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Abstract 26 

In daily life, people are constantly presented with situations to learn and acquire new 27 

motor skills in complex environments, where attention is often distracted by other events. 28 

Being able to generalize and perform the acquired motor action in different environments 29 

is a crucial part of visuomotor learning. The current study examined whether attentional 30 

distraction impairs generalization of visuomotor adaptation or whether consistent 31 

distraction can operate as an internal cue to facilitate generalization. Using a dual-task 32 

paradigm combining visuomotor rotational adaptation and an attention-demanding 33 

secondary task, we showed that switching the attentional context from training (dual-34 

task) to generalization (single-task) reduced the range of transfer of visuomotor 35 

adaptation to untrained directions. However, when consistent distraction was present 36 

throughout training and generalization, visuomotor generalization was equivalent to 37 

without distractions at all. Furthermore, this attentional-context dependent generalization 38 

was evident even when sensory modality of distractions differed between training and 39 

generalization. Therefore, the general nature of the dual tasks, rather than the specific 40 

stimuli, is associated with visuomotor memory and serves as a critical cue for 41 

generalization. Taken together, we demonstrated that attention plays a critical role during 42 

sensorimotor adaptation in selecting and associating multisensory signals with motor 43 

memory. This finding provides insight into developing learning programs that are 44 

generalizable in complex daily environments.   45 
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New & Noteworthy 46 

Learning novel motor actions in complex environments with attentional distraction is a 47 

critical function. Successful motor learning involves the ability to transfer the acquired 48 

skill from the trained to novel environments. Here, we demonstrate attentional distraction 49 

does not impair visuomotor adaptation. Rather, consistency in the attentional context 50 

from training to generalization modulates the degree of transfer to untrained locations. 51 

The role of attention and memory must therefore be incorporated into existing models of 52 

visuomotor learning.     53 
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The ability to learn and perform motor skills, such as driving a car, is a 54 

fundamental aspect of human behavior and is often critical for daily function. The 55 

example of driving under different traffic conditions illustrates how motor skills must be 56 

performed in different environmental conditions. The ability to transfer and extrapolate 57 

motor skills to novel and different contexts is an important function of motor learning, 58 

which possibly reveals the underlying representational changes in motor memory (Poggio 59 

& Bizzi, 2004; Thoroughman & Shadmehr, 2000; Taylor et al., 2013; Thoroughman & 60 

Taylor, 2005). For instance, people can extend and generalize acquired motor behaviors 61 

to other directions (Krakauer et al., 2000), hand positions (Shadmehr & Moussavi, 2000), 62 

and even movements of the other arm (Criscimagna-Hemminger et al., 2003; Wang & 63 

Sainburg, 2004; 2006). 64 

Learning is often localized such that the transfer of motor learning to untrained 65 

spatial regions is limited (Krakauer et al., 2000). For instance, generalization of the 66 

visuomotor adaptation to untrained directions generally decreases as a function of 67 

increased angular distance from the trained direction and it is often confined to target 68 

directions within 45° either side of the trained direction (Ghahramani et al., 1996; 69 

Krakauer et al., 2000; Taylor & Ivry, 2013a). A neural network model readily accounts 70 

for these findings (Tanaka et al., 2009; 2012; Donchin et al., 2003; Thoroughman & 71 

Taylor, 2005) by assuming that adaptation updates neural populations, with each neuron 72 

being represented by a tuning function corresponding to separate spatial directions. 73 

Adaptation training to one spatial direction tunes neurons to preferably respond to that 74 

movement. Importantly, the width of the tuning function determines the range with which 75 

this movement generalizes to untrained directions.  76 
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Transfer of motor actions can be also affected by changes in the environmental 77 

cue (Lee & Schweighofer, 2009; Shea & Morgan, 1979). Learning under certain contexts 78 

also constrains the transfer of motor behavior to novel contexts (Hommel, 1993; 79 

Mechsener et al., 2001; Ivry et al. 2004; Dionne & Henriques, 2008; Ayala, Hart, & 80 

Henriques, 2015). In a sequential motor learning paradigm for example, Ruitenberg et al. 81 

(2012) trained participants to make one of four key presses on the keyboard that 82 

corresponded to one of four positions on the computer screen. They learned two six-key 83 

sequences and each sequence was associated with either a blue or yellow training cue. 84 

