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Abstract  4 

Previous studies have revealed that visual and somatosensory information is processed as a 5 

function of its relevance during movement execution. We thus performed spectral 6 

decompositions of ongoing neural activities within the somatosensory and visual areas while 7 

human participants performed a complex visuomotor task. In this task, participants followed 8 

the outline of irregular polygons with a pen-controlled cursor. At unpredictable times, the 9 

motion of the cursor deviated 120° with respect to the actual pen position creating an 10 

incongruence between visual and somatosensory inputs, thus increasing the importance of 11 

visual feedback to control the movement as suggested in previous studies. We found that 12 

alpha and beta power significantly decreased in the visual cortex during sensory incongruence 13 

when compared to unperturbed conditions. This result is in line with an increased gain of 14 

visual inputs during sensory incongruence. In parallel, we also found a simultaneous decrease 15 

of gamma and beta power in sensorimotor areas which has not been reported previously. The 16 

gamma desynchronization suggests a reduced integration of somatosensory inputs for 17 

controlling movements with sensory incongruence while beta ERD could be more specifically 18 

linked to sensorimotor adaptation processes. 19 

Keywords: arm movement, sensory conflict, vision, proprioception, electroencephalography, 20 

event-related desynchronization 21 

 22 

Highlights:  23 

- Visuo-somatosensory incongruence increases activity in visual cortex 24 

- This incongruence leads to a complex modulation of activity in somatosensory areas 25 

- Beta ERD in the somatosensory cortex might be linked to sensorimotor adaptation 26 

- Decreased weight of proprioception during sensory conflict (gamma ERD in SII) 27 

 28 

  29 
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1. Introduction 30 

Our capacity to allocate resources to relevant sensory information is a central tenet in 31 

establishing proper and safe interactions with our environment. According to prevailing 32 

theories of motor control, this would involve increasing feedback gains of pertinent sensory 33 

inputs and decreasing the gains of irrelevant sensory inputs (e.g., Ernst et al., 2002; Scott, 34 

2004; Todorov and Jordan, 2002). This theoretical assumption has received considerable 35 

support from studies in which human participants performed goal-directed movements with 36 

incongruent visual and somatosensory feedback (Rossetti et al., 1995; Sarlegna and Sainburg, 37 

2007; Sober and Sabes, 2003). Seeing our hand movements through a mirror or moving a 38 

cursor with a computer mouse are examples of experimental contexts where the mapping 39 

between these sensory inputs is altered. Consistent with sensory gain control theories, Bernier 40 

et al. (2009) found that the amplitude of evoked potentials recorded in the somatosensory 41 

cortex following median nerve stimulation (SEP) is substantially smaller when drawing with 42 

mirror-reversed vision compared to normal vision. This reduction in SEP amplitude was 43 

interpreted as a result of the functional down-weighting of proprioceptive inputs to facilitate 44 

movement performance during sensory conflict (Balslev et al., 2004; Bernier et al., 2009; 45 

Lajoie et al., 1992). Evidence for visual information up-regulation has also been suggested for 46 

movements performed with mirror-reversed vision, as participants who had more accurate 47 

tracing movements showed greater sensitivity to visual inputs compared to their less accurate 48 

counterparts (Lebar et al., 2015). 49 

To date, the neural mechanisms underlying the weighting of afferent inputs when 50 

controlling movements with incongruent visual and somatosensory feedback are poorly 51 

understood. We set out to shed light on this issue by investigating neural oscillations within 52 

the visual and somatosensory cortices in humans. Our approach builds on the current 53 

consensus that functional processing of sensory inputs is associated with distinct band-specific 54 

neural oscillations within the cerebral cortex. For instance, alpha oscillations (~8-12 Hz) are 55 

considered to be a local marker of the level of excitability of the somatosensory and visual 56 

cortices, with a smaller alpha power being associated with greater excitability (Anderson and 57 

Ding, 2011; Pfurtscheller and Lopes da Silva, 1999). The power of alpha is therefore thought 58 

to be lowest when sensory inputs are task-relevant (e.g. Haegens et al., 2011; Zumer et al., 59 
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2014). On the other hand, beta oscillations (~15-25 Hz) predominate during unchanged states 60 

(or status quo) of the sensorimotor cortex and largely decrease prior to (~1-2 s) and during 61 

movements. Therefore, beta desynchronization in the somatosensory cortex is classically 62 

associated with the processing, or preparation to process, somatosensory inputs (Cheyne et 63 

al., 2003; Pfurtscheller and Lopes da Dilva, 1999; van Ede et al., 2011, 2012). From a functional 64 

point of view, the power of alpha and beta has been found to be inversely related to sensory 65 

detectability and discriminability (Ergenoglu et al., 2004; Hanslmayr et al., 2007; Romei et al., 66 

2010; van Dijk et al., 2008), and also to the speed of visual and motor information processing 67 

(Pogosyan et al., 2009; Thut et al., 2006; Zhang et al., 2008). In this light, the co-modulation of 68 

alpha and beta power might provide an efficient mechanism to contextually weight visual and 69 

somatosensory inputs, according to their relevance, during movement control. 70 

Contrary to alpha and beta oscillations, gamma oscillations (>30 Hz) increase in the visual 71 

and somatosensory cortices during visual and proprioceptive stimulation. Gamma power is 72 

therefore frequently reported as being negatively correlated with the alpha and beta power 73 

(Pfurtscheller et al., 2003, Tallon-Baudry and Bertrand, 1999). Contributing to a higher level of 74 

sensory information processing, gamma oscillations are considered as neural markers of 75 

unimodal and multimodal sensory binding (Engel et al., 2012; Ghazanfar et al., 2008; Krebber 76 

et al., 2015; Maier et al., 2008; Wang, 2010). For instance, gamma response in the occipital 77 

cortex is observed following the presentation of two coherent visual stimuli (Tallon-Baudry et 78 

al., 1996; Zarka et al., 2014). This response is absent when a visual stimulus is presented 79 

simultaneously with incongruent visual (Tallon-Baudry et al., 1996; Zarka et al., 2014) or non-80 

visual stimuli (Ghazanfar et al., 2008; Krebber et al., 2015; Maier et al., 2008). In the case of 81 

incongruent visuo-tactile stimulation, this decrease of gamma power is not only observed over 82 

the visual cortex but is also found centrally, over the somatosensory cortex (Krebber et al., 83 

2015). These latter findings are also consistent with the suggestion that gamma oscillations 84 

serve to connect neural populations that encode stimuli of different sensory modalities (Fries 85 

et al., 2009; Wang, 2010). 86 

Examination of the spectral content of cortical neural oscillations therefore suggests that 87 

multiple flexible mechanisms could intervene to dynamically weight sensory information 88 

during movements. However, two important points emerge from the literature that currently 89 
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precludes drawing firm conclusions regarding these mechanisms. First, current assumptions 90 

on the link between neural oscillations and sensory re-weighting primarily derive from studies 91 

in which the sensory inputs were task-irrelevant (e.g., Krebber et al., 2015) or relevant for non-92 

motor processes (e.g., visual, tactile or pain perception, see Tallon-Baudry et al., 1996; Bauer 93 

et al., 2006). Second, in studies targeting sensorimotor processes, neural oscillations were 94 

principally assessed either during the planning phase of the movements or during discrete 95 

motor actions of short duration (e.g., <1 s; Chang et al., 2017; Thürer et al., 2016; Torrecillos 96 

et al., 2015). 97 

In the present study, we investigated the mechanisms underlying feedback gain 98 

modulation by assessing the oscillatory activity of the visual and somatosensory cortices when 99 

individuals controlled their movements with either a congruence or incongruence between 100 

visual and somatosensory feedback. Importantly, exposure to the sensory incongruence was 101 

set to be sufficiently long (i.e., ~6-10 s for each trial) to allow this assessment during the 102 

movement itself (rather than before or after movement). Based on the conclusions of previous 103 

studies (i.e., Balslev et al., 2004; Bernier et al., 2009; Lajoie et al., 1992; Lebar et al., 2015), we 104 

hypothesized that there would be an increased gain of visual feedback and a decreased gain 105 

of somatosensory information when the two modalities become incongruent during 106 

movement. Specifically, in the visual cortex, we expected that there would be an increase in 107 

alpha and beta desynchronization, as well as a synchronization of gamma. In contrast, in the 108 

somatosensory cortex, we predicted that there would be a synchronization of alpha and beta 109 

frequency bands and a desynchronization of gamma activity.  110 

 111 

2. Materials and Methods 112 

2.1. Participants 113 

Eighteen right-handed participants, aged between 22 and 38 years old (mean: 26 ± 4yrs (SD), 114 

