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Supplementary Text 

Demographic analyses 

Age, sex and corticospinal excitability (CSE) as indexed by the resting motor threshold (rMT) value did not differ 

between individuals randomly allocated to the four Experiments (Table S1). 

Coordinates for the targeted stimulation sites across groups can be found in Table S2, and are depicted in Fig. 1, 3 and 

4 of the main text. To ensure that no difference occurred in stimulated sites between sessions in participants from 

Experiments 1 and 4, we ran multiple paired t tests comparing each coordinate in the two sessions and found no 

evidence of differences between the two sessions (all p ≥ .217). Concerning coordinates of the M1 specifically, whose 

location was determined functionally at each session, we ran a reliability analysis to ensure individual values of all 

stimulation coordinates remained reasonably stable across sessions and observed significant intraclass correlation 

(ICC) measures for all 3 coordinates (x: two-way random ICC single measures = .618; CI = 0.337-0.798, p < .001; y: 

two-way random ICC single measures = .648; CI = 0.381-0.816, p < .001; z: two-way random ICC single measures = 

.455; CI = 0.119-0.697, p = .005). In Experiments 1 and 4, where participants were tested twice on two separate days, 

their rMT was highly reliable between sessions (two-way random ICC single measures = .848; CI = 0.726-0.925, p < 

.001, Fig. S1) 

Experiments 1, 2 and 3: ccPAS EMG traces analysis 

To ensure that participants were correctly performing the visuomotor mapping task during the ccPAS, as instructed, 

we analyzed the EMG trace recorded during the protocol to assess the muscular contraction onset time and magnitude. 

Data were processed offline. Muscle contraction onset times (OT) were extracted to ensure participants initiated the 

movement before each paired stimulation delivery; muscle contraction amplitude was extracted as an index of the fact 

that participants were correctly performing the visuomotor associations initially communicated (i.e., they were 

abducting the target finger/contracting the target muscle when viewing the target color, and abducting the control 

finger/contracting the control muscle when viewing the control color). All EMG analyses were conducted using 

custom-made MATLAB scripts. 

Muscle contraction OT: For each of the 180 stimulus presentations (90 target + 90 control stimuli), the OT was 

calculated by moving a 20 ms window across the EMG data, starting from the stimulus presentation and sliding it 

forward in 1 ms increments. The standard deviation of the EMG signal within each window was calculated and 

compared to the standard deviation of the signal in the 100 ms before stimulus onset (the baseline period). Once the 

standard deviation of the data in the 20 ms window was over 2.75 times that of the baseline period for three successive 

20 ms windows, the end of the first window was taken as the end of the OT period [92]. Additional visual inspection 

was performed to make sure that this time point accurately reflected the onset of the EMG response for every trial 

performed by every participant. Because for each trial only one of the two fingers was abducted and only one muscle 

contracted (i.e., the target muscle when presented with the target color, and the control muscle when presented with 



the control color), for target color presentation only the onset time of the target muscle movement was extracted, and 

for control color presentation only the onset time of the control muscle movement was extracted. 

Muscle contraction amplitude: For each of the 180 stimulus presentations (90 target + 90 control stimuli) the amplitude 

of muscle contraction was calculated as the mean of the rectified EMG trace of both the target and control muscles in 

two time windows of 400 ms each: a pre-stimulus window between -401 to -1 ms before the visual stimulus 

presentation, and a post-stimulus window between +1 to +401 ms from the visual stimulus presentation. Note that the 

post-stimulus window ends 99 ms before the TMS stimulation delivery, to make sure TMS-evoked activity does not 

contaminate our measure (Fig.S2). For each trial and visual stimulus presentation (i.e., both target and control color 

presentations), contraction was always recorded for both muscles (target and control). This allowed us to make sure 

that i) across trials, similar baseline muscle relaxation was obtained and ii) in each trial, only the finger associated 

with the presented visual stimulus was moved (and the corresponding muscle contracted), whereas the other one stayed 

relaxed. 

