging enough to engage the motor system sufficiently. Future studies could use an expert 485 

model whose performance consistently exceeds the observer’s baseline performance to test this 486 

possibility directly.  487 

Follow-up work could also investigate the impact of different stimulation protocols. For 488 

example, several reports demonstrate a powerful effect of dual-M1 stimulation on motor learning 489 

[30,54], which outperforms unilateral M1 stimulation montages [55–58]. Another possibility to 490 

explore concerns the impact of tDCS intensity on motor learning effects. Recent work demonstrates 491 

that 1.5 mA, but not 1.0 mA, anodal tDCS over M1 reliably facilitates motor learning [59], which 492 

raises the possibility that our stimulation intensity was not optimised to induce reliable results. A 493 

further consideration is that small differences were observed in the sensations associated with active 494 

compared to sham stimulation, which is consistent with prior research [29]. The impact that such 495 

sensation differences have on task performance are worth studying in order to more effectively 496 

design sham protocols. Moreover, due to the electrode size (7 x 5 cm), the focality of tDCS 497 

stimulation is necessarily imprecise, and stimulation in our study may have extended beyond M1 498 

into nearby premotor and anterior parietal brain regions as well. The modulation of cortical 499 

excitability under and between the electrodes is still under debate and investigation [10,60]. As 500 

these suggestions demonstrate, many different lines of inquiry will be needed to better understand 501 

the relationship between motor system engagement and observational learning. 502 

 503 

Conclusions 504 

Our results do not support the hypothesis that anodal tDCS over M1 facilitates skill learning 505 

through observation to a large degree. The null finding does not necessarily imply that the motor 506 

system is not involved in sequence learning by observation. Rather, the results suggest that using 507 
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the parameters employed in the current study, anodal tDCS over M1 does not reliably enhance 508 

observational learning. Given that no prior study has used tDCS over M1 in an attempt to enhance 509 

observational learning, this finding makes an important contribution to the literature by informing 510 

future brain stimulation studies and offering a platform upon which to base further investigation 511 

into the role of primary motor cortex in observational learning.  512 
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Supplementary Materials 1: Results without the nine non-TMS localised participants 696 

Accuracy during training sessions 697 
During the observational practice sessions, attention to the task was assessed by accurate responses 698 
to the error question (spotting incorrectly executed sequences). The overall accuracy was 82%, 699 
significantly (p < 0.001) higher than a 50% chance level (yes/no answers), confirming that 700 
participants paid attention to the task. The average accuracies for each group and day are plotted in 701 
Supplementary Figure 1D. On average, across the four training days, the sham group performed 702 
better (M = 85% [79%, 91%]) than the active group (M = 81% [77%, 85%]), with no significant 703 
difference between the two groups (t26.44 = 1.35, p = 0.189). There was a negative correlation 704 
between the average accuracy and the average self-report on how much performance was affected 705 
by the discomforting sensations (Kendall’s tau-b = -0.256, p = 0.042; across both groups).  706 

Observational training effects on sequence-specific learning 707 
The effect of observational training on sequence-specific learning was assessed as a post-training 708 
(separately for the post-test and retention-test) difference between the trained and untrained 709 
sequence initiation time, execution time, and error rate. For the sequence initiation time and 710 
execution time, we measured a percentage difference ([(untrained/trained)-1]*100), but for the error 711 
rate (to avoid dividing by zero), we calculated an absolute difference (untrained-trained) between 712 
the trained and untrained sequences (results of these measures are plotted in Supplementary Figure 713 
1A-C). To correct for possible pre-training differences, we performed a linear regression between 714 
the pre-training difference (predictor) and the post-training difference (outcome; see Supplementary 715 
Figure 1E for an example plot). The intercept of the regression line was used as a measure of the 716 
post-training difference between trained and untrained sequences, controlling for possible pre-717 
training differences. This method reduces the noise of unwanted differences in the difficulty of 718 
trained and untrained sequences and thus allows a more accurate measurement of the training effect.  719 

Both groups showed significant observational training effects at both post-test and retention-test 720 
on all three performance measures, with medium to large effect sizes (dz = 0.52 – 1.02). Except, the 721 
active stimulation group demonstrated no effect on error rates at retention-test. Detailed results are 722 
provided in Supplementary Table 1. 723 

tDCS effects on sequence-specific learning by observation 724 
Primary analysis 725 
The effect of stimulation on sequence-specific learning was assessed by comparing observational 726 
training effects (the post-training ~ pre-training regression line intercepts) between the sham and 727 
active stimulation groups. The performed analysis of covariance (ANCOVA) did not reveal any 728 
significant difference between the two groups on any of the three measures either at post-test or 729 
retention-test. (Supplementary Figure 1E plots post-test initiation time results). The Bayes factor 730 
analysis returned anecdotal to substantial evidence against the stimulation effect. Detailed results 731 
are provided in Supplementary Table 1. 732 
Secondary analysis: accounting for error detection accuracy 733 
Due to concern that the stimulation effect could be confounded by sensation and error detection 734 
differences (both of which were negatively correlated) between the sham and active stimulation 735 
groups, we added the mean error detection accuracy as a covariate to the previous ANCOVA model 736 
and repeated the group comparison analysis.  737 

