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ABSTRACT    1 

Previous research suggests that so-called implicit and explicit processes of motor adaptation are 2 

implemented by distinct neural structures. Here we tested whether implicit sensorimotor 3 

adaptation and strategic re-aiming used to reduce movement error are reflected by spatially 4 

distinct EEG oscillatory components. We analyzed beta-band oscillations (~13-30Hz), which 5 

have long been linked to sensorimotor functions, at the time when these adaptive processes 6 

intervene for movement planning. We hypothesized that beta-band activity within sensorimotor 7 

regions relates to implicit adaptive processes, whereas beta-band activity within medial motor 8 

areas reflects deliberate re-aiming. In female and male human volunteers, we recorded EEG in a 9 

motor adaptation task in which a visual rotation was introduced in short series of trials separated 10 

by unperturbed trials. Participants were instructed in advance about the nature of the visual 11 

perturbation and trained to counter it by strategically re-aiming at a neighboring target. 12 

Consistent with our hypothesis, we found that preparatory beta-band activities within the two 13 

regions exhibited different patterns of modulation. Beta power in lateral central regions was 14 

attenuated when a change in the visual condition rendered internal-model predictions uncertain. 15 

In contrast, beta power in medial frontal regions was selectively decreased when participants 16 

strategically re-aimed their reaches. We propose that the reduction in lateral central beta power 17 

reflects an increased weighting of peripheral sensory information implicitly triggered when an 18 

adaptive change in the sensorimotor mapping is required, whereas the reduction in medial frontal 19 

beta-band activity relates to the inhibition of automatic motor responses in favor of cognitively 20 

controlled movements.  21 
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SIGNIFICANCE STATEMENT 22 

Behavioral and modeling studies have proposed that so-called implicit and explicit components 23 

of motor adaptation recruit different neural circuits. Here, we investigated whether these different 24 

processes are reflected by spatially distinct beta-band activities. Analyzing EEG signals at the 25 

time they influence movement planning, during the foreperiod, we found that beta power within 26 

lateral central regions was decreased when a change in visual conditions required implicit 27 

sensorimotor remapping, which may reflect enhanced sensory processing when internal-model 28 

predictions are rendered uncertain. In contrast, beta-band power within medial frontal areas was 29 

selectively attenuated when participants deliberately re-aimed their movements to improve task 30 

performance, which may be associated with the inhibition of automatic motor responses in favor 31 

of cognitively controlled movements.  32 
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INTRODUCTION 33 

Since Helmholtz’s (1867) seminal work on prism adaptation, the idea that (at least) two 34 

qualitatively distinct processes contribute to motor adaptation has been proposed by numerous 35 

authors (Malfait and Ostry, 2004; Redding and Wallace, 2006; Taylor and Ivry, 2014). The initial 36 

response would be a cognitive strategy allowing rapid reduction of movement error. In the case 37 

of prismatic displacement, one may use error information from a previous target-pointing trial to 38 

deliberately change the aiming direction of a subsequent movement in order to reduce 39 

performance error. The second kind of response would be the implicit and slow developing 40 

sensorimotor remapping that represents “true sensorimotor adaptation”. Behavioral and modeling 41 

studies (Mazzoni and Krakauer, 2006; Taylor and Ivry, 2011) have suggested that these two 42 

components of motor learning are driven by different teaching signals and implemented by 43 

distinct neural circuits. There is good evidence that implicit sensorimotor remapping is driven by 44 

sensory prediction errors (Jordan and Rumelhart, 1992) and involves sensorimotor cortico-45 

cerebellar loops (Doyon et al., 2003; Shadmehr and Krakauer, 2008). In contrast, the 46 

neurophysiology of cognitive strategies, guided by performance outcome, has been less 47 

investigated. Still, one candidate is the medial frontal cortex (MFC), conceived as the fulcrum of 48 

the cognitive control system, and known to be central in ‘‘higher-order’’ aspects of motor 49 

control, including goal representation and movement planning (Picard and Strick, 1996; 50 

Nakamura et al., 1998; Rushworth et al., 2004; Nachev et al., 2008).   51 

Here, we analyzed beta-band oscillations (~13-30 Hz), which have long been linked to 52 

sensorimotor preparation functions, at the time when adaptive mechanisms intervene in selecting 53 

and shaping the forthcoming movement. From the current literature a clear functional role of 54 

movement-related beta activity, within and beyond sensorimotor cortex, cannot be determined. 55 

Nevertheless, evidence suggests that during early delay periods it reflects the conjunction of 56 
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multiple factors associated with sensory and cognitive aspects of motor control rather than pure 57 

motor processes per se (Baker, 2007; Engel and Fries, 2010; Jones et al., 2010; Saleh et al., 2010; 58 

van Ede et al., 2011; Jenkinson and Brown et al., 2011; Kilavik et al. 2013). 59 

Our goal was to determine whether functionally and spatially distinct beta-band activities 60 

relate to implicit and explicit motor learning components. Concerning implicit learning, it has 61 

been shown that during the foreperiod before movement onset, beta-band activity within lateral 62 

central regions is modulated when sensorimotor adaptive mechanisms are automatically activated 63 

by movement-execution errors (Torrecillos et al., 2015; Alayrangues et al., 2019). In these 64 

studies, visual and/or mechanical perturbations were unexpectedly applied in isolated catch-trials, 65 

which induced slight involuntary movement deviations, in the opposite direction, on the 66 

following trial. As for the neural basis of flexible and deliberate behavioral adjustments, monkey 67 

work has highlighted the critical role of medial motor structures when controlled actions need to 68 

overcome inefficient automatic motor responses (Isoda & Hikosaka, 2007). In particular, analysis 69 

of local field potentials (LFP) in the supplementary motor complex have revealed reduced beta 70 

power in this region during the early delay period when monkeys have to rapidly update a motor 71 

plan in response to a visual instruction (Hosaka et al., 2016). 72 

In light of these findings, we hypothesized that beta-band modulations within lateral central 73 

regions relate to implicit sensorimotor adaptation, whereas beta-band activity within medial 74 

motor areas reflects strategic re-aiming. To test this idea, we recorded EEG activity while 75 

participants performed ballistic movements and a visuomotor rotation was introduced during 76 

short series of trials. Participants were instructed in advance about the nature of the visual 77 

perturbation and were trained to counter it by aiming at a neighboring target (i.e. re-aiming 78 

strategy). To separate beta-band activities within lateral central and medial frontal regions, we 79 

used independent component analysis (ICA). Consistent with our hypothesis, we found 80 
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contrasting patterns of modulation for the two spatially distinct beta-band activities. In lateral 81 

regions, early delay beta power was decreased when a change in the visual condition required 82 

sensorimotor remapping, whereas medial frontal beta power was selectively reduced for trials in 83 

which participants were required to use the re-aiming strategy. 84 

 85 

 86 

MATERIAL AND METHODS 87 

Participants 88 

A total of 24 healthy adults (8 females) aged 26.5 years (range 20-32 years) took part in the 89 

study. All participants were right-handed, as assessed by the Edinburgh Handedness Inventory 90 