Statistical analysis 

To ensure the effects observed in Experiment 1 were not driven by discrepancies in muscle activations during ccPAS, 

we conducted one ANOVA on OT data with within factors Session (2 levels: ccPASPMv-M1, ccPASM1-PMv) and Muscle 

(2 levels: Target, Control) and one ANOVA on muscle contraction (rectified EMG mean) data with within factors 

Session (2 levels: ccPASPMv-M1, ccPASM1-PMv), Muscle (2 levels: Target, Control), Trial (2 levels: movement trial, non-

movement trial) and Time (2 levels: Pre-stimulus, Post-stimulus). Tukey’s post-hoc analyses were performed to 

correct for multiple comparisons. Partial η2 (ηp
2) was computed as a measure of effect size for significant main effects 

and interactions. For significant post-hoc comparisons Cohen’s d were computed. By convention, ηp
2 effect sizes of ~ 

.01, ~.06, and ~.14 are considered small, medium and large, respectively. All the analyses were conducted using 

STATISTICA version 10 and/or IBM SPSS Statistics version 25. 

Similar analyses were performed for Experiments 2 and 3. Due to corruption of the large EMG files, we were unable 

to analyze 9 out of 64 traces (16 participants x 2 sessions in Experiment 1; 16 participants in Experiment 2; 16 

participants in Experiment 3). 

Results 

OT: The analysis on movement onset times revealed no main effects nor interaction in Experiment 1 (all F ≤ 0.37; all 

p ≥ .55; Fig. S3, panel A), Experiment 2 (F1,14 = 0.75; p = .402; Fig. S3 panel C) and Experiment 3 (F1,14 = 2.83; p = 

.115; Fig. S3, panel E). This implies that, in both experiments and across experimental sessions, the target and control 

muscle were similarly reactive and engaged at similar latencies upon the presentation of visual cues.  

Muscle contraction amplitude: The analysis on muscle contraction conducted on data collected in Experiment 1 

revealed the main effects of Trial (F1,11 = 26.85; p < .001; ηp
2 = 0.709), and Time (F1,11 = 47.44; p < .001; ηp

2 = 0.812), 

further qualified by the interaction Trial x Time (F1,11 = 53.31; p < .001; ηp
2 = 0.829; Fig. S3, panel B). Post hoc tests 

were conducted to explore this interaction and revealed that muscle contraction differed between before and after the 

visual stimulus presentation only in movement trials (p < .001), but not in non-movement trials (p = .351). This means 

that the FDI muscle contracted after the presentation of the visual stimulus only in trials where the index finger was 



supposed to move and, vice versa, the ADM muscle contracted after the presentation of the visual stimulus only in 

trials where the little finger was supposed to move. 

Similar results were observed for Experiments 2 (Trial x Time interaction: F1,14 = 26.64; p < .001; ηp
2 = 0.656; Fig. 

S3, panel D) and Experiment 3 (Trial x Time interaction: F1,14 = 32.57; p < .001; ηp
2 = 0.699; Fig. S3, panel F). Post 

hoc tests were conducted to explore this interaction and revealed that muscle contraction differed between before and 

after the visual stimulus presentation only in movement trials (Experiment 2: p < .001, Experiment 3: p < .001), but 

not in non-movement trials (Experiment 2: p = .377; Experiment 3: p = .572). 

In Experiment 3, we also observed a Muscle x Trial interaction (F1,14 = 7.38; p = .017; ηp
2 = 0.345), driven by a larger 

muscular contraction recorded in the target muscle as opposed to the control muscle in movement trials (p = .013). 

Experiment 4: supplementary results 

The analysis on RTs revealed the main effect of the factor Finger in the ccPASSham-M1 group (F1,9 = 6.051; p = .036; 

ηp
2 = 0.402), which reflected higher response speed with the index compared to the thumb finger (Fig. S4). Sham-

corrected RTs of the ccPASPMv-M1 or ccPASM1-PMv groups revealed no effect of the stimulation protocol (all p ≥ .13). 

The analysis of criterion values revealed no modulation in the ccPASSham-M1 group (all p ≥ .07). Sham-corrected 

criterion data of the ccPASPMv-M1 or ccPASM1-PMv groups also showed no significant modulation (all p ≥ .10). 



Figures and Tables 

Figure S1. Intraclass correlation of rMT values for Experiments 1 and 4, where participants were tested twice. 