10 females, 8 males) participated to the experiment which lasted ~1h45. They all signed 115 

informed consent documents prior to the experiment, and were paid for their participation to 116 

the study. Prior to participation, the participants underwent the Edinburgh Handedness 117 

Inventory 2 test to ensure that they were right-handed. A score of zero to this test indicates 118 
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no preference for either hand while a score of 100 or -100 reveals a maximal preference for 119 

the right or left hand, respectively. The participants' scores ranged between 20 and 100 (mean 120 

79 ± 25 (SD)). All protocols and procedures were in accordance with the 1964 declaration of 121 

Helsinki.  122 

 123 

2.2. Apparatus and stimuli 124 

A schematic representation of the experimental set-up is shown in Figure 1. The set-up was 125 

structured in 3 levels: a top level with a computer screen oriented downward, a mid-level with 126 

a semi-reflecting glass and a lower level with a digitizing tablet laid on a table. The glass was 127 

positioned at an equal distance between the screen and the digitizing tablet. With this 128 

configuration, the images projected by the screen appeared as virtual images on the digitizing 129 

table. As a panel prevented direct vision of the screen and because the experimental set-up 130 

was located in a dark chamber, these virtual images were the only visual information that the 131 

participants could see. 132 

 133 

Figure 1. Experimental set-up. Participants had to follow as precisely as possible the outline of 134 

a two-dimensional shape with a cursor controlled by the tip of a digitizing pen held in their 135 

right hand. Because of the equal distance between the screen, the glass and the tablet, 136 

participants perceived the cursor and the shape at the hand level. The room was dark and the 137 

glass prevented the direct vision of the drawing hand. 138 

 139 

The participants' task was to follow, as precisely as possible, the outline of two-140 

dimensional shapes with a cursor controlled by the tip of a digitizing pen held in their right 141 
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hand. Visual feedback of the tip of the pen was provided by a 3-mm white dot. The 142 

presentation of visual stimuli and the collection of hand trajectories were controlled using 143 

custom MATLAB (Mathworks) program and the Psychophysics toolboxes (Brainard, 1997; 144 

Pelli, 1997). Six different irregular white polygons were used (Fig. 2A shows one of them). 145 

These shapes were displayed on a black background and consisted of 10 thin (1 mm) straight 146 

lines (10 angles) whose lengths varied between 31-90 mm. The total perimeter was 186 mm 147 

for all shapes.  148 

 149 

2.3. Experimental task 150 

2.3.1. Main experiment 151 

The temporal organization of the trials is depicted in Fig. 2A. Each trial started with the 152 

presentation of a shape and the pen cursor. At this time, the participants had to bring the 153 

cursor to the starting position. This position was indicated by a red circle positioned at a 154 

randomly-selected angle of the polygon. Then, 8 s after hearing a preparatory beep signal, a 155 

portion (i.e., 7 mm) of the polygon adjacent to the starting point turned green. This served as 156 

a go signal to start tracing the shape in the direction of the green segment. Hereafter, the 8s-157 

period between the preparatory and go signals will be referred to as the Static condition. For 158 

a random period of time (i.e., 8 s ± 2), the cursor provided veridical visual feedback of the tip 159 

of the pen (period referred to as the Congruent condition). After this time and until the end 160 

of the trial (i.e., 8 s ± 2), the cursor either continued to provide veridical visual feedback (24 161 

trials) or deviated 120° clockwise or counterclockwise (24 trials for each direction) with 162 

respect to the actual pen position (hereafter called Incongruent condition). In this latter 163 

condition, with altered visual feedback of the pen, the information carried by visual and 164 

somatosensory signals became incongruent, thereby increasing tracing difficulty (Balslev et 165 

al., 2004; Gagné-Lemieux et al., 2014; Lajoie et al., 1992). The angle of 120° was chosen based 166 

on pilot experiments, as this angle was the most difficult for participants to rapidly adapt to 167 

the sensory incongruence. Participants were instructed that if the pen's cursor left the 168 

polygon, they had to bring the cursor back to the point where it left the polygon before 169 

continuing tracing the contour of the shape. For both the behavioral and electrophysiological 170 

analyses, we pooled trials with clockwise and counterclockwise cursor deviations in a single 171 
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Incongruent condition composed of 48 trials. The duration of both the Congruent and 172 

Incongruent conditions (i.e., 8 s ± 2) was sufficiently long for investigating the neural strategies 173 

(i.e. change of frequency-band power) when participants controlled their movements with 174 

either normal or perturbed visual feedback (see below for the time windows used to compute 175 

alpha, beta and gamma event-related desynchronization (ERD) /synchronization (ERS)). The 176 

duration of each condition (i.e., Static, Congruent, Incongruent) was set such that each trial 177 

lasted 24 s. 178 

 179 

Figure 2. A. Temporal organization of the trials. At the start of the trials, the participant held 180 

the pen at the starting position for 8 s (Static condition). Then a cue appeared to indicate to 181 

the participant to initiate their tracing in the direction of the cue. The cursor always provided 182 

veridical visual feedback of the pen position for an initial variable period of time (Congruent 183 

condition) and then either continued providing veridical feedback (main and control 184 

experiments) or provided incongruent visual feedback (Incongruent condition). The path taken 185 

by the pen, which is shown for illustrative purpose only, was not visible during the experiment. 186 

B. Analyzed time windows for the main and control experiments. Alpha (8-12 Hz), beta (15-25 187 

Hz) and gamma (50-80 Hz) event-related desynchronization/synchronization (ERD/ERS) were 188 

computed using Morlet wavelet transforms. For each condition and frequency band, the signal 189 

was expressed as a change of power (dB) with respect to a 2-s window baseline taken 2 s after 190 

the Static condition onset. C. We estimated the dynamic of alpha band power during the 191 

transitions between the conditions by creating epochs (–8 s to 8 s) time-locked to these 192 

transitions. For each transition, the signal was then expressed as a change of alpha power (dB) 193 

with respect to its own baseline. 194 

 195 

 196 
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In all conditions, the participants had to keep their gaze on the cursor. In the tracing 197 

conditions, fixation on the pen constituted natural behavior, thus none of the participants 198 

reported any difficulties complying with these instructions. Participants were also asked to 199 

stay as relaxed as possible after reaching the starting position and to produce only the minimal 200 

force that was needed to move the pen. They were instructed not to contract face, left arm 201 

and leg muscles. In both the Congruent and Incongruent conditions, the participants were 202 

asked to produce slow tracing movements to minimize contamination of the EEG signals by 203 

fast pursuit eye movements and large activation of arm muscles during tracing. An 204 

experimenter gave a demonstration of acceptable tracing speeds prior to the experimental 205 

session (offline analyses yielded a mean tracing velocities of 2.45 mm/s). The experimenter 206 

also verified that the participants complied with this velocity requirement using the tracing 207 

feedback on a computer screen. Corrective instructions were provided between trials when 208 

necessary.  209 

The present study aims at investigating the neural processes implemented when 210 

movements are controlled with incongruent somatosensory and visual feedback. Motor 211 

performance, during repetitive exposure to a sensory conflict, can return to pre-exposure 212 

level quickly (e.g., only 15 trials in Sarlegna et al., 2007). Our experimental paradigm was 213 

therefore built in order to limit participants' adaptation to their novel sensory environment. 214 