For one group, the mapping between training cue color and key sequence was reversed 85 

between training and test. It resulted in longer mean response times (RT) compared to a 86 

group that retained the original cue-sequence mapping. Therefore, the ability to 87 

reproduce the learned sequence was dependent on the color of training cue.  88 

Similar external constraints on generalization of visuomotor adaptation have also 89 

been observed. For instance, Criscimagna-Hemminger (2003; see also Wang & Sainburg, 90 

2004; 2006) showed that participants could transfer visuomotor adaptation learned by one 91 

arm to the other. Recently, Taylor and Ivry (2013a) argued that the width of the 92 

generalization function is also influenced by the training environment. They examined 93 

whether an external contextual cue, created by a circular or rectangular target 94 

arrangement, affected the transfer of adaptation to untrained directions. Participants were 95 

trained either with a translational shift perturbation in the rectangular workspace or with a 96 

visuomotor rotation in the circular workspace. They found that switching the target 97 

arrangement in the visuomotor rotation condition from circular to rectangular broadened 98 

the generalization function. Conversely, switching the target arrangement from 99 
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rectangular to circular in the translational shift condition narrowed the generalization 100 

function. Therefore, the external environment modulated the width of the generalization 101 

function.  102 

Beyond these external factors, Bédard and Song (2013) recently examined how 103 

concurrent cognitive processes affect the generalization of visuomotor adaptation. They 104 

observed that performing visuomotor training with a concurrent, attention-demanding 105 

discrimination task, such as a rapid serial visual presentation (RSVP) task, reduced the 106 

gain and narrowed the tuning of the generalization function. They suggested that divided 107 

attention narrowly restricts an internal model, reducing the range and magnitude of 108 

transfer by modulating a selective subpopulation of neurons in motor areas. This 109 

suggestion is consistent with a traditional notion that attention is a necessary resource that 110 

facilitates learning and therefore dividing attentional resources across tasks can impair 111 

learning (Pashler, 1998; Curran & Keele, 1993; Nissen & Bullemer, 1987; Taylor & 112 

Thoroughman, 2007, 2008).  113 

 Yet, we noticed that this effect of divided attention on generalization (Bédard and 114 

Song, 2013) was only studied under inconsistent task context between the training (dual-115 

task) and the generalization phase (single-task). Based on a series of subsequent studies, 116 

we formulated an alternative hypothesis that the reduced generalization led by divided 117 

attention could be caused by inconsistency between task-contexts. Using a similar dual-118 

task paradigm as in Bédard and Song (2013), Song and colleagues (Song and Bédard, 119 

2015; Im, Bédard, & Song, 2015, 2016) examined how various attentional demands of a 120 

secondary task modulate immediate motor performance and how consistency in task-121 

context between learning and recall affects memory formation and retrieval. Surprisingly, 122 
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they found that performing the distraction task did not impair the rate of initial 123 

visuomotor learning.  However, recall of visuomotor adaptation, learned with the 124 

distractor present, required that the distractor also be present during the recall phase. In 125 

the absence of a distractor task in the recall phase, there was no benefit of prior learning 126 

for motor performance in recall (i.e. savings of learning). Importantly, this saving of 127 

learning effect was not task specific. Song and Bédard (2015) showed that the type of 128 

stimuli in the secondary task does not provide the context to facilitate recall; rather it is 129 

the consistent state of attentional distraction generated by completing the secondary task. 130 

Participants demonstrated superior recall of visuomotor adaptation even if they 131 

completed two different secondary tasks in training (RSVP task) and recall (sound 132 

discrimination task). This paradoxical result suggests that performing the dual-task 133 

induces an attentional state (divided vs. undivided) that acts as a ‘vital context’ for 134 

encoding and retrieval of motor memories (Song & Bédard, 2015; Im et al., 2015, 2016). 135 

Extending beyond this result, Im et al. (2016) showed that this newfound paradoxical 136 

benefit of consistent dual-task context lasts for more than one day as visuomotor memory 137 

retrieval is enhanced under conditions in which it is more difficult to engage in 138 

attentional selection of the motor task.  139 

The current study compared two alternative hypotheses; 1) whether divided 140 

attention impairs generalization or 2) whether consistent divided attention can operate as 141 

an internal contextual cue for visuomotor generalization. In short, we applied the dual-142 

task paradigm (e.g., Bédard and Song; 2013) to visuomotor generalization. Participants 143 

first completed the visuomotor adaptation task with and without a secondary task to one 144 

direction. Then, participants generalized visuomotor adaptation with and without the 145 
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secondary task to untrained directions. If attention operates as a resource for processing, 146 

visuomotor generalization would be impeded whenever the secondary task is performed 147 

regardless of context consistency between the training and generalization phases. 148 