(Oldfield RC, 1971) and all had normal or corrected-to-normal vision. All participants were free 91 

of known neurological or psychiatric disorders and gave informed consent according to a 92 

protocol approved by the Ethics Board of the Aix-Marseille University. 93 

 94 

Experimental setup 95 

The experiment was performed using a robotic exoskeleton (KINARM, BKIN Technologies) that 96 

allows recording flexion and extension movements of the elbow and shoulder joints in the 97 

horizontal plane. Participants were seated with their right arm installed in the exoskeleton; the 98 

height of the chair was adjusted so that the shoulder was abducted by ~70°. The rotation of the 99 

visual feedback of the hand was applied using a semi-silvered mirror preventing direct vision of 100 

the hand. A cursor representing participants’ index fingertip and the visual display were projected 101 

onto the same plane as the (invisible) hand. Participants maintained their right hand in a pointing 102 

position. Head movements were limited by using a chin rest. 103 

 104 
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Task 105 

Participants were required to make ballistic movements with no on-line corrections. The starting 106 

position was indicated by a 0.75cm diameter white circle located at the center of a large 107 

concentric blue ring (10 and 14cm radius for the inner and outer contour, respectively). 108 

Throughout the experiment, three possible targets located 5cm away from the starting position 109 

were indicated as 0.3cm diameter dark gray circles: 50°, 80° or 110° from the 0° straight-ahead 110 

direction (Figure 1A). 111 

To initiate a trial, participants had to maintain their index finger in the start circle for 112 

2000ms, after which they were warned to get ready (Ready signal): the start circle disappeared 113 

and the target was indicated (one of the three targets turned from a grey to a white circle). 114 

Following a 1500ms delay, the target was filled in white (“turned on”) indicating that the 115 

movement could be initiated (Go signal). Importantly, participants were clearly informed that 116 

they were not performing a reaction-time task and that they should take all the time they needed 117 

to prepare their movement. 118 

Participants were instructed to move through (“shoot”) the target without stopping and to 119 

end their movement between the inner and the outer contour of the concentric ring. They were 120 

also required to move fast enough so that their hand moved 5cm away from the start position 121 

within 250ms, computed from the time when its speed exceeded 5cm/s. Participants received 122 

visual feedback about their performance at the time the finger-tip cursor reached 5cm away from 123 

the starting position, hitting or missing the target: 1) the target exploded when the movement was 124 

fast and accurate enough (target hit); 2) the target turned red when the movement was fast enough 125 

but not accurate enough (target miss); 3) the target turned green when the movement was too 126 

slow, independent of its accuracy. 127 
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In order to avoid on-line movement corrections, the finger-tip cursor was turned off when 128 

the hand crossed the 10cm radius inner contour of the ring. Upon movement end, the arm was 129 

passively brought back by the robot to the start position. The finger-tip cursor and the starting-130 

position circle reappeared only when the hand was back in its initial position. Each trial lasted 131 

about 7sec. 132 

Participants were asked to keep their eyes fixed on the aimed target throughout each trial. 133 

Note that, as we explain below (Experimental protocol), in some trials (“Rotation-Strategy” 134 

trials), the aimed target did not correspond to the target that was turned on (filled in white), but to 135 

one of its neighboring targets instead. 136 

 137 

Experimental protocol 138 

The experiment was made up of two sessions (preliminary and experimental) run on two different 139 

days, during which participants performed two types of blocks: Baseline blocks comprising only 140 

unperturbed (no-rotation) trials and Mixed blocks in which a visual rotation (+30° or -30°) was 141 

applied in selected trials. 142 

 143 

Mixed blocks structure: We designed Mixed blocks (see Figure 1A) in which short series of 144 

rotation trials alternated with no-rotation trials. The rotation-trial series always consisted of 4 145 

movements to the same target, whereas the number and direction of no-rotation trials interleaved 146 

in between varied pseudo-randomly (at least 4 successive no-rotation trials toward one of the 147 

three targets). That is, participants could not predict when a new 4-rotation-trial series would start 148 

and thus were not expected to use the re-aiming strategy in the first trial in which the rotation was 149 

reintroduced (R-noS trials). However, participants were informed (during the Preliminary 150 

session) about the properties of the 4-rotation-trial series; that is, they knew the visual rotation 151 
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would be applied in the three following trials as well (R-S1, R-S2, R-S3 trials). In addition, in 152 

these trials the red arrow (Figure 1A) was displayed prompting them to apply the re-aiming 153 

strategy. Participants also knew that the rotation would be removed after 4 trials; that is, in the 154 

trials immediately following a 4-rotation-trial series (After-R trials) they would have to quit the 155 

strategy and aim again directly at the target that was illuminated. At the end of the R-S3 trials, the 156 

red arrow was removed, which ensured participants did not forget quitting the strategy. Here, it is 157 

critical to point out that the blocks of trials were designed so that the target in the After-R trials 158 

always coincided with the neighboring target that was aimed at in the preceding R-S1, R-S2, R-S3 159 

trials, such that the explicitly (re)-aimed target remained unchanged. 160 

In half of the no-rotation trials (in the Mixed and Baseline blocks) the target was the same 161 

as in the previous trial; for the other half a movement-direction change was required. Each Mixed 162 

block comprised 18 rotation-trial series, and 96 no-rotation trials pseudo-randomly distributed in 163 

between, for a total of 168 trials. The direction of the rotation, clockwise (30°CW) or 164 

counterclockwise (30°CCW), applied in the 4-rotation-trial series was kept constant throughout 165 

each Mixed block, but reversed for each new Mixed block. Half of the participants started with a 166 

30°CW Mixed block, the other half with a 30°CCW Mixed block. 167 

 168 

Preliminary session (familiarization and learning of the re-aiming strategy): During the first 169 

session, participants received verbal instructions about the general task requirements. They 170 

performed at least 4 blocks of 20 trials with no visual rotation, followed by a block in which, 171 

after 4 no rotation trials, the visual rotation (clockwise or counterclockwise, counterbalanced 172 

across participants) was unexpectedly introduced for 5 trials. After participants had experienced 173 

the visual rotation, the experimenter explained in detail the nature of the perturbation and how to 174 

counter it by aiming at the (clockwise or counterclockwise) neighboring target, instead of the 175 
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target that was turned on. They were also presented with a red arrow (beside the starting-position 176 

circle, from the Ready signal to the end of the trial, see Figure 1A) indicating to which 177 

neighboring target they should aim in order to counter the rotation. Then, participants were 178 

informed about the structure of the Mixed blocks they would have to perform, in which short 179 

series of trials would alternate with no-rotation trials (detailed below). They performed two 180 

Mixed blocks, each followed by a 32-trial Baseline block (400 trials in total). EEG signals were 181 

not recorded during this session. 182 

 183 

Experimental session: During the second session, after a 64-trial Baseline block, participants 184 

performed four Mixed blocks, each followed by a 32-trial Baseline block (864 trials in total). 185 

EEG signals were recorded throughout the session (Figure 1B). 186 

 187 

--- Figure 1 near here --- 188 

 189 

 190 

Between each block of trials (Mixed and Baseline) and after the 84th trial of each Mixed 191 

block, a ~2min break was allocated. The preliminary session lasted about 1h30min in total 192 

(including robot calibration) and the experimentation session (including EEG-electrode 193 

placement and location recording) lasted about 3h in total. 194 

 195 

Behavioral data recording and analyses 196 

Angular position and velocity data of the motor resolvers were collected at 1000Hz. Signals were 197 

down-sampled offline to 100Hz, and then filtered with a 2nd order zero-phase-shift low-pass 198 

Butterworth filter (cut-off frequency of 10Hz). Hand position and velocity were calculated from 199 
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these angular data. Kinematic data were analyzed using custom routines written in MATLAB 200 

(MathWorks). Trials in which the hand was not maintained stable enough in the start-position 201 

during the delay between the Ready and Go signals (tangential velocity > 6cm/s), or in which the 202 

movement was initiated before the Go signal, were excluded from the analyses (~1% of trials). 203 