This was particularly important for ensuring a good representativeness of the condition-215 

averaged data (see below). Thus, to maintain tracing difficulty to a high level during the 216 

exposure to the sensory incongruence, (1) participants had to trace 6 different shapes which 217 

were randomly presented, (2) both the starting position and the tracing direction (i.e., 218 

clockwise or counterclockwise) changed for each presentation of a given shape, (3) the 219 

presentation of the Incongruent 120° and Incongruent -120° conditions was pseudo-randomly 220 

presented alongside trials without sensory incongruence. Moreover, in order to reduce the 221 

participants' possibility to anticipate the sensory incongruence, the Incongruent conditions 222 

occurred only in two-thirds of the trials (i.e., 48 out of 72 trials) and started at a random period 223 

of time (8 s ± 2) after the Congruent condition onset.  224 

 225 

  226 
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2.3.2. Control experiment 227 

In the protocol described above, the Incongruent condition always occurred after both the 228 

Static and Congruent conditions (i.e., ~18 s after the preparatory beep signal). This ordering 229 

of the experimental conditions raises the possibility that any change of frequency power 230 

observed in the Incongruent condition could have resulted from uncontrolled time-related 231 

effects. However, the small number of trials without sensory incongruence (i.e. 24) in the main 232 

experiment makes it difficult to perform any accurate comparisons between the initial and 233 

later tracing movements. (for comparison, the analyses pertaining to the Incongruent 234 

condition were performed with 48 trials, see below). Thus, we conducted an additional 235 

experiment with 50 trials wherein participants traced the polygons only with veridical visual 236 

feedback of the pen's position to specifically control for potential time-related effects.  237 

Twelve right-handed participants were recruited for this control experiment. They were 238 

aged between 22 and 32 years old (mean age 27 ± 4 yrs (SD), 6 females) and were paid for 239 

their participation. Six of them also participated to the main experiment. All participants 240 

underwent the Edinburgh Handedness Inventory2 test (see above for details). They all showed 241 

a right hand preference with scores between 47 and 100 (mean 86 ± 23 (SD)). Each participant 242 

signed an informed consent. All procedures and protocols were in accordance with the 1964 243 

Helsinki declaration and approved by the local Ethics Committee. 244 

The set-up and procedure (including trial durations) were the same as in the main 245 

experiment. The only difference was that for all trials (i.e., 50), the Static and the Congruent 246 

conditions were followed by a second period of tracing with congruent feedback. Hereafter, 247 

this latter time period will be referred to as Congruent-bis condition (see Fig. 2A).  248 

 249 

2.4. Data recordings and reduction 250 

2.4.1. Behavior 251 

Data from the digitizing tablet (Wacom Intuos 4, spatial resolution 5 080 lpi) were recorded in 252 

text format for each participant. We extracted for each time point the x and y spatial 253 

coordinates of the cursor on the screen (resolution 1280x768, refresh rate: 160Hz). We also 254 
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saved the spatial coordinates of the shape used for each trial. These data were stored for off-255 

line analyses. 256 

Tracing performance in the Congruent and Incongruent conditions was assessed using 257 

three criteria: (1) the distance error index, which was defined as the ratio between the total 258 

distance covered by the digitizing pen and the total length of all drawn segments. The closer 259 

this error index is to 1, the more efficient the participant was at tracing (an index of 1 indicating 260 

perfect tracing); (2) the radial error index, which was calculated by first computing the shortest 261 

radial distance between each point of the tracing trajectory and the polygon and then by 262 

averaging the radial distance obtained over the total duration of the trials; (3) Although it was 263 

constrained and controlled by the experimenter, we also computed and analyzed the average 264 

speed of the tracing as it could potentially affect neural oscillations (e.g., gamma power could 265 

increase in the occipital cortex with speed of the visual stimulus, Gray et al., 1997; Ofori et al., 266 

2015). The distance and radial error indices provided estimates of the spatial accuracy of the 267 

tracings while the average speed provided information regarding the dynamical features of 268 

the tracing movements. 269 

 270 

2.4.2. Electroencephalography (EEG) 271 

Electroencephalographic (EEG) signals were recorded continuously from 64 pre-amplified 272 

Ag/AgCl electrodes (Active-two-Biosemi) embedded on an elastic cap in accordance with the 273 

extended 10/20 system. Specific to the Biosemi system, the ground electrode was replaced 274 

with two separate electrodes, a Common Mode Sense (CMS) active electrode and a Driven 275 

Right Leg (DRL) passive electrode. These 2 electrodes, located near Pz and POz electrodes, 276 

form a feedback loop, which drives the average potential of the subject (the Common Mode 277 

voltage) as close as possible to the analog-digital converter (ADC) reference voltage in the AD-278 

box. The EEG signals were digitized at a sampling rate of 2048 Hz (DC low pass filter 400 Hz, 3 279 

dB/octave) and saved for off-line analyses. 280 

Off-line data preprocessing and analyses were performed using EEGLAB Matlab (Delorme 281 

and Makeig, 2004) and FieldTrip (Oostenveld, 2011). The EEG recordings were re-referenced 282 

to the average signals of both mastoid electrodes except for one participant for whom the 283 
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right mastoid was used as a reference because of the high level of noise on the other 284 

electrode. 50 Hz (AC sector) and 160 Hz (screen refresh rate) frequencies were removed from 285 

the signals (bandwidth: 1 Hz) using the frequency-domain regression technique implemented 286 

in the EEGlab cleanline tool. Ocular artifacts (e.g., blinks, saccades) were subtracted from the 287 

EEG recordings by removing the corresponding component as revealed by the independent 288 

component analyses (ICA). We then applied a spatial filter (surface Laplacian, Perrin et al., 289 

1989; order term of the Legendre polynomial=10, smoothing=1e-5, m=4) thereby increasing 290 

the topographical selectivity by filtering out volume-conducted potentials. This surface 291 

Laplacian filter estimates the potential at the dura, increasing the spatial resolution of the data 292 

from ~10 cm to ~2cm (Law et al., 1993; Nunez, 2000). It also allows reducing muscular artifacts 293 

(Fitzgibbon et al., 2013), particularly when cortical sources are from relatively small generators 294 

(Nunez and Srinivassan, 2006), as is the case for higher-frequency sources (Crone et al., 1998). 295 

We created epochs of 8 s time-locked at the onset (0 s to 8 s) of either the Static, 296 

Congruent (i.e. movement onset), Incongruent, and Congruent-bis conditions (the latter for 297 

the control experiment). Epochs were then visually inspected and those still presenting 298 

artifacts were rejected. On average, we kept 45 (out of 48) epochs per condition. 299 

We computed alpha (8-12 Hz), beta (15-25 Hz) and gamma (50-80 Hz) event related 300 

desynchronization/synchronization (ERD/ERS) using Morlet wavelet transforms relative to a 301 

2 s window baseline in the Static condition (from 2 s to 4 s, see Fig. 2B). Higher gamma-bands 302 