The corrected analysis revealed evidence for the stimulation effect on the percentage difference 738 
between trained and untrained sequence initiation times at post-test. Compared to the sham group, 739 
the active stimulation group showed a greater difference on this measure (see Supplementary 740 
Figure 1F). The error detection accuracy significantly predicted the outcome (β = 0.554, p < 0.001; 741 
the better the accuracy during training, the faster initiation time of trained relative to untrained 742 
sequences at post-test). All other measures showed anecdotal to substantial evidence against the 743 
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stimulation effect when accounting for the error detection accuracy. Detailed results are provided in 744 
Supplementary Table 1. 745 
Supplementary Table 1. Observational practice effects and tDCS effects on sequence-specific learning with nine 746 
non-TMS localised participants excluded.  747 
 Observational training effect 

(trained vs. untrained performance) tDCS effect 
(group difference) 

tDCS effect, 
accounted for the accuracy 

during training sessions Sham (N = 15) Active (N = 26) 

In
iti

at
io

n 
tim

e Post t(13) = 1.95, p = 0.073,  
B0 = 11%, dz = 0.50. 

t(24) = 4.02, p < 0.001,  
B0 = 24%, dz = 0.79. 

t(38) = 1.50, p = 0.141, d = 0.49,  
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.76/1.31). 

t(37) = 2.69, p = 0.011, d = 0.89,  
substantial evidence for the 

effect  
(BF10/BF01 = 3.44/0.29). 

Ret. t(13) = 2.67, p = 0.019,  
B0 = 25%, dz = 0.69. 

t(24) = 2.87, p = 0.008,  
B0 = 21%, dz = 0.56. 

t(38) = -0.35, p = 0.729,  
substantial evidence against the 

effect  
(BF10/BF01 = 0.33/3.00). 

t(37) = -0.29, p = 0.773, 
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.34/2.97). 

Ex
ec

ut
io

n 
tim

e 

Post t(13) = 2.42, p = 0.031,  
B0 = 10%, dz = 0.62. 

t(24) = 4.75, p < 0.001,  
B0 = 14%, dz = 0.93. 

t(38) = 0.16, p = 0.876,  
substantial evidence against the 

effect  
(BF10/BF01 = 0.31/3.18). 

t(37) = -0.07, p = 0.943, 
substantial evidence against the 

effect  
(BF10/BF01 = 0.32/3.16). 

Ret. t(13) = 2.40, p = 0.032,  
B0 = 9%, dz = 0.62. 

t(24) = 3.99, p = 0.001,  
B0 = 10%, dz = 0.78. 

t(38) = -0.47, p = 0.64,  
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.35/2.84). 

t(37) = -0.42, p = 0.678, 
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.35/2.82). 

Er
ro

r r
at

e  Post t(13) = 1.90, p = 0.079,  
B0 = 6%, dz = 0.49. 

t(24) = 2.89, p = 0.008,  
B0 = 9%, dz = 0.57. 

t(38) = 0.69, p = 0.497,  
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.38/2.63). 

t(37) = 0.43, p = 0.667,   
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.36/2.82). 

Ret. t(13) = 2.13, p = 0.053,  
B0 = 8%, dz = 0.55. 

t(24) = 1.45, p = 0.161,  
B0 = 4%, dz = 0.28. 

t(38) = -0.72, p = 0.476,  
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.38/2.61). 

t(37) = -1.00, p = 0.322, 
anecdotal evidence against the 

effect  
(BF10/BF01 = 0.46/2.20). 

Shaded fields highlight non-significant effects. 

 748 
 749 
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 750 
Supplementary Figure 1. Performance results. Pre-, post-, and retention-test difference in initiation time (A), 751 
execution time (B), and error rate (C) between trained (TR) and untrained (UN) sequences for sham (blue) and active 752 
(red) stimulation groups. D. Error detection accuracy during observational practice sessions. A-D. Bars and large dots: 753 
group averages; small dots: individual participant values; error bars: 95% CI. E. Regression lines of pre-test (predictor) 754 
and the post-test difference between trained and untrained sequence initiation times for sham (blue) and active (red) 755 
stimulation groups. Intercepts of the regression lines represent the predicted post-test difference if the pre-test difference 756 
is zero. Vertical bars represent 96% CIs of intercepts F. Same as E, but post-test difference corrected for error detection 757 
accuracy during training sessions. 758 
	  759 
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Supplementary Materials 2: Raw performance measures 760 