Movement onset was defined as the time when the tangential velocity exceeded 5cm/s. The 204 

movement offset corresponded to the time when tangential velocity fell below 5cm/s and 205 

remained below this value for at least 1500ms. To quantify kinematic errors, we computed the 206 

perpendicular deviation, from the straight line that connects the starting position to the target, at 207 

maximum velocity (PD-vel). This measure quantifies error in initial movement-direction 208 

(feedforward component) and captures adaptive update of the motor-command.  209 

In addition, movement duration and the delay between the Go signal and movement onset 210 

were calculated for the different types of trials. Trials that were performed too slowly (~4%) were 211 

excluded from the analyses. 212 

For the statistical analyses, we considered R-noS, R-S1, R-S2, R-S3 and After-R trials of the 213 

Mixed blocks, and the no-rotation trials of the Baseline blocks, which we used as reference. To 214 

correct for individual movement-trajectory biases, for each participant, we subtracted from the 215 

PD-vel observed in R-noS, R-S1, R-S2, R-S3 and After-R trials the mean of the PD-vel computed 216 

over the 32 no-rotation trials of the Baseline block following them. In order to collapse data from 217 

different Mixed blocks, with opposite visual rotations (30°CW vs 30°CCW), we set the signs of 218 

the PD-vel values so that hand-path deviations in the direction of the visual rotation corresponded 219 

to positive values. Previously, we conducted preliminary analyses to test for differences between 220 

the movement errors induced by the two rotation directions. 221 

Repeated-measures univariate ANOVAs, followed by post-hoc pairwise t-tests, were run on 222 

kinematic-error measures (PD-vel), movement durations and Go-movement-onset delays. In all 223 
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cases, trial category (R-noS, R-S1, R-S2, R-S3 and After-R) was used as within-subject factor. 224 

Normality and sphericity assumptions were controlled and Huynh–Feldt correction applied 225 

whenever appropriate. For all tests, the significance threshold was set to 0.05 and multiple 226 

comparisons corrections were performed with the Bonferroni procedure. For post-hoc tests, p-227 

values presented in the Results section are multiplied accordingly. 228 

 229 

EEG data recording and analysis 230 

EEG activity was recorded continuously at 1024Hz using a 64-channel Biosemi ActiveTwo 231 

system (BioSemi) referenced to the Common Mode Sense / Drive Right Leg (CMS/DRL) 232 

contact. Electrodes were embedded into an elastic cap and distributed over the scalp according to 233 

the extended 10-20 EEG system. The electrode offsets, the voltage differences between the CMS 234 

and each active electrode, were monitored to remain within ±20 μV. For each participant, 235 

electrode locations and nasion and preauricular points were recorded by an infrared camera 236 

(Rogue Research). Electro-oculographic (EOG) activity was recorded with surface electrodes 237 

placed near both outer canthi (saccades) as well as under and above the right orbit (blinks). 238 

 239 

EEG preprocessing. EEG data was preprocessed using the free software ELAN (Aguera et al., 240 

2011), which allows especially good visual inspection of the raw EEG signals for artifact 241 

rejection purposes. Continuous signals were re-referenced to the average of all electrodes, filtered 242 

between 2-70Hz (Butterworth order 2) and down-sampled to 256Hz. Non-stereotypical artifacts 243 

(that cannot be captured by ICA; cf. Makeig et al., 1997; Delorme et al., 2007) were identified 244 

and rejected upon visual data screening. Further analyzes were run using the free and open-source 245 

software Fieldtrip (Oostenveld et al. 2011). 246 

 247 
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Independent Component Analysis (ICA). The preprocessed EEG signals were cut into time-248 

segments extending from -4000 to +3000ms with respect to movement onset, which covered 249 

approximately the complete trials, slightly variable in duration. The epoched EEG data were then 250 

submitted to ICA (runica algorithm).  251 

 252 

EEG time-frequency analysis. Time-frequency analyses were performed on the time-courses of 253 

the independent components (ICs). Single-trial signals were transformed in the time-frequency 254 

domain by convolution with the complex Morlet’s wavelets characterized by the ratio f0/σf = 7, 255 

with f0 ranging from 2 to 50Hz by steps of 0.5Hz. In order to calculate the event-related changes 256 

in beta power, the raw power data was log-transformed and then normalized relative to the 257 

average power calculated over all trials, as no clear baseline period could be defined during our 258 

task (Tan et al. 2014, Torrecillos et al. 2015, Alayrangues et al. 2018). For each participant and 259 

each time point (50ms bin), power was averaged over trials within a specific beta frequency band 260 

(individually selected; see below) and smoothed using a Gaussian Kernel with 7-time points 261 

(350ms) full-width at half maximum. 262 

 263 

Independent Components (ICs) selection. Our goal was to identify for each participant two 264 

different ICs that would capture distinct beta-band activities: medial frontal beta-band activity, 265 

which we hypothesized would reflect processes recruited for the explicit re-aiming strategy, on 266 

the one hand, and beta-band activity from lateral central regions, modulated during the foreperiod 267 

in relation to implicit sensorimotor adaptation processes (Torrecillos et al. 2015, Alayrangues et 268 

al. 2019), on the other hand. 269 

For the ICs selection, we proceeded in two steps (Alayrangues et al. 2019). First, we pre-270 

selected ICs based on their topographies. For this step, we defined spatial regions of interest 271 
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(ROIs); ICs that exhibited the largest weighting within one of these ROIs were pre-selected. To 272 

capture medial frontal beta-band activity, we considered an ROI including electrodes F1-Fz-F2-273 

FC1-FCz-FC2-C1-Cz-C2, and to capture beta-band activity lateralized over the left hemisphere, 274 

we used an ROI including electrodes C3-C5-CP1-CP3-CP5-P1-P3-P5. 275 

Note that for one participant (s18, see Figure 3A) we made an exception selecting an IC 276 

with maximum weighting at electrode FC3. Then, in a second step, we examined the time-277 

frequency representation of the time-courses of the pre-selected ICs to retain for each participant 278 

one IC of each type. For this step, within the trial-period going from -2.5 to 1.5sec relative to 279 

movement onset, we examined the time-frequency representations of the time-courses of the pre-280 

selected ICs computed over all trials. For each individual and type of ICs, we selected the IC 281 

(most of the time only one IC per participant was pre-selected) and the frequency-band, between 282 

17 and 40Hz, exhibiting the largest beta-power variance. Beta-power profiles were then obtained 283 

by averaging over 5Hz-wide frequency bands centered about the individually selected frequency. 284 

We defined the frequency bands of interest on an individual basis, an approach used to take into 285 

account the substantial inter-individual differences in the beta-frequency bands exhibiting the 286 

most prominent movement-related power changes (e.g. Little et al., 2013; Torrecillos et al., 2015; 287 

Tinkhauser et al. 2017; Alayrangues et al. 2019; Meidahl et al., 2019).   288 

We estimated the percentage of variance in the group-average (all trials of all participants) 289 

EEG-sensor beta-power profiles computed over the medial and the lateral ROIs accounted for by 290 

the selected medial and the lateral central ICs, respectively. In both cases, we computed the 291 

variance explained (R2) for two time-windows: 1) including the pre- and post-movement periods; 292 

-3000 to 2500ms relative to movement onset, and 2) restricted to the pre-movement period; -3000 293 

to 0ms relative to movement onset. The medial frontal ICs accounted for 55% and 87% of the 294 

variance in the medial-ROI group-average beta-power profiles, for the two time-windows, 295 
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respectively. The lateral central ICs accounted for 24% and 88% of the variance in the medial-296 