(i.e., >80Hz) were not analyzed in the current study because they are known to only transiently 303 

change during motor execution and are therefore associated with movement planning and 304 

initiation rather than continuous movement execution (Crone et al., 1998). The signals were 305 

expressed, for each condition and for each frequency band, as a change of power (dB) with 306 

respect to this baseline. We addressed the time/frequency trade-off issue of the frequency 307 

analyses by choosing to enhance the spectral precision of the analyses at the expense of their 308 

temporal precision. We thus employed a relatively high number of wavelet cycles (cycles=7, 309 

step=0.5 Hz). For each participant and analyzed electrode (see below), we then extracted the 310 

power average from 4 s windows (from 2 s to 6 s in the 8 s ± 2 segments) for each condition 311 

(Static, Congruent, Incongruent). This temporal window allows to include several oscillations 312 

cycles, thereby increasing the signal-to-noise ratio which tends to be low for higher-frequency 313 
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activity (Cohen, 2014). We purposely selected time windows (baseline and analyzed windows) 314 

that were away (2 s) from conditions’ onsets. This allowed (1) to avoid neural activity related 315 

to the transition between the different conditions (which might include activity related to the 316 

element of surprise introduced by the biased visual feedback) and, (2) to prevent edge effects 317 

(or cone of influence) as wavelet coefficients are less accurate at the beginning and end of the 318 

time series (Cazelles et al., 2008; Torrence and Campo, 1998). This ensured that each time 319 

window provided a representative picture of the neural mechanisms in each sensory 320 

condition. 321 

In order to obtain an estimation of the dynamic of the band power activity during the 322 

transitions between the conditions, we created new epochs of 16 s time-locked to these 323 

transitions (-8 s to 8 s). The epochs time-locked to movement onset allowed analyzing band 324 

power during the transition between Static and Congruent conditions. The epochs time-locked 325 

to the onset of the Incongruent condition permitted investigating the transition between the 326 

Congruent and Incongruent conditions. After visual inspection of the epochs and rejection of 327 

those still presenting artifacts, 57 epochs (out of 72) remained for the Static/Congruent 328 

transition and 42 epochs (out of 48) remained for the Congruent/Incongruent transition. 329 

For each trial, we then performed ERD/ERS transforms with Morlet wavelet from a 2 s 330 

baseline taken from the condition preceding the transition (from -6 s to -4 s, see Fig. 2c). These 331 

analyses were performed on the EEG sources of each frequency band in order to maximize 332 

their temporal and spatial resolution. The frequency-band power was averaged at each time 333 

point for each electrode of interest, first for each participant, and then across participants for 334 

visual assessments. 335 

 336 

2.4.2.1. Source analyses 337 

To estimate the topography of alpha, beta, and gamma ERD/ERS resulting from the transitions 338 

between conditions, we computed electrophysiological sources using the minimum norm 339 

algorithm as implemented in Brainstorm software (Tadel et al., 2011). This algorithm provides 340 

a solution for the "ill-posedness" of the inverse problem by introducing a regularizer or prior 341 

in the form of a source covariance that favors solutions that are of minimum energy. This 342 
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requires specification of a noise and a source covariance matrix that we estimated directly 343 

from recordings. All mathematical details of the algorithm are fully described in Hämäläinen 344 

(2009). The algorithm was applied on the preprocessed data. Then, we estimated the 345 

localization of the activity in the source space, for each participant and each frequency-band 346 

using Hilbert transform. Afterwards, we normalized the activity relative to the baseline period, 347 

i.e. from -6 to -4s prior to the onset of each transition (i.e., from Static to Congruent and from 348 

Congruent to Incongruent) before averaging the power of each frequency over a 2-6s windows 349 

post transition. This normalization corresponds to the synchronization 350 

(ERS)/desynchronization (ERD) transformation. In a group analysis, we then compared the 351 

averaged value against 0 and projected the result (significant t-values) on a widely used 352 

standard for multi-subject anatomical analyses (Colin 27 from the Montreal Neurological 353 

Institute, 8000 vertices). 354 

 355 

2.4.3. Electrooculography (EOG) 356 

Electrooculographic (EOG) activity was recorded with surface electrodes placed near the right 357 

outer canthus and under the right orbit. The EOG recording was used to monitor the number 358 

of blinks and saccades and to reduce EEG artifacts related to these ocular events (see ICA 359 

method above). The EOG signals were also digitized at a sampling rate of 2048 Hz (DC low pass 360 

filter 400 Hz, 3 dB/octave). 361 

The EOG signals were then visually inspected and the number of blinks and saccades 362 

was counted to control whether the participants succeeded at fixating on the cursor in both 363 

the Congruent and Incongruent conditions. 364 

 365 

2.5. Statistics 366 

2.5.1. Behavior 367 

We first determined whether tracing performance was altered when participants controlled 368 

their movements with incongruent somatosensory and visual feedback. This was done by 369 

comparing using paired t-tests the mean values obtained for each participant and behavioral 370 
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variable (i.e., distance and radial error indices, average speed) in the Congruent and 371 

Incongruent conditions. 372 

We also performed specific analyses to determine the degree to which participants 373 

adapted to their novel sensory environment in the Incongruent condition despite the fact that 374 

the present study was built to minimize adaptation to the sensory incongruence. These 375 

analyses consisted of comparing, for each performance index, the average scores obtained in 376 

the first and last 10 trials in both the Congruent and Incongruent conditions using 2 (Condition: 377 

Congruent, Incongruent) x 2 (Trial: First 10, Last 10) ANOVAs.  378 

For all tests, we report the p (alpha level was set at 0.05) and T or F values, as well as the 379 

size effects (Cohen's d). The size effect was calculated using the formula:  380 

d= (mean B – mean A)/ (SD [AB]) 381 

With this method, d values of 0.2, 0.5 and 0.8 are considered to represent small, medium 382 

and large effect sizes, respectively (Cohen, 1988). 383 

 384 

2.5.2. EEG 385 

We used separate cluster-based permutation tests (Maris and Oosteveld, 2007) to compare 386 

the power of alpha, beta, and gamma frequency bands between the Congruent and the Static 387 

conditions, and between the Incongruent and Congruent conditions. These analyses are 388 

appropriate when data distributions violate the normality assumption as in the present study 389 

(confirmed by Shapiro-Wilks tests). Importantly, compared to the analyses performed on 390 

individual electrodes, this non-parametric test has an advantage in dealing with mass-391 

univariate analyses (i.e., multiple comparisons) which might increase Type 1 errors (also 392 

termed family-wise error rate). Indeed, cluster-based permutation tests take into account the 393 

dependencies present in the signals (in both temporal and spatial dimensions), and correct for 394 

them (Maris and Oosteveld, 2007; Pernet et al., 2015). The permutation test is therefore 395 

highly relevant in the context of the present study, given the large number of electrodes that 396 

overlay the sensorimotor and visual cortices (e.g., respectively 7 and 8 electrodes, for the 397 

sensorimotor and occipital cortices according to the Koessler et al.'s (2009) simultaneous EEG-398 

MRI study). 5000 permutations were performed to compute the Monte Carlo p value and to 399 
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reveal significantly different clusters (p<.05) over the scalp between paired conditions, for 400 

each frequency-band. 401 

The cluster-based permutations tests used all recorded EEG channels. However, we will 402 

focus our analyses on clusters of the topographical maps overlying the somatosensory and 403 

occipital cortices. These regions were those where task-relevant modulations of sensory 404 

inputs have been found in previous studies (see: Introduction) and where we predicted 405 

changes of power in the different frequency-bands in the Incongruent condition.  406 