 761 
 762 
The figure above illustrates the mean and standard deviation values for participants’ initiation time, 763 
execution time, and error rate (three different panels), split into Pre, Post and Retention tests (along 764 
x-axes). These data are further split into stimulation groups (active vs. sham; filled circles vs. open 765 
squares) and the training status of the sequences (blue for untrained and red for trained). 766 
	  767 
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Supplementary Materials 3: Group differences in performance generalisation to the 768 
untrained sequences 769 

The table below shows independent sample t-test significance comparing sham and active 770 
stimulation group differences in performance generalisation to the untrained sequences.   771 

p-value 
Pre vs . Post difference of untrained sequence 

Initiation time 0.107 
Execution time 0.847 

Error rate 0.901 
Pre vs. Retention difference of untrained sequence 

Initiation time 0.515 
Execution time 0.936 

Error rate 0.674 
 
Accounted for the accuracy during training sessions 
 
Pre vs. Post difference of untrained sequence 

Initiation time 0.045 
Execution time 0.784 

Error rate 0.982 
Pre vs. Retentions difference of untrained sequence 

Initiation time 0.661 
Execution time 0.909 

Error rate 0.596 
 772 
	  773 
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Supplementary Materials 4: tDCS effects on sequence-specific learning 774 
using ANCOVA 775 

 776 
Dependent variable: Post-training (separate for post-test and retention-test) trained/untrained 777 
sequence performance difference, UN/TR-1 for the IT and ET and UN-TR for Err. 778 
Covariate: Pre-training trained/untrained sequence performance difference, UN/TR-1 for the IT 779 
and ET and UN-TR for Err. 780 
Within-subject factor: stimulation (active/sham). 781 
 782 
Significance reported one-tailed 783 
 784 
Post-test 785 
 786 
Initiation time 787 

Tests of Between-Subjects Effects 
Dependent Variable:   ITPostDiff   

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model .186a 2 .093 1.293 .142 
Intercept 1.669 1 1.669 23.250 .000 
ITPreDiff .037 1 .037 .510 .240 
stimulation .161 1 .161 2.238 .072 
Error 3.374 47 .072   
Total 5.286 50    
Corrected Total 3.560 49    
a. R Squared = .052 (Adjusted R Squared = .012) 

 788 
Execution time 789 
 790 

Tests of Between-Subjects Effects 
Dependent Variable:   ETPostDiff   

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model .043a 2 .021 1.009 .187 
Intercept 1.002 1 1.002 47.007 .000 
ETPreDiff .041 1 .041 1.915 .087 
stimulation .003 1 .003 .139 .355 
Error 1.001 47 .021   
Total 2.077 50    
Corrected Total 1.044 49    
a. R Squared = .041 (Adjusted R Squared = .000) 

 791 
Error rate 792 
 793 

Tests of Between-Subjects Effects 
Dependent Variable:   ErrPostDiff   

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model .005a 2 .003 .130 .439 
Intercept .315 1 .315 15.292 .000 
ErrPreDiff .001 1 .001 .029 .433 
stimulation .004 1 .004 .217 .322 
Error .969 47 .021   
Total 1.303 50    
Corrected Total .974 49    
a. R Squared = .006 (Adjusted R Squared = -.037) 
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 794 
 795 
Retention-test 796 
 797 
Initiation time 798 

Tests of Between-Subjects Effects 
Dependent Variable:   ITRetDiff   

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model .046a 2 .023 .198 .411 
Intercept 2.197 1 2.197 18.750 .000 
ITPreDiff .046 1 .046 .395 .267 
stimulation .000 1 .000 .002 .480 
Error 5.506 47 .117   
Total 7.771 50    
Corrected Total 5.553 49    
a. R Squared = .008 (Adjusted R Squared = -.034) 

 799 
Execution time 800 
 801 

Tests of Between-Subjects Effects 
Dependent Variable:   ETRetDiff   

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model .062a 2 .031 1.755 .092 
Intercept .476 1 .476 27.028 .000 
ETPreDiff .062 1 .062 3.511 .034 
stimulation 6.958E-5 1 6.958E-5 .004 .475 
Error .827 47 .018   
Total 1.392 50    
Corrected Total .889 49    
a. R Squared = .070 (Adjusted R Squared = .030) 

 802 
Error rate 803 
 804 

Tests of Between-Subjects Effects 
Dependent Variable:   ErrRetDiff   

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Corrected Model .023a 2 .011 .615 .273 
Intercept .168 1 .168 9.105 .002 
ErrPreDiff .012 1 .012 .668 .209 
stimulation .012 1 .012 .662 .210 
Error .867 47 .018   
Total 1.070 50    
Corrected Total .890 49    
a. R Squared = .026 (Adjusted R Squared = -.016) 

 805 
 806 
 807 