ROI group-average beta-power profiles, for the two time-windows, respectively.   297 

 298 

Statistical analyses of the beta-power profiles of the ICs. We analyzed the signals aligned to 299 

movement onset within the time-window extending from -1.5 to 0sec relative to movement onset. 300 

Using custom-written MATLAB routines (MathWorks), statistical analyses were computed, at 301 

each time point (50ms bin), on the beta power of the time-courses of the ICs. Significance level 302 

was set to 0.05. The False Discovery Rate (FDR) method was used to correct for multiple 303 

comparisons along the time axis, and the Bonferroni procedure was used to correct for multiple 304 

pairwise post-hoc comparisons, following significant repeated-measures ANOVAs.  305 

For all statistical tests, repeated-measures ANOVAs and paired t-tests, contrasting the 306 

different categories of trials (R-noS, R-S1, R-S2, R-S3 and After-R of the Mixed blocks, and the 307 

trials of the Baseline blocks), the number of trials was equated across the different categories, and 308 

were included in the analyses only the data of participants for which at least 20 trials, per trial 309 

category, remained after artifacts rejection. 310 

 311 

Dipole fitting of the ICs.  In order to further test the hypothesis that the two distinct beta-band 312 

activities were generated by distinct neural substrates, we conducted dipole source analysis of the 313 

lateral central and medial frontal ICs. For each participant, an equivalent current dipole model 314 

was computed for the two selected ICs by using the ‘ft_dipolefitting’ Fieldtrip function. 315 

Informing the forward model of the recorded locations of the EEG electrodes, dipoles were 316 

localized within a three-shell boundary element model (BEM) of the Montreal Neurological 317 

Institute (MNI) standard brain. For all identified individual ICs, only dipole solutions with 318 

residual variance smaller than 10% were considered.  319 
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 320 

 321 

RESULTS 322 

Behavioral performance 323 

One participant was excluded from all analyses (behavioral and EEG) because of noisy EEG 324 

data, hence data from 23 participants were analyzed. As expected, for the different categories of 325 

trials, R-noS, R-S1, R-S2, R-S3 and After-R, kinematic errors of different sizes and directions 326 

were observed. This is illustrated in Figure 2A showing hand-path perpendicular deviations 327 

measured at maximum tangential velocity (PD-vel) for all trials averaged across participants. 328 

Statistical analyses were performed on the PD-vel values corrected for individual movement-329 

trajectory biases and collapsed across Mixed blocks (see Material and Methods section). Data 330 

were collapsed following preliminary analyses revealing no significant difference between the 331 

effects observed for the opposite 30°CW and 30°CCW rotations. Indeed, a 2 (rotation direction) 332 

× 5 (type of trials) two-way repeated measures ANOVA revealed no main effect of rotation 333 

direction (F(1,22)=2.260; p=0.134) and no significant interaction effect (F(4,88)=0.743; p=0.564), 334 

although a significant main effect of type of trials was observed (F(4,88)=247.1 p<0.0001). 335 

Group data are presented in Figure 2B. Large kinematic errors in the direction of the visual 336 

rotation were observed for R-noS trials, confirming that participants did not predict when the 337 

perturbation would be reintroduced. Clear initial movement-direction errors were also visible for 338 

the After-R trials, with deviations in the opposite direction attributable to implicit sensorimotor 339 

adaptation after-effects.  340 

 341 

--- Figure 2 near here --- 342 

 343 
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 344 

A repeated-measures ANOVA on the PD-vel confirmed a significant effect of the category 345 

of trials (F(4,88)= 240.7; p<0.0001). Post-hoc comparisons revealed that the hand-path deviations 346 

in R-noS trials and After-R trials differed from all other types of trials (For R-noS vs R-S1, R-S2, 347 

R-S3 and After-R, respectively: t(22)=16.721, p<0.0001; t(22)=16.2511, p<0.0001; t(22)=14.9879, 348 

p<0.0001; t(22)=37.5523, p<0.0001. For After-R vs R-S1, R-S2 and R-S3, respectively: t(22)= -349 

6.2435, p<0.0001; t(22)= -9.1947, p<0.0001; t(22)= -9.3784, p<0.0001); with deviations in the 350 

direction of the visual rotation for R-noS trials, and deviations in the opposite direction for After-351 

R trials. Kinematic errors did not differ significantly between the rotation-strategy trials, R-S1, R-352 

S2, R-S3 (For R-S1 vs R-S2: t(22)= -1.8821, p=0.7310; for R-S1 vs R-S3: t(22)= -2.4834, p=0.2110; 353 

for R-S2 vs R-S3: t(22)= -2.3240, p=0.2980). In addition, for the rotation-strategy trials, we 354 

conducted preplanned comparisons (uncorrected p-values) to test whether kinematic errors differ 355 

significantly from zero (i.e. from Baseline trials). No significant difference was found (t(22)=0.08, 356 

p=0.937; t(22)=1.26, p=0.221; t(22)=1.76, p=0.092, for R-S1, R-S2, R-S3 trials respectively), 357 

confirming that in general participants properly applied the re-aiming strategy. However, reaches 358 

in the latter trials were substantially more variable than in the Baseline trials; while participants 359 

properly hit the target (success) in 49.96% of the Baseline trials, they did so in 17.59%, 18.52% 360 

and 18.63% of R-S1, R-S2, R-S3 trials, respectively (in R-noS trials and After-R trials, 361 

respectively, 0% and 16.61% of successes were observed).  362 

In addition, we analyzed movement durations and delays between the Go-signal and 363 

movement onset (movements were initiated without time pressure). For movement durations, 364 

repeated-measured ANOVAs (within 6 categories of trials, including the Baseline trials), 365 

revealed a significant effect of trial category (F(5,110)=4.33, p=0.0012). Post-hoc pairwise 366 

comparisons indicated that R-NoS trials had significantly longer durations than Baseline trials 367 
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(t(22)= 3.9507, p=0.0095; Baseline: 572±83ms, R-NoS: 606±101ms). No other pairwise contrast 368 

survived multiple comparison correction (R-S1: 584±96ms, R-S2: 579±85ms, R-S3: 577±88ms, 369 

After-R: 586±99ms). Whereas, delays between the Go-signal and movement onset did not differ 370 

significantly between trial categories (F(5,110)=0.16 , p=0.977; Baseline: 641±204ms, R-NoS: 371 

638±234ms, R-S1: 650±222ms, R-S2: 639±217ms, R-S3: 647±225ms, After-R: 643± 251ms). 372 

In summary, first, the behavioral data confirmed that participants were able to properly use 373 

the re-aiming strategy. When participants knew they would have to counter a visual rotation (R-374 