 407 

2.5.3. EOG 408 

We separately submitted the number of blink and saccade distributions to paired t-tests to 409 

compare the ocular behavior in Congruent and Incongruent conditions.  410 

 411 

3. Results 412 

3.1. Tracing performance 413 

As expected, participants accurately traced the shapes with congruent visual/somatosensory 414 

feedback and their performance was impaired when tracing in the Incongruent condition (Fig. 415 

3A). This was confirmed by the t-tests that showed that both the distance error index and the 416 

radial error index were significantly greater in the Incongruent condition compared to the 417 

Congruent condition (p<.002, t(17)=-3.75, d=1.07 and p<.001, t(17)=-5.96, d=1.38 for the 418 

distance and radial errors respectively). On the other hand, tracing speed was significantly 419 

faster, although very marginally, when participants performed their movements in the 420 

Incongruent condition (2.3mm/s (Congruent) vs 2.6mm/s (Incongruent), p<.007, t(17)=-3.07). 421 

This small increase of tracing speed (Cohen's d = 0.32), might reflect the participants' wish to 422 

promptly bring the pen's cursor to the point where it left the polygon when deviating from it. 423 

The increase in speed could have also resulted from a desire to increase the amount of 424 

experience (by increasing the number of movements) during the exposure to the sensory 425 

incongruence in order to adapt to it, although such actions were both discouraged by the task 426 

instructions. 427 
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 428 

Figure 3 A. Tracing performance. The accuracy with which the participants traced the shape 429 

largely decreased when tracing the shape with incongruent visual and somatosensory 430 

feedback. This is indicated by the distance error (left panel) and radial error (middle panel) 431 

indexes which were significantly larger in the Incongruent tracing condition than in the 432 

Congruent condition. Tracing speed (right panel) turned out to be slightly, but significantly 433 

faster when participants traced the shape with incongruent visual feedback. B. Comparison of 434 

the 10 first and 10 last trials (out of 48 trials) for both performance indexes and tracing speed. 435 

Tracing performance significant improved during the experimental session (i.e., greater error 436 

indexes in the first 10 trials than in the last 10 trials). However, participants were still not 437 

adapted to the incongruence between visual and somatosensory inputs as their errors indexes 438 

indices were significantly greater in the 10 last trials of the Incongruent condition than in the 439 

last trials of the Congruent condition. The vertical lines shown with the means represent 440 

between-subject standard deviations (for the error indexes, the standard deviations computed 441 

in the Congruent condition were too small to be seen in the graphs). 442 

 443 

Comparing the motor behavior in the first and last 10 trials of the Congruent and 444 

Incongruent conditions revealed some improvement in tracing performance with repetitive 445 

exposure to the novel sensory environments (Fig. 3B). This was attested by ANOVAs showing 446 

significant Condition × Trial interactions for both the distance error index (F(1, 17)=7.14, 447 

p<.02) and the radial error index (F(1, 17)=19.94, p<.001). The decomposition of the 448 

interactions revealed that, tracing performance between the first and last 10 trials in the 449 

Congruent condition were not significantly different; but both error indices significantly 450 
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decreased between the first and last 10 trials in the Incongruent condition (d=1.04 and 1.53 451 

for the distance and radial error index, respectively). However, the mean distance and radial 452 

index errors computed in the Incongruent condition were still significantly larger (large effect 453 

sizes according to Cohen's d) in the last 10 trials than in the last 10 trials of the Congruent 454 

condition (~7 and ~3 times larger, d=0.97 and d=1.27 respectively Fig. 3B).  455 

With regard to tracing speed, there was neither a significant effect of Trial nor a significant 456 

Condition x Trial interaction (p>0.05). However, there was a significant main effect of 457 

Condition; the tracing speed was significantly faster in the Incongruent compared to the 458 

Congruent conditions (F(1, 17)=14.62, p<.005, d=0.32).  459 

Overall, the behavioral analyses indicate that, despite some improvement with exposure 460 

to the task and repetition, tracing performance was still largely impaired at the end of the 461 

experimental session for movements with incongruent visual/somatosensory feedback. Thus, 462 

these results provide important behavioral bases for comparing the spectral content of 463 

cortical neural oscillations between conditions with and without sensory incongruence. 464 

 465 

3.2. Electrophysiological data -Cluster-based permutation test 466 

Results of the permutation tests of the main and control experiments are shown in the 467 

topographical maps of Figure 4. These statistical maps depict the significant clusters in the 468 

alpha, beta, and gamma frequency-bands for both contrasts (i.e., Congruent minus Static 469 

conditions, Incongruent minus Congruent conditions for the main experiment). In these maps, 470 

significant ERD and ERS are represented with cool and warm colors, respectively, while green 471 

regions indicate non-significant clusters (i.e., p > .05). It is worth noting here that, irrespective 472 

of the contrasts and frequency bands, significant effects revealed by the clusters-based 473 

permutation tests essentially indicated event-related desynchronization (ERD). 474 

 475 

3.2.1. Visual cortex 476 

For both the Congruent and Incongruent conditions there was no significant change in the 477 

power of gamma oscillations, over the occipital electrodes. However, as hypothesized in the 478 
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Introduction, tracing with incongruent sensory feedback led to a decrease of alpha power over 479 

these electrodes relative to the Congruent condition. Tracing in this novel sensory context also 480 

led to a significant beta ERD over the right occipito-parietal electrodes. The impact of sensory 481 

incongruence on alpha and beta power is shown in Fig. 4 (second column of the first and 482 

second rows, respectively) where the clusters showing significant ERDs were largely 483 

circumscribed to the occipito-parietal region. The alpha and beta ERD can also be noted in Fig. 484 

5 which shows the spectrograms averaged across all participants for a selective parieto-485 

occipital electrode (i.e., POz) for both the Congruent and Incongruent conditions. 486 

 487 

Figure 4. Results for the cluster-based analyses. The maps represent the clusters showing 488 

significant ERDs for the alpha (upper row), beta (middle row) and gamma (lower row) bands. 489 

These statistical maps are shown for the Congruent vs Static contrast (left column), the 490 

Incongruent vs Congruent contrast (middle column) and also for the Congruent bis vs 491 

Congruent contrast of the Control experiment (right column) which did not reveal any 492 

significant ERD. The maps labeled Congruent minus Static indicate significant oscillation power 493 

change between the Congruent and the Static conditions while the maps labeled Incongruent 494 

minus Congruent contrast illustrate the significant power difference between the Incongruent 495 

and Congruent conditions. 496 

 497 

Source estimation revealed significant bilateral alpha and beta ERDs (although more 498 

pronounced over the right hemisphere) in the occipital and occipito-parietal (including the 499 

cuneus and precuneus) regions during the incongruence between visual and somatosensory 500 
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inputs. This can be seen (except for the inner posterior regions) in Fig. 6 which displays the 501 

nonparametric statistical source maps of the alpha (upper panels), beta (middle panels), and 502 

gamma (lower panels) ERDs for both contrasts (i.e., Congruent minus Static conditions, 503 

Incongruent minus Congruent conditions). 504 

 505 

Figure 5. Spectrograms averaged across all participants for selective electrodes overlying the 506 

left (C3) and right (C4) somatosensory cortices and the visual cortex (POz) for the Incongruent 507 

vs Congruent contrast (frequency range from 1 Hz to 80 Hz). The vertical dashed lines represent 508 

the onsets of the incongruence between visual and somatosensory feedback. 509 

 510 

3.2.1. Sensorimotor cortex 511 

In accordance with previous results (see Introduction), tracing the shape in the Congruent 512 

condition elicited large alpha and beta ERDs in electrodes overlaying both sensorimotor 513 

cortices (Fig. 4). The statistical source maps confirmed the presence of significant movement-514 

induced (i.e., Congruent/Static contrast) alpha and beta ERDs over the bilateral sensorimotor 515 

cortices (Fig. 6). 516 

However, the effect of the sensory incongruence on the power of beta and gamma was 517 

more complex than predicted. In contrast to the hypothesized beta ERS, the cluster-based 518 

permutation test revealed additional beta ERD over the sensorimotor cortices in the 519 