Conversely, if the consistent attentional context necessitates visuomotor adaptation 149 

generalization beyond the trained direction, those who consistently divide their attention 150 

to a secondary task across training and generalization phases would fully generalize their 151 

performance equivalent to those who consistently perform a single task.  152 

Following Song and Bédard (2015) and Im et al. (2016), we introduced an 153 

additional group to determine whether the key to successful visuomotor generalization 154 

depends on the repetition of specific secondary task across training and generalization. In 155 

this group, participants completed two different secondary tasks within different sensory 156 

modalities in training and generalization (i.e. RSVP and sound discrimination). We 157 

hypothesize that attentional context is generated by the general nature of consistent 158 

attentional distraction and not the specific task. The transfer of adaptation in this group is 159 

expected to be analogous to generalization in the other consistent groups. Such a result 160 

would imply that context modulation of generalization and recall of visuomotor 161 

adaptation (i.e., Song & Bédard, 2015) share a common learning system.  162 

 163 

Materials and Method 164 

Participants 165 

Fifty-two right-handed participants with normal color vision and normal or 166 

corrected-to-normal vision participated in the experiment in exchange for course credit. 167 

All participants were naïve to the goal of the experiment. The number of participants per 168 
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group (n = 13) was determined based on prior studies that utilized a similar dual-task 169 

paradigm and experimental design (Bédard & Song, 2013; Im et al., 2015, 2016; Song & 170 

Bédard, 2015). Reliable effect sizes were observed in these studies (η2 > 0.26)1. The 171 

sample size is also within the range of sample sizes from previous visuomotor adaptation 172 

studies (e.g., Krakauer et al., 2000; Thoroughman & Taylor, 2007). The experimental 173 

protocol was approved by the Institutional Review Board at Brown University.  174 

Apparatus and Materials 175 

In a dimly illuminated room, participants sat in a chair approximately 57 cm from 176 

an Apple iMac computer with a 21-inch screen with refresh rate 60 Hz and native 177 

resolution of 1920 x 1080 pixels. Participants used a stylus pen to perform a goal-directed 178 

reaching task with their right hand. Movement of the stylus controlled a corresponding 179 

cursor on the screen (diameter 0.5 cm). The tips of the stylus rested on a touch screen 180 

(Magic Touch; Keytec, Garland TX) that lay flat on a table and aligned with each 181 

participant’s midline and the center of the computer screen. Stimulus presentation and 182 

recording of cursor displacement was controlled by custom software written in MATLAB 183 

(Version 2008b; MathWorks Inc., Natick, MA) and functions from Psychtoolbox 184 

(Version 3; Brainard, 1997; Pelli, 1997).   185 

Design and Procedure 186 

Visuomotor task. Figure 1A outlines the visuomotor adaptation task. Participants 187 

were tasked to move a cursor from a starting position (annulus with a diameter of 1°, 188 

corresponding to 1 cm) in the center of the screen toward a reach target (solid white dot, 189 

1 cm in diameter) located 5.5 cm from the starting position. Participants were specifically 190 

                                                        
1 According to Cohen (1988) effect sizes of 0.02, 0.13, and 0.26 are considered small, medium, and large 
effect sizes respectively.  
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instructed to make fast and linear movements toward the target and then to return to the 191 

starting position immediately after reaching the target. Seven possible target directions 192 

were assigned to each participant: one training target (randomly selected from 3, 6, 9, or 193 

12 o’clock directions from the starting position) and six other target directions located at 194 

±22.5°, ±45°, and ±90° relative to the training target. The target remained visible for the 195 

entire duration of the trial (1500 ms). A trial started when cursor was positioned in the 196 

starting position and this triggered the appearance of the reach target in the visuomotor 197 

task as well as the visual or auditory stream in the secondary task. There were two types 198 

of experimental trials. In the no-rotation trials, the cursor followed the stylus movement. 199 

In the rotation trials, the cursor direction was rotated 45° counterclockwise (CCW) or 45° 200 

clockwise (CW). The direction of rotation was counterbalanced between participants. The 201 

rotation was applied for the entire duration of the trial (i.e. 1500 ms from trial onset), 202 

including both the outward and inward movements. Outside the trial, the unrotated cursor 203 

was visible to guide participants back to the starting position.  204 

Secondary RSVP task. Figure 1B illustrates schematic outline of the RSVP tasks. 205 