S1-3 trials), cursor trajectories did not significantly differ from those in the Baseline trials, even 375 

though increased directional variability was observed. Second, substantial after-effects were 376 

observed upon removal of the visual rotation (After-R trials), which confirmed that implicit 377 

sensorimotor remapping did occur over the short rotation-trial series.  378 

 379 

EEG time-frequency data 380 

Figure 3-4 respectively present the topographies and time-frequency maps of the medial and 381 

lateral central ICs selected for each participant. As indicated in these figures, medial and lateral 382 

central ICs could be identified in 21/23 and 20/23 participants, respectively (empty spaces 383 

indicate the participants for whom the corresponding IC could not be identified). One may notice 384 

that, as visible in Figure 3, for a good proportion of the participants, the lateral central ICs 385 

exhibited topographies with a steepest gradient overlying the central area, and aligned to the 386 

central sulcus, suggesting a tangential source in the anterior or posterior bank of the central 387 

sulcus. 388 

The frequency bands selected for each participant are shown (red lines) on the 389 

corresponding time-frequency maps (Figure 3B-4B). Individual frequency bands selected for the 390 

two types of ICs differed significantly, with higher frequency bands selected for the medial than 391 
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for the lateral central ICs (t(18)= 7.1621, p<0.001; mean±SE: 28.19±0.75Hz, and 21.33±0.44Hz, 392 

for the medial and lateral central ICs, respectively). 393 

 394 

--- Figure 3 & 4 near here --- 395 

 396 

 397 

As can be seen in Figure 5-6, for both types of ICs beta power was clearly modulated in 398 

relation to the reaching movements. For the Baseline trials, a transient beta-power enhancement 399 

could be observed around 1sec before movement onset. For all trials, beta power dropped during 400 

movement, and exhibited a clear rebound at movement end. 401 

In both types of ICs, we analyzed the signals within the time-window extending from -1.5 402 

to 0sec relative to movement onset (highlighted in grey in Figure 5-6). 403 

 404 

Beta-power profiles of the medial frontal ICs 405 

Our first goal was to assess whether medial frontal beta-band activity during movement 406 

preparation reflected the activation of the explicit re-aiming strategy. To this aim we compared 407 

the beta-power profiles observed for the strategy trials with those obtained for trials in which 408 

participants knew they would not have to counter a visual rotation.  409 

In a first step, at each sampling point of the time-window of interest, we conducted a 410 

repeated-measures ANOVA on the beta-power levels computed for the rotation-strategy (R-S1, 411 

R-S2 and R-S3; pooled, given the absence of significant kinematic difference between them), 412 

After-R, and Baseline trials, respectively. For these tests, we controlled for the proportion of 413 

failed and successful trials across the different categories of trials, which differed substantially as 414 

for the outcome of the task (Rate of successful trials: 18.25%, 16.61% and 49.96%, for strategy 415 
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(R-S1, R-S2 and R-S3, pooled), After-R, and Baseline trials, respectively). We did so since 416 

preliminary analyses (results not shown) revealed that beta power during movement preparation 417 

slightly differed depending on the success (accuracy) of the forthcoming movement. Specifically, 418 

when contrasting successful and failed Baseline trials, we observed a tendency (not statistically 419 

significant though) for successful trials to exhibit lower beta power. We conducted two 420 

complementary analyses in which the rate of failures and successes was equated across the 421 

different categories of trials. The first analysis was conducted including failed trials only. 422 

Divergence between the beta-power profiles observed for the different categories of trials were 423 

visible (Figure 5A). Repeated-measures ANOVAs, with the category of trials (rotation-strategy, 424 

After-R, and Baseline) as within-subjects factor (Mean±SE number of trials for each category: 425 

47±2.90), confirmed significant effects over the trial-period extending from -850 to -300ms 426 

before movement onset (FDR-corrected for multiple comparisons along the time axis). Post-hoc 427 

pairwise comparisons, performed at each significant time point, revealed that beta power was 428 

significantly lower for strategy trials (R-S1, R-S2 and R-S3, pooled) than for After-R and Baseline 429 

trials, respectively, from -600 to -450ms and from -850 to -500ms before movement onset 430 

(Bonferroni-corrected for multiple pairwise trial-category contrasts). No significant difference 431 

was found between the beta-power profiles observed for the After-R and Baseline trials, in which 432 

participants did not use the re-aiming strategy. Similar results were obtained, for the second 433 

analysis, including failed and successful trials in the same proportion for all conditions 434 

(Mean±SE number of trials for each category: 47±2.90 and 11±1.18 for failed and successful 435 

trials respectively). Repeated-measures ANOVAs were significant from -850 to -250ms before 436 

movement onset (FDR-corrected for multiple comparisons along the time axis). Post-hoc tests, 437 

indicated significantly lower beta-power for strategy trials (R-S1, R-S2 and R-S3, pooled) than for 438 

After-R and Baseline trials, respectively, from -700 to -550ms and from -850 to -500ms before 439 
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movement onset (Bonferroni-corrected for multiple pairwise trial-category contrasts). Beta-power 440 

profiles for the After-R and Baseline trials did not differ significantly from each other. 441 

 442 

--- Figure 5 near here --- 443 

 444 

In a second step, we refined the previous results by examining separately the beta-power 445 

levels for the different strategy trials, R-S1, R-S2 and R-S3. Based on the previous results, we 446 

conducted preplanned one-tailed pairwise comparisons, contrasting each type of strategy trials 447 

(R-S1, R-S2 and R-S3) and the After-effect trials with the Baseline trials (Figure 5B shows the 448 

results FDR-corrected for multiple comparisons along the time axis, with no Bonferroni 449 

correction for multiple pairwise contrasts.) For all three strategy trials, beta power was 450 

significantly lower than for the Baseline trials. Beta-power attenuation was however more 451 

pronounced for the first rotation-strategy trial than for the two following ones. For R-S1 trials, 452 

beta power was significantly reduced over a trial-period extending from -1000 to -150ms before 453 

movement onset, whereas for R-S2 and R-S3 trials significant attenuation was observed over 454 

shorter time-windows: from -850 to -700ms and from -400 to -300ms, for R-S2 trials, and from -455 

850 to -750ms and from -250 to -200ms, for R-S3 trials. No difference was found between the 456 

After-R and the Baseline trials, confirming (with more powerful tests) the result of the post-hoc 457 

tests presented in Figure 5A. Note that, given the difference in the number of trials included to 458 

compute the individual beta-power curves, the beta-power profiles for After-R and the Baseline 459 

trials slightly differ between Figure 5A (Mean±SE number of trials: 42±2.39) and Figure 5B 460 

(Mean±SE number of trials: 47±2.90). 461 

Additionally, we looked into the possibility that the more sustained beta-power attenuation 462 

observed for the R-S1 trials compared to R-S2 and R-S3 trials related to the fact that in R-S1 trials 463 
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a change in the motor output was required relative to the previous trials (execution of a 464 

movement in a different direction), which was not the case for R-S2 and R-S3 trials. To this aim 465 

we contrasted the Baseline trials in which participants had to switch movement-direction, relative 466 

to the previous trial, with the Baseline trials for which the target remained unchanged (Mean±SE 467 

number of trials per types of trials: 81±2.01). One-tailed contrasts revealed no significant 468 

difference between the two types of Baseline trials. These results suggest that the more sustained 469 

beta-power attenuation observed for the R-S1 trials compared to R-S2 and R-S3 trials cannot be 470 

attributed to the change in movement direction, relative to the previous trial, required in R-S1 471 

trials and not in R-S2 and R-S3 trials. Rather they suggest that the greater beta-power attenuation 472 

in R-S1 trials reflects the first implementation of the re-aiming strategy. 473 

 474 

Beta-power profiles of the lateral central ICs 475 

In previous studies, we found that beta-band activity generated in lateral regions was modulated 476 

during the foreperiod in relation to implicit sensorimotor adaptation processes (Torrecillos et al. 477 

2015; Alayrangues et al. 2019). Here, our aim was to investigate the pattern of modulation of this 478 

beta-band activity in a task in which both implicit and explicit error-reduction mechanisms are at 479 

work. 480 

We contrasted the beta-power profiles for rotation-strategy (R-S1, R-S2 and R-S3 pooled), 481 

After-R trials, and Baseline trials, respectively. As for the analyses conducted on the medial 482 

frontal ICs (see above), we considered failed trials only. Here, however, we report results 483 

obtained by restricting further the set of the included trials. As indicated above (Material & 484 