Incongruent condition (Fig. 4 and Fig. 5). Sources of this additional beta ERD included both 520 

sensorimotor cortices (Fig. 6). However, consistent with our hypothesis, we found a strong 521 

gamma ERD in the Incongruent condition. The statistical source maps of gamma revealed that, 522 
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in the hemisphere contralateral to the drawing hand (i.e., left hemisphere), the gamma ERD 523 

occurred in the upper bank of the Sylvian fissure. This region is compatible with the human 524 

secondary somatosensory, parietal-ventral, and parietal-rostroventral areas. 525 

 526 

Figure 6. Significant t-values (p≤0.05, n=18) of the alpha, beta and gamma ERDs for the 527 

Congruent (left column) and Incongruent (right column) conditions projected on a cortical 528 

template (MNI's Colin 27). Because tracing the shape with congruent visual feedback had no 529 

significant effect on gamma power, the sources of this band-frequency are not illustrated for 530 

the Incongruent condition. For each condition and frequency-band, we display the left, back 531 

and right cortical views. It should be noted that the significant bilateral alpha and beta ERDs 532 

found in the cuneus and precuneus in the Incongruent condition are not shown. 533 

 534 

 535 
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3.2.2. Other cortical regions 536 

Investigating gain modulation of visual and somatosensory inputs during the control of 537 

movement, the occipital and central regions represented the main targets of our analyses. 538 

However, it is worth noticing that significant beta and gamma ERDs also emerged in the 539 

Incongruent condition over regions that were not among the pre-defined regions of interest 540 

(see cluster-based permutation tests, Fig. 4). Such findings are to be expected given the 541 

widespread cortical network involved in the control of visuomotor tasks, particularly during 542 

response conflict (Fan et al., 2007). Source reconstructions indicated that large beta ERD was 543 

also present bilaterally in the motor and premotor cortices, and in the right posterior parietal 544 

and frontal cortices while bilateral gamma ERD also occurred in the frontal cortex (Fig. 6).  545 

 546 

Figure 7. Temporal evolution of the alpha (8-12 Hz) power in the source space, averaged across 547 

all participants. The dynamics of the alpha ERD is shown for the left somatosensory cortex for 548 

the Congruent minus Static contrast (time locked on the movement onset, left panel) and for 549 

the right visual cortex for the Incongruent minus Congruent contrast (time locked at the 550 

incongruence onset (right panel). White crosses on the cortical views represent the point where 551 

the alpha power has been extracted. 552 

 553 

3.3. Transitions between conditions 554 

Figure 7 provides, for illustrative purposes, the temporal evolution of alpha power in the 555 

Congruent and Incongruent conditions, averaged across all participants in the source space, 556 

for both central and occipital vertices. The temporal course of alpha power can also be seen 557 

in Figure 5, which shows the spectrograms averaged across all participants in the Congruent 558 

and Incongruent conditions for central and occipital electrodes. The alpha band was chosen 559 
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for this illustration because it showed significant ERDs over the somatosensory (left panel) and 560 

the visual (right panel) cortices, in the Congruent and Incongruent conditions, respectively. 561 

The time courses of alpha power were drawn from the vertices indicated by "X" in Fig. 7. 562 

The trace time-locked to the movement onset shows that the alpha ERD observed in the 563 

somatosensory cortex started ~1600 ms before participants started their tracings and 564 

reaching a relatively stable level ~2 s later. The trace time-locked to the onset of the 565 

Incongruent condition shows that the alpha ERD observed in the visual cortex occurred ~500 566 

ms after the visual and somatosensory feedback of the pen position became incongruent. The 567 

power of alpha then decreased with a steep slope, reaching its minimal value ~500ms later. 568 

Then the alpha ERD decreased and reached a relatively stable level ~1 s later. 569 

 570 

3.4. Correlations EEG-behavior 571 

As evidenced by the behavioral analyses (i.e., distance and radial error indices, average speed), 572 

movements produced in the Congruent and Incongruent conditions had different 573 

spatiotemporal characteristics (although very marginally for tracing speed). In the light of 574 

these results, we performed Spearman correlation analyses to determine whether the alpha, 575 

beta, and gamma ERDs observed in the Incongruent condition were linked with the observed 576 

behavioral changes. These correlation analyses were carried out with sets of electrodes that 577 

were part of the significant clusters in the statistical maps computed when participants traced 578 

the shapes with incongruent feedback (see Fig. 4): C3 and C4 which overlaid the 579 

somatosensory cortices (significant beta and gamma ERDs) and POz which overlaid the visual 580 

cortex (significant alpha ERDs). Importantly, none of the analyses revealed a significant 581 

correlation between frequency-band powers and tracing performance variables (all p>0.05, 582 

all R ranged between 0.05 and 0.36). These results suggest that the observed difference of 583 

movement characteristics between the Congruent and Incongruent conditions had little effect 584 

on the computed frequency power. 585 

 586 

  587 
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3.5. Ocular behavior 588 

EOG recordings were analyzed to determine whether the supplemental ERDs observed in the 589 

Incongruent condition might have resulted from different ocular behavior. Our analyses 590 

revealed very few occurrences of saccades and blinks during the trials (average per trial of 591 

0.02 and 0.32, respectively). The number of saccades (t(17)=1.77, p=.09) and the number of 592 

blinks (t(17)=1.61, p=.13) did not significantly differ between the Congruent and Incongruent 593 

conditions. The very small number of saccades confirms that participants complied with the 594 

requirement to gaze at the cursor of the pen during the entire duration of the trials. 595 

 596 

3.6. Control experiment 597 

The control experiment allowed testing whether the supplemental ERDs found in the 598 

Incongruent condition resulted from time-related effects rather than from the incongruence 599 

between visual and somatosensory inputs during the tracing movements. We compared the 600 

alpha, beta, and gamma power computed in the same two time windows as in the Congruent 601 

and Incongruent conditions of the main experiment (using the same cluster-based 602 

permutation tests) but when participants continuously traced the shape with congruent 603 

feedback (see Fig. 2). As illustrated in Fig. 4 (green maps of the last column), no significant 604 

power change (i.e., cluster) was observed for any frequency-band between the first and 605 

second time windows with congruent feedback. These findings provide strong evidence that 606 

the changes of power observed for all analyzed frequency-bands during the Incongruent 607 

condition in the main experiment did not result from time-related effects. 608 

 609 

4. Discussion 610 

This time-frequency investigation of the brain oscillatory activity identified possible neural 611 

processes contributing to the weighting of visual and somatosensory information during goal-612 

directed hand movements. Using a protocol known to increase the need for sensory re-613 

weighting, we found a large decrease of alpha and beta power over the occipital area when 614 

participants traced the contour of a shape with incongruent visual and somatosensory 615 

feedback. This decreased power in low and middle frequency bands is consistent with the 616 
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hypothesized facilitation of visual processes when the participants controlled their 617 

movements with incongruent sensory feedback. Meanwhile, we found parallel beta and 618 

gamma desynchronizations in somatosensory cortex which, to the best of our knowledge, has 619 

never been reported in previous studies. The gamma ERD is in line with degraded binding 620 

processes and reduced integration of proprioceptive input for controlling movements with 621 

incongruent visual and somatosensory feedback. The parallel beta ERD could be specifically 622 

linked to somatosensory recalibration processes in order to adapt to the sensory 623 

incongruence.  624 

 625 

4.1. Visual cortex 626 

Consistent with our predictions, we found decreased alpha and beta power in the occipital 627 

region when participants traced the shape with incongruent sensory feedback. It is well 628 

recognized that alpha power is inversely correlated to cortical excitability (Anderson and Ding, 629 