A sequence of five Ts shapes (0.5° x 1°) was generated from pseudorandom permutations 206 

of letter orientation (inverted or upright) and color (red, white, green, blue, or yellow). 207 

The sequence was presented above the starting position and each T in the sequence 208 

appeared every 300 ms, remaining visible for only 150 ms (for a total of 1500 ms). 209 

Participants were required to detect conjunction targets (red upright Ts and green inverted 210 

Ts) and report the total number of targets detected at the end of teach trial by pressing a 211 

keyboard key with their left hand. The number of target Ts for each trial varied with a 212 

uniform distribution between one and three and thus 33% represents chance performance. 213 
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In order to control for the effect of divided attention on reaching, a control task was 214 

devised in which participants received instructions to ignore the Ts and simply press the 215 

key corresponding to the visual written cue such as “Press button 1” at the end of each 216 

trial with their left hand. The RSVP stream appeared on every trial of all experimental 217 

phases except during the sound discrimination task. This ensured that visual stimuli 218 

remained consistent for all groups.  219 

In our previous studies (i.e., Song & Bédard, 2013, 2015) that have used a similar 220 

dual-task paradigm, we have repeatedly demonstrated that eye movements do not affect 221 

performance in the dual-task paradigm. Specifically, allowing participants to either make 222 

free eye movements or maintain central gaze fixation do not affect accuracy in the RSVP 223 

task or reach error in visuomotor adaptation. As a consequence, we did not constrain each 224 

participant’s eye movements throughout the experiment.  225 

Secondary sound discrimination task. Figure 1C illustrates the schematic outline 226 

of the sound discrimination task. Five tones of three different frequencies (200 Hz, 300 227 

Hz, 450 Hz) appeared with the same timing as the RSVP task and participants were asked 228 

to count the number of low and high frequency tones within each sequence. The total 229 

number of relevant low and high frequency tones varied randomly between one and three 230 

with equal probability.  231 

Experimental design. Figure 1D outlines the four phases within each experimental 232 

session: 1) familiarization (70 no-rotation trials with seven target directions), 2) baseline 233 

(70 no-rotation trials with seven target directions), 3) training (70 rotation trials with one 234 

target direction), and 4) generalization (70 rotation trials with seven target directions). 235 

The familiarization phase provided participants with the opportunity to practice reaching 236 
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to each target direction with continuous cursor feedback to all seven directions. The 237 

baseline phase was designed to measure for inherent bias in the reach movement to each 238 

direction. The cursor remained visible for only the training target (i.e. 0°) but disappeared 239 

once the cursor left the starting position for the six remaining directions. The position of 240 

the training target was counterbalanced between participants and it appeared at the 3, 6, 241 

9, or 12 o’clock position. In the training phase, visuomotor adaptation was trained with 242 

the single training target. Participants received continuous feedback to the training target 243 

and their reach trajectory was rotated by either 45° clockwise (CW) or counterclockwise 244 

(CCW). The degree to which visuomotor adaptation transferred to untrained directions 245 

(±22.5°, ±45°, and ±90° relative to the training target) was measured in the generalization 246 

phase. Cursor feedback was rotated to the same direction as the training phase (i.e., either 247 

45° CW or CCW) and continuous feedback was presented for the trained target but not 248 

for the untrained targets (Krakauer et al., 2000).  249 

Experimental groups. Four experimental groups were created based on whether 250 

participants completed a concurrent secondary task during the training and/or 251 

generalization phases. For naming convention (see Song & Bédard, 2015), RSVP refers to 252 

participants completing the RSVP task with reaching (i.e. high distraction of attention), 253 

sound refers to participants completing the sound discrimination task, and none refers to 254 

participants completing the button press (control) task with reaching (i.e. no distraction of 255 

attention). In the RSVP-RSVP group, for example, participants completed the RSVP task 256 

during both the training and generalization phases of the experiment. Participants in the 257 

none-none group completed the button press task during both the training and 258 

generalization phases. In the RSVP-sound group, participants completed the RSVP task in 259 
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training and completed the sound discrimination task in generalization. Finally, in the 260 

RSVP-none group, participants completed the RSVP task in training and completed the 261 

button press task in generalization.  262 

Data Analysis 263 

Data analysis procedures generally followed those used in our previous studies 264 

(Bédard & Song, 2013; Im et al., 2015, 2016; Song & Bédard, 2015). For the visuomotor 265 

task, we filtered the x and y coordinated of the cursor displacements with a low-pass 266 