Methods), to better isolate the effect of implicit sensorimotor adaptation processes, we designed 485 

the trial sequences so that in the After-R trials the target that participants had to explode always 486 

coincided with the neighboring target they were aiming at in the previous strategy trials; that is, 487 
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no movement direction changes was required relative to the previous trials. Thus, here we used as 488 

reference Baseline trials in which the aimed target remained unchanged relative to the previous 489 

trial (note that a similar pattern of results was obtained by using Baseline trials with or without 490 

movement direction change; we present here the results using the more conservative 491 

comparisons, including fewer trials). As presented in Figure 6A, repeated-measures ANOVAs 492 

revealed significant effects of the category of trials (rotation-strategy, After-R trials, Baseline) on 493 

the beta-power levels over a trial-period extending from -800 to -550ms (Mean±SE number of 494 

trials per category: 38±2.59). Post-hoc pairwise comparisons indicated that beta power was 495 

significantly lower for the strategy trials (R-S1, R-S2 and R-S3 pooled) and the After-R trials than 496 

for the Baseline trials. The effect was however more pronounced for the After-R trials than for the 497 

strategy trials. Significant beta-power attenuation was observed from -800 to -600ms and from -498 

650 to -550ms, for the After-R and rotation-strategy trials, respectively. Beta-power profiles for 499 

the After-R and the rotation-strategy trials (R-S1, R-S2 and R-S3 pooled) did not differ 500 

significantly from each other. 501 

 502 

--- Figure 6 near here --- 503 

 504 

 505 

We complemented the preceding results by one-tailed preplanned pairwise tests (FDR-506 

corrected for multiple comparisons along the time axis, without Bonferroni correction for 507 

multiple pairwise contrasts) contrasting each category of trials, R-S1, R-S2, R-S3 and After-R 508 

trials with the Baseline trials (Mean±SE number of trials per category: 38±2.56). These 509 

comparisons revealed significant beta-power attenuations for the R-S1, R-S2 and After-R trials, 510 

while no significant difference was found between the R-S3 and the Baseline trials (Figure 6B). 511 
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The observed beta-power attenuations were more pronounced for the R-S1 and After-R trials 512 

(with significant effects from -850 to -50ms and from -1050 to -500ms, respectively) than for the 513 

R-S2 (significant effects from -750 to -550ms). 514 

To summarize, as we expected, during movement preparation different patterns of 515 

modulation were observed for the two spatially distinct beta-band activities. Beta-band activity 516 

captured by the medial frontal ICs exhibited reduced power when participants applied the explicit 517 

re-aiming strategy (R-S1-3 trials) relative to when they did not have to counter a visual rotation 518 

(Baseline and After-R trials, which did not differ from each other). Furthermore, this effect was 519 

the strongest when participants returned to the deliberate strategy (R-S1 trials) after a series of 520 

trials performed without it. In contrast, beta power in the lateral central ICs was reduced for both 521 

the strategy trials (R-S1-3), in which sensory prediction errors were experienced, as well as for 522 

the post-rotation trials (After-R), relative to the Baseline trials. Interestingly, a gradual decrease of 523 

the effect was observed over the strategy trials. 524 

 525 

Dipole fitting of the ICs. 526 

For each participant, we computed the equivalent current dipole model for the medial and the 527 

lateral central ICs. Figure 7 shows the individual dipole solutions for the two types of ICs 528 

together with the corresponding group-averaged dipoles. Dipole centroids were localized to the 529 

supplementary motor area (MNI co-ordinates: X=4, Y=-5, Z=55) for the medial frontal ICs, and 530 

to the left somatosensory area (MNI co-ordinates: X=-32, Y=-36, Z=62) for the lateral central 531 

ICs. 532 

 533 

--- Figure 7 near here --- 534 

 535 
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 536 

 537 

DISCUSSION 538 

Our goal was to determine whether implicit sensorimotor adaptation and deliberate re-aiming are 539 

reflected by functionally and spatially distinct beta-band modulations. In previous studies 540 

(Torrecillos et al., 2015; Alayrangues et al., 2019) we found that during the foreperiod beta-band 541 

activity in lateral central regions was modulated in relation to adaptive mechanisms triggered 542 

after movement-execution errors were experienced. Based on the nature of our experimental 543 

designs, we inferred that these oscillatory responses were related to implicit adaptive processes. 544 

In the present study, we used a task in which both implicit sensorimotor remapping and deliberate 545 

strategies contributed to task performance. Based on previous findings (Hosaka et al., 2016), we 546 

hypothesized that beta-band activity in medial motor cortex would be a potential neural correlate 547 

of explicit re-aiming strategy.  548 

We used ICA to separate beta-band activities within medial frontal and lateral regions. 549 

During the foreperiod before movement onset, the two spatially distinct beta-band activities 550 

exhibited different patterns of modulation, revealing functional differences consistent with our 551 

main hypothesis. 552 

 553 

Beta-band activity in medial motor cortex reflects strategic re-aiming 554 

Medial frontal beta power was significantly decreased before movements in which participants 555 

deliberately re-aimed toward a location offset from the illuminated target, relative to trials in 556 

which they did not have to counter a visual rotation (Baseline and After-R trials). Our dipole 557 

source analysis suggested generators located in the caudal part of the supplementary motor 558 

complex (SMC). This finding is in line with previous observations demonstrating the role of the 559 
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medial frontal cortex (MFC) in top-down executive control of behavior, specifically when 560 

automatic motor responses must be replaced with deliberately controlled actions following a 561 

change in the environment. Through electrophysiological recordings in macaque monkeys, Isoda 562 

& Hikosaka (2007) have provided anatomical and physiological accounts for the controlled 563 

process with which organisms are able to dynamically switch actions in a constantly changing 564 

environment. Using an action-switching paradigm, these authors showed single-cell activity 565 

specifically preceding motor response switches in the pre-supplementary motor area (pre-SMA), 566 

and improved switching behavior following microstimulation of the same region. Furthermore, 567 

by varying the timing of the stimulation, they demonstrated that the pre-SMA enables action 568 

switching by first suppressing an automatic inappropriate motor response and then facilitating a 569 

controlled desirable movement. 570 

Interestingly, we observed more sustained beta-power attenuation before the first rotation-571 

strategy trial (R-S1) than before the following ones (R-S2, R-S3). This pattern fits with previous 572 

observations by Hosaka et al. (2016). The hypothesis of these authors was that the decrease in 573 

beta power in SMC during the early delay contributes to the updating of action plans. They 574 

analyzed the temporal modulation of beta activity in the LFPs of the pre-SMA and SMA-proper 575 

in monkeys performing a motor task in which they were required to internally maintain a series 576 

of movements and update it in response to a visual instruction. Beta power was significantly 577 

suppressed during the early delay period of updating trials (in which the sequence of movements 578 

had to be changed) in the two medial motor areas. In the following maintenance trials, beta power 579 

tended to increase as the new action plan was internalized. Hosaka et al. (2016) proposed an 580 

interpretation in terms of dynamic cell assemblies, according to which enhancement of beta 581 

power may play a role in protecting pre-organized cell assemblies while suppression of beta 582 

power may afford permission to update these cell assemblies. In light of these findings, the 583 
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decrease in beta power observed in the strategic re-aiming trials may be attributable to the 584 

inhibition of the motor response automatically triggered by the illuminated target, and the 585 

facilitation of the deliberate re-aiming movement. 586 

Alternatively, beta-band desynchronization may have been greater in the re-aiming 587 

condition due to increased task complexity, independent of the specific nature of the implicated 588 

neural mechanisms. The SMC is classically assumed to be preferentially recruited in the 589 

generation of internally driven rather than sensory-guided movements (Goldberg, 1985; Okano 590 

and Tanji, 1987; Passingham, 1987; Roland, 1987; Mushiake et al., 1991). According to Nachev 591 

et al. (2008), the critical aspect that differentiates these two types of motor actions is their 592 

intrinsic level of complexity, rather than in the internal versus external nature of their sources. 593 