2011; Lange et al., 2013; Pfurtscheller and Lopes da Dilva, 1999; Romei et al., 2008), and that 630 

alpha and beta ERDs increase in tasks requiring a great deal of visuo-spatial attention 631 

(Mazaheri et al., 2014; Medendorp et al., 2007; Pavlidou et al., 2014; Pfurtscheller and 632 

Klimesch, 1990; Thut et al., 2006; Wyart and Tallon-Baudry, 2008). Thus, it is possible that the 633 

decreased power in these low and medium frequency-bands identified in the occipital region 634 

constituted the oscillatory correlates of increased visual feedback gain for tracing movements 635 

performed with incongruent sensory feedback. This increased gain, which was observed 636 

~500ms after the onset of the sensory incongruence as suggested by the latency of the alpha 637 

ERD, could serve to prepare and promote visual information for the higher order processes 638 

involved in online movement control and sensorimotor adaptation. The observed occipital 639 

alpha ERD is therefore also consistent with prior studies showing that task difficulty amplifies 640 

the activity of neuronal populations within the visual cortex (Chen et al., 2008), notably when 641 

participants need to solve cognitive and sensory conflicts (Egner et al., 2005; Kerns et al., 642 

2004). Moreover, because they were more pronounced over the right occipital lobe, the 643 

decrease of alpha and beta power could be more specifically related to spatial orientation 644 

processes when the participants were provided with biased visual feedback of their tracing 645 

movements (Orban et al., 1997; Schiltz et al., 1999). 646 
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With respect to the Static condition, movements performed with congruent visual and 647 

proprioceptive feedback neither decreased alpha power nor increased gamma power in the 648 

visual cortex. This result may appear to contradict the well documented EEG spectral content 649 

during visual processing (e.g., Ofori et al., 2015; Pfurtscheller et al., 2003; Tallon-Baudry, 650 

2009). Most likely, this lack of modulation of alpha (i.e., decrease) and gamma (i.e., increase) 651 

oscillations during the visually-guided movement could be explained by the large amount of 652 

visually-based cognitive processes already engaged before the movement (i.e., in the Static 653 

condition). Specifically, during this pre-tracing condition, participants had to keep their gaze 654 

on the pen's cursor whilst awaiting for the visual cue that indicated both the time and the 655 

direction of the tracing movement. The fact that visual stimulation, and both temporal and 656 

spatial expectation all produce widespread alpha ERD and gamma ERS in the visual cortex 657 

(Fründ et al., 2008; Lima et al., 2011) may explain the absence of power change in these 658 

frequency bands when participants traced the shape with congruent visual and 659 

somatosensory feedback.  660 

 661 

4.2. Sensorimotor cortex 662 

Our results revealed decreased power of alpha- and beta-band oscillations in the 663 

sensorimotor cortices when participants traced the shape with congruent visual and 664 

somatosensory feedback. These power changes, which started ~1600 ms before the 665 

imperative signal for alpha oscillations, are classically reported before and during movements 666 

(e.g., Chung et al., 2017; Heinrichs-Graham et al., 2015; Pfurtscheller and Neuper, 1994; 667 

Zaepffel et al., 2013). These activities are interpreted as a transition from an inactive to active 668 

state of the cortex, and could be reflective of sensorimotor processing (Chen et al., 2003; 669 

Crone et al., 1998a; Pfurtscheller and Neuper, 1994).  670 

As a key finding of the present study, we found that the power of beta and gamma 671 

oscillations both reduced during exposure to sensory incongruence. To the best of our 672 

knowledge, this is the first report of simultaneous beta and gamma ERDs in areas dedicated 673 

to sensorimotor processes. This novel and unexpected finding raises questions as to the 674 

specificity of beta and gamma ERDs whose basic functions have been closely associated to 675 

increased (beta ERD) and decreased (gamma ERD) processing of somatosensory inputs 676 
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(Cheyne et al., 2008; Crone et al., 1998a, 1998b; Szurhaj et al., 2005). We believe that 677 

elements of a response to these questions might be found by considering more specifically 678 

the processes underlying visuomotor adaptation, sensory binding, and control of movements 679 

with incongruent sensory feedback. 680 

For instance, it has been suggested that adaptation to a new visuomotor environment 681 

results from re-alignment between visual and proprioceptive frames of reference and involves 682 

somatosensory recalibration (Cressman and Henriques, 2015; O'Shea et al., 2014; Redding et 683 

al., 2005). These operations most likely require the processing of somatosensory feedback. 684 

According to this hypothesis, beta ERD would be associated to this sensorimotor adaptation 685 

when producing motor actions with incongruent visual and somatosensory feedback. This 686 

suggestion is consistent with a recent observation made by Torrecillos et al. (2015). These 687 

authors found beta ERD during the preparation of a force-field adapted reaching movement, 688 

if the movement was preceded by a movement in the same force field (see also Thoroughman 689 

and Shadmehr, 2000). Importantly, the use of movements with short duration in Torrecillos 690 

et al.'s (2015) study (i.e., ~650 ms) may have favored the sensory remapping processes during 691 

movement planning rather than during movement execution. In the present experiment, 692 

participants were successively exposed to long periods with normal and incongruent feedback 693 

of similar durations (i.e., ~8 s). This procedure is likely to be conducive to adaptive processes 694 

specifically during the sensory incongruence time windows, where beta power further 695 

decreased. These processes may have contributed to the improved quality of the tracing 696 

performance showed by the participants with repetitive exposure to the sensory 697 

incongruence.  698 

In addition, the beta ERD evidenced with sensory incongruence could have been related 699 

to movement selection processes, i.e. to an increased difficulty to select the appropriate 700 

movement to follow the outline of the shape. This is suggested by a recent study of Brinkman 701 

et al. (2014) showing that the power of beta band decreases in the sensorimotor cortex when 702 

movement selection demands increase. In their study, movement selection demands were 703 

manipulated by presenting objects whose orientations evoked either stereotyped or different 704 

grasping movements. In the present Incongruent condition, the importance of movement 705 
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selection processes was most likely augmented when participants produced movements that 706 

failed to keep the pen's cursor on the outline of the shape. 707 

As for the decreased power of gamma that paralleled the beta ERD in the somatosensory 708 

region, it could have been linked to processes involved in multisensory binding and in the 709 

control of movement during sensory incongruence. The sensory binding hypothesis is 710 

supported by studies showing that gamma power increases within the sensory cortices when 711 

a coherent percept emerges from different sensory inputs; but, decreases with the 712 

presentation of incongruent sensory inputs (Ghazanfar et al., 2008; Krebber et al., 2015; 713 

Lutzenberger et al., 1995; Maier et al., 2008; Muller et al., 1996, 1997). Based on these 714 

findings, gamma activity was proposed as a neural marker for multimodal sensory integration, 715 

connecting neural assemblies that encode stimuli of different sensory modalities (Engel et al., 716 