Figure S2. Example of the EMG trace of one trial, in one participant. 



Figure S3. Movement onset and muscular contraction during the AVMM training in Experiments 1, 2, and 3. 
A) Movement onset time did not differ between muscles or sessions in Experiment 1. B) In both sessions of
Experiment 1, in both muscles the contraction increased after the stimulus presentation only in trials when the
corresponding finger was supposed to move. C) Movement onset time did not differ between muscles in Experiment
2. D) In Experiment 2, in both muscles the contraction increased after the stimulus presentation only in trials when
the corresponding finger was supposed to move. E) Movement onset time did not differ between muscles in
Experiment 3. F) In Experiment 3, in both muscles the contraction increased after the stimulus presentation only in
trials when the corresponding finger was supposed to move. Error bars represent one SEM. ***p<.001.



Figure S4. Main effect of finger on movement onset times. Participants were faster when responding with their 

index rather than the thumb finger. Error bars represent one SEM. ***p<.001 



Table S1. Age, rMT and sex balance of participants who took part in the four Experiments. 

rMT Age Gender
ccPAS PMv-M1 Avg 43.9 23.4
ccPAS M1-PMv SD 6.6 2.6

Avg 51.5 24.1
SD 11.4 3.0
Avg 47.6 25.5
SD 7.1 5.0

ccPAS PMv-M1 Avg 46.8 25.4
ccPAS M1-PMv SD 8.3 1.3

Avg 44.6 23.4
SD 7.1 1.2

F=2.05; 
p>.09

F=1.35; 
p>.26

X2=1.32; 
p>.85

Statistical comparison

Experiment 2

M/F = 7/9

M/F = 6/10

M/F = 5/9

M/F = 3/7

Experiment 4
ccPAS Sham-M1

Experiment 3 M/F = 8/8

Experiment 1



Table S2. Coordinates of the targeted cortical sites across the four studies. 

x y z x y z

Avg -31.7 -20.7 59.3 -53.4 8.9 24.4

SD 6.7 6.9 5.0 2.3 1.3 1.0

Avg -31.7 -19.1 60.2 -53.7 9.2 24.0

SD 4.3 4.4 2.2 1.8 2.3 1.3

Avg -28.7 -17.5 60.6 / / /

SD 6.8 4.8 5.5 / / /

Avg -33.8 -26.4 57.6 / / /

SD 8.8 10.1 4.4 / / /

Avg -30.5 -18.7 60.5 -55.0 11.7 24.1

SD 8.4 11.0 4.6 3.7 2.2 1.9

Avg -31.9 -17.7 61.8 -54.3 10.7 23.1

SD 11.59  9.20  5.95   4.56  2.30   1.86   

Avg -26.3 -18.0 59.3 / / /

SD 4.9 4.8 4.4 / / /

ccPAS PMv-M1

ccPAS M1-PMv

ccPAS Sham-M1

Experiment 4

ccPAS PMv-M1

ccPAS M1-PMv

Experiment 1

Experiment 2

Experiment 3

M1 PMv



Table S3– Average and standard deviation of criterion values across timepoints in all groups. 

Pre Post Pre Post
Average -0.17 -0.03 -0.02 -0.05

SD 0.25 0.22 0.16 0.20
Average -0.04 -0.06 0.03 0.06

SD 0.21 0.18 0.21 0.33
Average -0.06 0.00 0.05 -0.03

SD 0.28 0.28 0.22 0.14

ccPAS PMv-M1

ccPAS M1-PMv

ccPAS Sham-M1

Criterion (c) 
Target Color Control Color



Table S4– Average and standard deviation of RTs, expressed in ms, across timepoints in all groups. 

Pre Post Pre Post Pre Post Pre Post
Average 479 454 467 437 495 463 489 436

SD 62 50 56 41 90 54 101 38
Average 502 471 483 454 510 479 487 455

SD 104 89 90 81 115 105 84 79
Average 451 429 428 407 431 418 425 408

SD 36 32 37 33 27 35 34 24

RTs

ccPAS PMv-M1

ccPAS M1-PMv

ccPAS Sham-M1

Target Color Control Color
Thumb Index Thumb Index
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