Self-generated actions involve, for instance, integrating past experience, and are likely to be 594 

associated with greater complexity than when externally specified.  595 

 596 

Lateral central beta-band activity relates to implicit sensorimotor remapping 597 

In previous studies (Torrecillos et al., 2015; Alayrangues et al. 2019) we found that the 598 

foreperiod beta-band activity in lateral central regions was modulated in relation to adaptive 599 

responses that were irrelevant to the outcome of the task and were therefore most likely a 600 

reflection of implicit processes. Here, for the post-rotation and strategic trials, we observed 601 

strikingly similar profiles of modulation for the beta-band activity captured by the lateral central 602 

ICs (c.f. Torrecillos et al., 2015, Fig.9B; Alayrangues et al. 2019, Fig.7-8).  603 

One possible explanation for the observed beta power modulations may be that they reflect 604 

changes in efferent mechanisms within the motor cortex, elicited by implicit adaptation and 605 

behaviorally manifested in the post-rotation (After-R) trials. Indeed, pre-movement beta 606 

desynchronization over motor regions has been interpreted as reflecting their level of activation 607 
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(Pfurtscheller and Berghold, 1989; Sanes and Donoghue, 1993; Murthy and Fetz, 1996; 608 

Schnitzler et al., 1997). Interestingly, Grent-'t-Jong et al. (2015) reported a reduction in pre-609 

movement beta power during visuomotor adaptation as compared to baseline trials before 610 

adaptation, indicating increased neural activity associated with the learned movement directions. 611 

Furthermore, their findings would be compatible with the local nature of neural changes related 612 

to the learning and retention of new visuomotor mappings within the primary motor cortex (Paz 613 

et al., 2003).  614 

This first interpretation is, however, difficult to conciliate with some of our observations. In 615 

the present experiment, beta power was significantly decreased before the strategy trials, and this 616 

effect gradually attenuated over the three strategy trials. However, no analogous pattern was 617 

observed in the behavioral data; movement kinematics did not differ significantly across the 618 

strategy trials. Such uncoupling between behavioral and electrophysiological responses is 619 

reminiscent of data reported in a recent study from our group (Alayrangues et al., 2019), in which 620 

trial-to-trial adaptive motor-command update and pre-movement lateralized beta-band 621 

modulation exhibited different patterns. Specifically, in this study, participants had to perform a 622 

so-called Cooperative task in which they had to control a single cursor with both arms in order to 623 

reach a single visual target. In catch trials, a mechanical perturbation was applied pseudo-624 

randomly to the left (10%) or the right arm (10%). While behavioral adaptive responses were 625 

visible for both arms, significant beta power modulation was observed only over the right 626 

hemisphere regardless of the side of the perturbation. This finding revealed that the lateralized 627 

foreperiod beta activity did not reflect efferent processes shaping the muscle activation pattern. 628 

Together, these data are difficult to conciliate with a purely “motor” explanation. 629 

An alternative interpretation for the gradual decrease of this effect across the three 630 

strategy trials is that it resulted from a progressive reduction of the sensory prediction error 631 
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through trial-by-trial implicit remapping. This possibility is, however, invalidated by the large 632 

beta-band suppression observed in the post-rotation trials (After-R), which was not preceded by a 633 

larger sensory prediction error than the strategic trials (R-S3). Therefore, yet another speculation 634 

may be considered, which better fits our data as well as prevailing motor control theories 635 

(Shadmehr and Krakauer, 2008). According to these theories, the cerebellum implements and 636 

updates predictive internal models based on sensory prediction errors, while the parietal cortex 637 

combines these predictions with actual sensory information to estimate the current state of the 638 

body and the world (Shadmehr and Krakauer, 2008). Movement planning is based on this 639 

estimate, which is statistically optimal (in the Bayesian sense) in that it is obtained by combining 640 

predictions (prior beliefs) and sensory input (new evidence) according to their respective 641 

uncertainties. Any change in the body and/or the world renders internal model predictions more 642 

uncertain, and as a consequence increases the weight allocated to peripheral sensory input. 643 

Within this framework, the gradual decrease in beta-power attenuation across the strategy trials 644 

would mirror a gradual decrease in the uncertainty of the sensory prediction as the visual 645 

condition remains transiently (for four trials) constant, with as a counterpart a decreased 646 

weighting of the sensory input. The rebound of the effect for the post-rotation trial would be 647 

induced by the anticipated change in the visual condition making sensory prediction uncertain 648 

again. Interestingly, beta-band oscillations have been shown to be suppressed by somatosensory 649 

demands, both in anticipation of (Jones et al., 2010; van Ede et al., 2011; Bauer et al., 2012) and 650 

during sensory processing (Chatrian et al., 1959; Cheyne et al., 2003; van Ede et al., 2011). Thus, 651 

modulations in lateralized beta band activity may reflect sensory integration processes involved 652 

in implicit sensorimotor adaptation (see also Palmer et al., 2019). Furthermore, this view fits with 653 

the results of our dipole source analysis, consistent with generators within somatosensory 654 

regions. 655 
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Hence, the pattern of pre-movement beta-power modulation that we observed for the 656 

strategy and the post-rotation trials may reflect an increase in somatosensory processing 657 

implicitly triggered in response to a change in the visual condition, experienced through sensory 658 

prediction errors or anticipated based on a contextual cue and requiring an update of the internal 659 

model sensory predictions. 660 

 661 

Implications for implicit and explicit forms of adaptation  662 

While there is consensus that both implicit sensorimotor adaptation and deliberate cognitive 663 

strategies contribute to motor adaptation, a central issue pertains to their interplay. Mazzoni and 664 

Krakauer (2006) offered an especially striking illustration of the way the implicit process can 665 

interfere with the explicit goal of a motor task. In their experiment, participants were initially able 666 

to counter the visual rotation by applying the re-aiming strategy. However, their performance 667 

gradually deteriorated as they implicitly adapted to the rotation. According to the authors this 668 

demonstrated that the two processes operate independently, likely implemented through distinct 669 

circuits. Taylor and Ivry (2011) added to this finding in a critical way by revealing that, with 670 

extended training, participants eventually modify their re-aiming strategy so as to offset the 671 

detrimental effect (drift) of the implicit process and proposed a model in which performance 672 

ultimately stabilizes through a dynamic synergy between the two learning processes. Our 673 

behavioral and electrophysiological data fit with these previous observations. Specifically, the 674 

functional distinction we draw between beta-band activities captured by the medial and lateral 675 

central ICs provides evidence in support of physiologically dissociable processes. An important 676 

question for further research, which the present work cannot speak to, is whether the two 677 

adaptation processes act independently or not.  678 
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FIGURE CAPTIONS 800 

Figure 1: Task and experimental protocol 801 

A) Participants were instructed to “shoot”, without stopping, one of three possible visual targets. 802 