Butterworth filter using an 10 Hz cutoff and then calculated the cursor trajectory by 267 

taking the square root of the sum of squared x and y coordinates at each time point. We 268 

differentiated the position of the cursor to yield tangential velocity and determined the 269 

onset and end of movement when the cursor reaches 5% of peak velocity. We measured 270 

reaction time (RT) as the time elapsed from target appearance to movement onset and the 271 

movement time (MT) as the time elapsed between movement onset and movement end. 272 

We measured reach error by calculating the angle between the line that joined the starting 273 

position to the target with the line that joined the position of the cursor at movement 274 

onset to the position of the cursor at peak velocity. In order to conduct the statistical 275 

analysis, individual participant’s training and generalization data for each dependent 276 

variable (i.e. reach error, RT, and MT) were averaged across seven successive trials in 277 

order to create 10 blocks of seven trials.  278 

Following previous studies (Bédard & Song, 2013; Krakauer et al. 2000), we 279 

calculated an adaptation index (Eq. 1) for each target direction in order to quantify the 280 

generalization function. 281 

(1) 𝐴𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 =  1 − 
𝐸𝐺𝑒𝑛− 𝐸𝐵𝑎𝑠𝑒

45°
 282 
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where EGen and EBase represented the reach error during the generalization and baseline 283 

phases, respectively. An adaptation index of 0 or 1 represents no or full adaptation, 284 

respectively. In order to determine whether divided attention would alter the gain, shift, 285 

or width of the generalization function, we fitted a Gaussian function to the rotation 286 

adaptation index of each individual participant as a function of angular distance from the 287 

trained direction: 288 

 (2) 𝑓(𝑥) =  𝑎𝑒
−𝑥2

2𝑠2 + 𝑐 289 

where parameters a is the gain, c is the constant shift, and s is the width of the Gaussian 290 

function, and x is the angular distance from the training target. We used MATLAB 291 

(2014b, Mathworks) and SPSS (version 22, IBM) for data and statistical analyses.  292 

 293 

Results 294 

Training phase: No disruption of motor performance by attentional distraction  295 

Performance accuracy in the RSVP task was first analyzed to confirm that 296 

participants effectively allocated their attention to the secondary task in training. Mean 297 

accuracy in the RSVP-none, 51% ±0.02, t(12) = 10.47, p < 0.01, d = 2.94, RSVP-RSVP, 298 

55% ±0.03, t(12) = 6.31, p < 0.01, d = 1.78, and RSVP-sound 50% ±0.02, t(12) = 7.49, p 299 

< 0.01, d = 2.08, groups were all above chance performance (~33%). Mean accuracy was 300 

also not different between groups, F(2, 36) = 1.35, p = 0.27.   301 

Figure 2A shows that attentional load did not affect reach error performance. In 302 

all four groups (none-none, RSVP-none, RSVP-RSVP, RSVP-sound), reach error was 303 

reduced across trial blocks and each group achieved a similar level of performance in the 304 

final block. We conducted a two-way group (none-none, RSVP-none, RSVP-RSVP, 305 
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RSVP-sound) x trial block (1st-4th, and 10th blocks) ANOVA of reach error using data 306 

from the first four training blocks as well as the final training block. The first four blocks 307 

were chosen because this range was most representative of learning. Reduction in reach 308 

error was greatest over this period and reach error approached asymptotic performance in 309 

the fourth block. The final block was included to indicate asymptotic performance. A 310 

Mauchly’s test of sphericity showed that the assumption of sphericity was violated for the 311 

factor of trial block. Greenhouse-Geisser corrections were applied to subsequent 312 

ANOVAs involving this factor in order to reduce the chance of Type I error. This 313 

analysis revealed there was a significant main effect of trial block, F(2.29, 109.80) = 314 

117.52, p < 0.001, η2= 0.70, MSE = 44.66, indicating visuomotor adaptation. Importantly, 315 

adaptation was not affected by attentional distraction as the main effect of group was not 316 

significant, F(3, 48) = 1.13, p = 0.35. The trial block x group interaction was not 317 

significant (F < 1). Therefore, performing the RSVP task does not impair visuomotor 318 

learning. This is consistent with previous studies that have used a similar procedure 319 

(Bédard & Song, 2013; Song & Bédard, 2015; Im et al., 2015, 2016). 320 

RT and MT were analyzed in order to determine whether participants utilized a 321 

compensatory strategy in the dual-task procedure. For instance, participants may allocate 322 

extra cognitive resources to the RSVP task, allowing for longer initiations of movement 323 