2012; Fries, 2009; Wang, 2010). In this light, the gamma ERD observed with incongruent 717 

sensory feedback may represent local functional EEG signatures of reduced feature-binding 718 

processes involving somatosensory input.  719 

The decreased power of gamma might have reduced the weight of somatosensory input 720 

for controlling movements with discrepant visual and somatosensory information. The fact 721 

that the gamma ERD was observed in the upper bank of the Sylvian fissure contralateral to 722 

the drawing hand gives credit to this hypothesis. This region has been defined by human 723 

neuroimaging studies as being part of the secondary somatosensory cortex, and the parietal-724 

ventral and parietal-rostroventral areas (Eickhoff et al., 2010; Hinkley et al., 2007; Ruben et 725 

al., 2001). Most importantly, this cortical region is thought to be specifically involved in the 726 

integration of proprioceptive input for motor control (Eickhoff et al., 2010; Hinkley et al., 727 

2007). It is also densely connected with the posterior parietal cortex (Disbrow et al., 2003), a 728 

key region for controlling movements through somatosensory inputs (Andersen and Buneo, 729 

2002; Desmurget et al., 1999; Reichenbach et al., 2014). Therefore the gamma ERD might have 730 

played an important role in reducing the contribution of somatosensory inputs for controlling 731 

hand movements in the novel visuomotor environment. It is worth noting that because of arm 732 

(Arnfred et al., 2007) and extraocular (Yuval-Greenberg et al., 2008) muscular activities are 733 

associated with increased synchronization in the gamma-band, the gamma ERD observed in 734 
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the sensorimotor cortex in the Incongruent condition did not result from an increased 735 

muscular activity. 736 

 737 

4.3. Changes of neural oscillations in other cortical regions 738 

Significant beta and gamma ERDs also emerged in the Incongruent condition over the 739 

posterior parietal (PPC) and frontal areas, which are outside our pre-defined regions of 740 

interest. Source analyses revealed that beta ERDs were more pronounced in the right 741 

hemisphere (see Fig. 6). Beta activity in the right PPC has been poorly studied with regard to 742 

motor control (either with or without sensory incongruence). However, the right PPC is clearly 743 

identified as being crucial for learning new visuomotor transformations (Balslev et al., 2005; 744 

Clower et al., 1996; Coombes et al., 2010; Krakauer et al., 2004); for processing visuo-spatial 745 

information (Blankenburg et al., 2010; Corbetta et al., 2000; Marshall and Fink, 2001); and for 746 

processing information related to the hand (Fink et al., 1999). The beta ERD evidenced in the 747 

right PPC might have contributed to enabling these processes, which appeared critical in the 748 

present study for continuing to trace the shape despite incongruent hand visual and 749 

somatosensory feedback and for adapting to the new visuomotor environment.  750 

The right PPC is also implicated in processing spatial aspects of complex motor actions 751 

(Weiss et al., 2006). Most importantly, such spatio-motor related processing was found to be 752 

associated with a decreased power of beta oscillation in the right PPC (Heinrichs-Graham et 753 

al., 2015; Tzagarakis et al., 2010). In accordance with these previous studies, the present 754 

findings confer important, and yet insufficiently explored, functions to PPC beta oscillations 755 

for controlling movements with discrepant sensory information. Further studies are required 756 

to deepen knowledge on these functions. 757 

On the other hand, beta and gamma ERDs revealed in the right frontal cortex might be 758 

related to cognitive functions when controlling movements with spatially-incongruent sensory 759 

inputs. This is supported by the results of a recent study by Rosen and Reiner (2016) showing 760 

decreased power in these medium and high frequency-bands in the right prefrontal cortex 761 

when participants were cognitively engaged in a spatial problem-solving task. Note that the 762 

authors did not observe these ERDs when the solution to the spatial problem was found by 763 
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insight (i.e., non-continuous processes, see also Sheth et al., 2009). Our finding that tracing 764 

performance was still degraded by the sensory incongruence at the end of the experimental 765 

session argues in favor of continuous processes to solve the spatial problem and is therefore 766 

consistent with the observed beta and gamma ERDs in the right frontal cortex. The gamma 767 

ERD revealed in the left frontal region could have, in turn, contributed to inhibit motor actions 768 

that are normally appropriate in the context of non-biased visual feedback (Iijima et al., 2015). 769 

Source analyses of the beta oscillations also showed greater desynchronization in the 770 

motor and premotor areas when the participants traced the shapes with incongruent visual 771 

and somatosensory feedback. A greater beta ERD in the motor cortex has also been evidenced 772 

by Chung et al. (2017) when the visual feedback gain of arm displacement (provided through 773 

a computer monitor) was increased during goal-directed movement as compared to a 774 

condition without increased visual feedback gain. When visual feedback of the movement was 775 

increased, the authors also observed greater beta-band connectivity from medial posterior 776 

parietal (i.e., precuneus) to motor cortices during the correction phase of the movements. 777 

Chung et al. (2017) suggested that during the sustained beta-band desynchronization, the 778 

motor cortex may be receiving input from the medial posterior parietal cortex. This area, 779 

which showed significant alpha ERD in the present Incongruent condition, is an important 780 

cortical area for the visual control of movements (Karnath and Pérenin, 2005). In the current 781 

study, such processes might have contributed to increase the weight of visual input for 782 

controlling movements in the sensory incongruent condition. Finally, the supplemental beta 783 

ERD revealed in the premotor regions could have favored the selection of the motor responses 784 

based on visual spatial cues (Chouinard and Paus, 2006; Wise, 1985). 785 

 786 

4.4. Possible impact of ocular movements 787 

Our behavioral analyses revealed that the tracing speed was slightly greater in the Incongruent 788 

condition than in the Congruent condition (2.6mm/s vs 2.3mm/s). Because participants were 789 

required to keep their gaze on the cursor while tracing the contour of the shape, the retinal 790 

slip resulting from the slow pursuit eye movement presumably differed between both 791 

conditions. However, due to very small tracing speed difference (i.e., <1mm/s; Cohen's d of 792 



30 
 
 

only 0.32) it seems reasonable to assume that this difference was too small to be detected 793 

with EEG recordings. 794 

On the other hand, smooth pursuit eye movement is associated with increased gamma 795 

power in frontal eye field (FEF), in the ventral intraparietal sulcus (VIPS) and in occipital areas 796 

(Bastin et al., 2012). Lee and Lisberger (2013) have also recently reported that spike-field 797 

coherence in the gamma band predicts middle temporal area (MT)-smooth pursuit direction 798 

correlations. In this light, it is likely that the activity related to the slow smooth pursuit eye 799 

movement had little or no effect on the gamma ERD that we found in the somatosensory 800 

cortex, which was one of two regions of interest in the present study. 801 

In sum, the supplemental ERDs observed in the Incongruent condition unlikely resulted from 802 

different ocular behavior between the Congruent and Incongruent conditions. 803 

 804 

5. Conclusion 805 

We found that the control of hand movement under discrepant visual and somatosensory 806 

inputs is associated with decreased alpha- (8-12 Hz) and beta- (15-25 Hz) band neural 807 

oscillations in the visual cortex and decreased beta and gamma-band frequencies (30-50 Hz) 808 

in the sensorimotor cortex. We conclude that these power modulations of low, medium, and 809 

high frequency-bands contributed to distinct processes linked to the online control of 810 

movement and sensorimotor adaptation when faced with incongruent sensory stimuli. Taken 811 

together, our findings are therefore in line with the existence of a general sensory gain control 812 

mechanism driven by the adaptive state of the sensorimotor system in a given sensory 813 

context. The control exerted over the visual and somatosensory inputs may originate from 814 

different neural substrates, such as the thalamus (Purushothaman et al., 2012; Womelsdorf 815 

et al., 2014), the prefrontal cortex (Barceló et al., 2000; Gregoriou et al., 2014; Haggard and 816 

Whitford, 2004) and the cerebellum (Cebolla et al., 2017; Knight et al., 1999). 817 
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