In rotation-trial series, the cursor representing the index finger tip was displayed rotated by 30°, 803 

clockwise (CW) or counterclockwise (CCW), relative to its real position. The rotation-trial series 804 

always comprised 4 trials and were separated by a variable number of no-rotation trials (in grey) 805 

in which the cursor displayed the real position of the hand. In the first rotation trials (in red – R-806 

 noS trials), the visual rotation was unexpectedly (re)introduced. In the three following trials (in 807 

green – R-S1, R-S2, R-S3 trials) participants knew the rotation would be applied and used the re-808 

aiming strategy to counter it. In these trials, an arrow (in red) was displayed as a hint for re-809 

aiming at the appropriate neighboring target. Participants were also instructed that after the fourth 810 

rotation trials (R-S3) the visual rotation would be removed. Before the post-rotation trial (After-R 811 

trials, in blue), the arrow was removed as a hint to quit the re-aiming strategy. In the After-R 812 

trials, the illuminated target was always the same as the re-aimed neighboring target in the three 813 

previous strategy trials. Each “mixed” block comprised 18 rotation-trial series. B) In the 814 

experimental session, participants performed four “mixed” blocks, in which the direction of the 815 

visual rotation was kept constant: 30° CW or 30° CCW. The rotation directions alternated over 816 

the four “mixed” blocks, whose order was counterbalanced across participants. The “mixed” 817 

blocks were preceded by a block of 64 no-rotation trials and separated by blocks of 32 no-818 

rotation trials. 819 

 820 

Figure 2: Behavioral data 821 

A) Initial movement-direction error data averaged across participants (n=23), calculated as the 822 

perpendicular hand-path deviation measured at tangential velocity peak (PD-vel); error bars show 823 
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SE. The colors used for the individual trials depict the different trial categories (cf. Fig. 1). 824 

Positive values correspond to errors in the clockwise direction. B) The values of the 825 

perpendicular deviation at velocity peak (PD-vel) observed at the group level (n=23) for the 826 

different trial categories, R-noS, R-S1, R-S2, R-S3 and After-R. These values have been corrected 827 

for individual biases measured in the Baseline trials, and the sign of the errors observed for the 828 

opposite visual rotation (CW and CCW) have been flipped so that data could be collapsed (cf. 829 

Material and Methods). Statistical results are summarized in the box-plot (the central mark is the 830 

median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the extreme 831 

data). Each participant’s data is plotted individually. Kinematic errors observed for the R-noS and 832 

After-R trials significantly differed from those observed in all other trial categories 833 

(***p<0.0001, p-value Bonferroni corrected). No significant difference (N.S.) was observed 834 

between the strategy trials, R-S1, R-S2, R-S3. 835 

 836 

Figure 3: Individual medial frontal independent components (ICs) 837 

A) Topographies of the medial frontal independent components (ICs) identified for each 838 

participant. B) Time-frequency representations of the time-courses of the individual ICs aligned 839 

to movement onset. The frequency bands selected for each participant are indicated (red dotted 840 

lines). 841 

 842 

Figure 4: Individual lateral central independent components (ICs) 843 

A) Topographies of the lateral central independent components (ICs) identified for each 844 

participant. B) Time-frequency representations of the time-courses of the individual ICs aligned 845 

to movement onset. The frequency bands selected for each participant are indicated (red dotted 846 

lines). 847 
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 848 

Figure 5: Beta-power modulations for the medial frontal independent components (ICs) 849 

Group average beta power profiles for the medial frontal ICs aligned to movement onset. These 850 

were obtained by averaging over the individually selected ICs and frequency bands separately for 851 

the different categories of trials. The time window of interest is indicated by a gray shading. A) 852 

Group average beta power profiles for trial categories Baseline (in black), R-S1, R-S2 and R-S3, 853 

pooled (in green) and After-R (in blue). The period during which beta power differed significantly 854 

(FDR- and Bonferroni-corrected, see Methods) between trial categories is indicated by gray dots. 855 

Periods during which pairwise comparisons were significant are indicated by black dots. Beta 856 

power for the rotation-strategy trials (R-S1, R-S2 and R-S3, pooled) was significantly decreased 857 

relative to the Baseline and post-rotation trials (After-R), which did not differ significantly from 858 

each other. Upper-right, the group average (time invariant) topography of the medial frontal ICs 859 

is presented. Below, are shown group topographies for the EEG signal beta-power (frequency 860 

bands selected for the medial frontal ICs) for all trials averaged over 500ms time windows 861 

centered respectively at -1500, -750 and 0ms relative to movement onset. Electrode FCz indicates 862 

the center of the region of interest used for selecting the individual ICs.  B) Top to bottom, 863 

pairwise comparisons of group average beta power for the Baseline trials (in black) and, 864 

respectively, for the rotation-strategy trials R-S1, R-S2, R-S3 and post-rotation trials (After-R). In 865 

each panel, the periods during which pairwise contrasts were significant (one tailed FDR-866 

corrected) are indicated by colored bars. While beta power in R-S1, R-S2 and R-S, was 867 

significantly decreased relative to Baseline trials, beta power for the post-rotation trials (After-R) 868 

did not differ significantly from the Baseline trials. The beta-power decrease was more marked 869 

for the first rotation-strategy trials R-S1 than for the two following ones, R-S2 and R-S3. 870 

 871 
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Figure 6: Beta-power modulations for the lateral central independent components (ICs) 872 

Group average beta power profiles for the lateral central ICs aligned to movement onset. These 873 

were obtained by averaging over the individually selected ICs and frequency bands separately for 874 

the different categories of trials. The time window of interest is indicated by a gray shading. A) 875 

Group average beta power profiles for trial categories Baseline (in black), R-S1, R-S2 and R-S3, 876 

pooled (in green) and After-R (in blue). The period during which beta power differed significantly 877 

(FDR- and Bonferroni-corrected, see Methods) between trial categories is indicated by gray dots. 878 

Periods during which pairwise comparisons were significant are indicated by black dots. Beta 879 

power for the rotation-strategy trials (R-S1, R-S2 and R-S3, pooled) and for the post-rotation trials 880 

(After-R) was significantly decreased relative to the Baseline trials. Upper-right, the group 881 

average (time invariant) topography of the lateral central ICs is presented. Below, are shown 882 

group topographies for the EEG signal beta-power (frequency bands selected for the lateral 883 

central ICs) for all trials averaged over 500ms time windows centered respectively at -1500, -750 884 

and 0ms relative to movement onset. Electrode CP3 indicates the center of the region of interest 885 

used for selecting the individual ICs. B) Top to bottom, pairwise comparisons of group average 886 

beta power for the Baseline trials (in black) and, respectively, for the rotation-strategy trials R-S1, 887 

R-S2, R-S3 and post-rotation trials (After-R). In each panel, the periods during which pairwise 888 

contrasts were significant (one tailed FDR-corrected) are indicated by colored bars. B) Top to 889 

bottom, pairwise comparisons of group average beta power for the Baseline trials (in black) and, 890 

respectively, for the rotation-strategy trials R-S1, R-S2, R-S3 and post-rotation trials (After-R). In 891 

each panel, the periods during which pairwise contrasts were significant (one tailed FDR-892 

corrected) are indicated by colored bars. Significant beta-power attenuations were observed for 893 

rotation-strategy trials R-S1 and R-S2, as well as for the After-R trials. The attenuation was 894 
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sustained for the After-R trials and the first rotation-strategy trials, R-S1. A gradual decrease of 895 

the effect was observed over the strategy trials R-S1 to R-S3. 896 

 897 

Figure 7: Dipoles for the medial frontal and lateral central independent components (ICs) 898 

Estimated dipole locations within a three-shell boundary element model (BEM) of the Montreal 899 

Neurological Institute (MNI) standard brain, for the medial (in green) and lateral (in blue) ICs. 900 

Dipoles for each participant are shown by small spheres, while the centroids of the individual 901 

dipoles are shown by large spheres. 902 
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