(RT) or slower movements (MT). In such cases, RT and/or MT would be longer in the 324 

dual-task conditions. Figure 2B (left) shows the mean RT for the four groups. As per the 325 

analysis of reach error, we analyzed RT and MT data from the first four and final trial 326 

blocks. Analysis of RT revealed a main effect of trial block, F(3.39, 162) = 22.83, p < 327 

0.001, η2= 0.29, MSE = 0.006, and group, F(3, 48) = 6.41, p < 0.001, η 2= 0.29, MSE = 328 
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0.03. The two-way interaction was also significant, F(10.13, 162) = 2.3, p = 0.01, η 2= 329 

0.1, MSE = 0.006, and this implies that group difference was largest in the early blocks 330 

but reduced in the final block. We conducted a post-hoc contrast analysis to compare RT 331 

of the single-task group against the three dual-task groups. This analysis showed that RT 332 

in the three dual-task groups was not different to RT in the single task group, F(1, 48) = 333 

2.77, p = 0.1. Instead, the main effect of group appears to be driven by some individual 334 

differences between the three dual-task groups. Such differences are unlikely to be 335 

interesting since each dual-task group followed an identical experiment procedure.  336 

Figure 2C (left) shows that participants took less time to complete each movement 337 

with repeated trials as mean MT decreases across trial blocks. The group x trial block 338 

ANOVA confirms the main effects of trial blocks, F(3.14, 150.77) = 7.74, p < 0.001, η2 = 339 

0.13, MSE = 0.006, as well as group, F(3, 48) = 4.1, p = 0.01, η2 = 0.20, MSE = 0.05. The 340 

two-way interaction was not significant, F(9.42, 123.91) = 1.21, p = 0.39. We again 341 

conducted a post-hoc contrast analysis of MT from the single task group and compared it 342 

to MT from the three dual-task groups. This analysis showed that MT was not affected by 343 

the presence of attentional distraction, F(1, 48) = 1.02, p = 0.32. The analysis of both RT 344 

and MT suggest that completing the RSVP task did not interfere with visuomotor 345 

learning. Participants did not appear to devise a cognitive or movement strategy in order 346 

to compensate for completing the RSVP task. This finding is consistent with studies that 347 

have utilized a similar dual-task paradigm (Bédard & Song, 2013; Song & Bédard, 2015; 348 

Im et al., 2015, 2016). 349 

Generalization phase: Inconsistent attentional context impairs visuomotor 350 

generalization 351 
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The critical question is how consistency of attentional context affects visuomotor 352 

generalization. We compared generalization performance of the three consistent context 353 

groups, RSVP-RSVP (consistent divided attention), none-none (consistent undivided 354 

attention), and RSVP-sound (consistent divided attention across two secondary tasks), to 355 

generalization performance in the inconsistent group, RSVP-none (inconsistent divided-356 

undivided attention). The RSVP-sound group is designed to show that attentional context 357 

is generated by the nature of consistent attentional distraction and not the specific task. 358 

Consequently, we expect the transfer of adaptation to be similar between the RSVP-359 

RSVP and RSVP-sound groups.  360 

Performance accuracy was analyzed to show that participants maintained their 361 

attention to the secondary task in the generalization phase. In the RSVP-RSVP group, 362 

participants performed above chance accuracy, 56% ±0.04, t(12) = 6.10, p < 0.01, d = 363 

1.72, and their performance was not different from training, t(12) = -1.24, p = 0.24, d = 364 

0.34.  Similarly, sound discrimination performance in the RSVP-sound group was above 365 

chance accuracy, 61% ±0.03, t(12) = 8.14, p < 0.01, d = 2.26, but these participants 366 

showed better sound discrimination accuracy than their RSVP accuracy in training, t(12) 367 

= -2.99, p = 0.01, d = 0.83. Comparison of accuracy on the secondary tasks between the 368 

RSVP-RSVP and RSVP-sound groups yielded no difference (t < 1).  369 

Dividing attentional resources during the training phase did not impair the degree 370 

of visuomotor adaptation for the trained target. Mean reach error to the trained target 371 

were not different between the none-none, RSVP-none, RSVP-RSVP, and RSVP-sound 372 

groups, 19.38° ± 12.23°, 19.03° ± 9.21°, 18.61° ± 7.04°, and 18.84° ± 7.66° respectively 373 

(F < 1).  374 
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We again analyzed RT and MT data to ensure that participants did not utilize a 375 

strategy to compensate for the secondary task in the generalization phase. Recall that only 376 

the RSVP-RSVP and RSVP-sound groups completed a secondary task in generalization. 377 

Figure 2B (right) shows longer mean RT in the none-none group than the other three 378 

groups. The trial block x group ANOVA confirmed that both the main effects of group, 379 

F(3, 48) = 3.76, p = 0.02, η2= 0.19, MSE = 0.05, and trial block, F(6.99, 335.45) = 2.89, p 380 

= 0.01, η2 = 0.06, MSE = 0.004, were significant. The two-way interaction was not 381 

significant, F(20.33, 325.22) = 1.1, p = 0.35. Participants did not appear to compensate 382 

for the RSVP task by devising a strategy, since RT was not higher in either the RSVP-383 

RSVP or RSVP-sound groups. This was confirmed by a post-hoc contrast analysis of the 384 

single-task and dual-task groups (F < 1). Figure 2C (right) shows the mean MT for each 385 

group in the generalization phase. From the figure, it is clear that there is no difference in 386 

mean MT between groups, F(3, 48) = 1.15,  p = 0.34, but MT appears to decrease with 387 

increased trial blocks, F(6.23, 300) = 2.25, p = 0.04, η2 = 0.05, MSE = 0.003. The two-388 

way interaction was not significant, F (18.69, 300) = 1.45, p = 0.08.  389 

Our primary interest is whether consistency of the attentional state (i.e. divided 390 

vs. undivided) between training and generalization affects visuomotor adaptation to 391 

untrained directions. To recap, we hypothesized that performing the RSVP task 392 

concurrently with the visuomotor adaptation task did not impair immediate motor 393 

performance during training, but it may lead to impaired consolidation of learning. This 394 

leads to weaker transfer of visuomotor adaptation to the untrained directions in all three 395 

RSVP groups (RSVP-none, RSVP-RSVP, RSVP-sound). In contrast, the consistency of 396 

attentional contexts (undivided vs. divided attention) between the training and 397 
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generalization phases could modulate the transfer of adaptation. In this case, 398 

generalization should be weakest for the RSVP-none group.  399 

Figure 3 shows the adaptation index (Eq.1; markers) as a function of angular 400 

distance between the trained target directions and other untrained target directions. An 401 

adaptation index of 0 indicates no adaptation and 1 indicates full adaptation. Consistent 402 

with previous visuomotor generalization studies, the peak responses for all the groups are 403 

at the trained direction with decay to untrained directions, suggesting that adaptation is 404 

localized to the trained direction (e.g., Krakauer et al., 2000; Taylor et al., 2013). To 405 

further examine how diverting attention to the secondary task affects the width, the gain, 406 

or constant shift of the generalization, we fit Gaussian functions (Eq.2; lines) to 407 

individual data. An increase in gain represents increase of adaptation transfer to the 408 

trained direction. The width represents the angular range of visuomotor adaptation 409 

transfer to untrained directions, and thus increased width results in greater adaptation 410 

indices to untrained directions. The constant shift parameter represents a global 411 

generalization component that may be applied to each target direction by the participant 412 

(Brayanov, Petreska & Smith, 2011). For each participant, we fit their data by 413 

minimizing the negative log-likelihood of the Gaussian function, using the Hookes-414 

Jeeves (1961) optimization method.  415 

Figure 3 shows the mean model predictions generated from the best fitting 416 

parameters of each individual data. A summary of the best fitting parameters for each 417 

group is presented in Table 1. The model predictions accurately capture the overall 418 

pattern of the generalization function for each group. In particular, the predicted 419 

generalization functions of the three context consistent groups, none-none (blue line), 420 
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RSVP-RSVP (green line), and RSVP-sound (purple line), are similar to each other. 421 

Conversely, the generalization function of the RSVP-none group (orange line) appears to 422 

be narrower and shorter than the three other groups. We conducted a one-way ANOVA 423 

on the best fitting parameters in order to verify these observations. The statistical analysis 424 

reveals that there is a main effect of group for width, F(3, 48) = 5.52, p < 0.01, η2 = 0.26, 425 

MSE = 168.6, but there is no effect of group for either gain, F(3, 48) = 1.61, p = 0.2, or 426 

constant shift (F < 1). To further investigate the main effect of width, we conducted three 427 

pairwise t-tests between the inconsistent group and the three consistent groups 428 

(Bonferroni corrected, k = 3, αBonferroni = 0.017). This analysis revealed that width was 429 

narrower in the RSVP-none group compared to the none-none, t(24) = 3.43, p < 0.01, d = 430 

0.70, RSVP-RSVP, t(24) = 3.58, p < 0.01, d = 0.74, and RSVP-sound groups, t(24) = 431 

2.61, p = 0.015, d = 0.53. In sum, a broader generalization function was observed in the 432 

three context consistent groups than in the RSVP-none group. 433 

The none-none and RSVP-none groups are replications of the no-load and 434 

attention-load groups reported by Bédard and Song (2013). Like us, they reported that 435 

inconsistent attentional context between training and generalization reduced the width of 436 

the generalization function. According to their Gaussian fit, Bédard and Song reported 437 

that gain was also reduced in their attention-load group, whereas we reported no such 438 

difference in our RSVP-none group. However, comparison of the two models in which 439 

either the gain or width parameter was allowed to vary between groups showed that the 440 

width model provided a better fit of the generalization function than the gain model in the 441 

attention-load group (R2 = 0.86 vs. 0.84).  Therefore, the width-only model provides the 442 
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simplest and best explanation for the Bédard and Song data, and this is consistent with 443 

the current observation.  444 

 445 

Discussion 446 

 In the current study, we demonstrated that a change in the attentional state from 447 

training to generalization phases (e.g., from divided to undivided) restricted the range of 448 

transfer of visuomotor adaptation to untrained targets. Importantly, the presence of a 449 

secondary task during training itself did not impair visuomotor adaptation as long as a 450 

secondary task was consistently performed during generalization. Importantly, the ability 451 

for attentional context to modulate visuomotor generalization is not task specific. The 452 

width of the generalization function was similar for the groups that completed either the 453 

same (RSVP-RSVP) or different (RSVP-sound) secondary tasks in the training and 454 

generalization phases. The critical requirement is that a similar level of attentional 455 

discrimination is maintained across training and generalization.  456 

 The findings are inconsistent with Bédard and Song’s (2013) suggestion that 457 

divided attention during visuomotor adaptation restricts learning by the internal model. 458 

Previous studies have shown that consistent attentional distraction can enhance motor 459 

memory recall in trained directions (Song & Bédard, 2015; Im et al., 2015; 2016). The 460 

current findings show this is extended to the transfer of adaptation to untrained directions. 461 

The consistency of the attentional state, generated by external distraction, appears to 462 

modulate adaptation to both trained and untrained directions. In the following sections, 463 

we discuss how the current findings fit within existing computational, 464 

neurophysiological, and cognitive frameworks of visuomotor adaptation.  465 
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Contextual modulation of visuomotor adaptation  466 

Existing computational models of visuomotor adaptation provide clear 467 

explanatory frameworks for both the time course of visuomotor adaptation as well as 468 

generalization of adaptation to untrained directions. For instance, a prediction error 469 

model in which the error between motor output and visuomotor feedback is minimized 470 

through training adequately accounts for the time course of visuomotor adaptation (i.e., 471 

Smith et al., 2006).  To explain generalization, training may be assumed to update 472 

learning to both the trained direction as well as surrounding directions. The angular 473 

distance between the trained and untrained directions determines the amount of 474 

adaptation updated to surrounding directions. Specifically, a Gaussian tuning function has 475 

been used to model this process (see Tanaka et al., 2009; 2012). A wider tuning function 476 

implies that more untrained directions are updated during adaptation and this leads to 477 

greater transfer of adaptation (Bock & Schmitz, 2011; Ghahramani & Wolpert, 1997). 478 

The aforementioned framework, however, is unable to explain adaptation with 479 

different external context cues. For instance, participants can adapt to several different 480 

visuomotor rotations associated with separate cues, such as color cues or separate target 481 

locations (Imamizu et al., 2007; Lee & Schweighofer, 2009). Lee and Schweighofer (see 482 

also Smith et al., 2006) suggest that visuomotor learning is mediated by two learning 483 

systems, a fast process that learns rapidly but retains information poorly, and a slow 484 

process that learns more gradually but has excellent retention. To explain the role of 485 

contextual cues, Lee and Schweighofer proposed that a number of parallel states within 486 

the slow process that corresponds to the number of contextual cues in training. This 487 

account adequately explains a host of adaptation phenomena including savings, 488 
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anterograde interference, and dual adaptation (Franklin & Wolpert, 2011; Wolpert, 489 

Diedrichsen, Flangan, 2011). The outstanding question is how attentional contexts 490 

interact with the fast and/or slow process to modulate visuomotor generalization.   491 

We propose that attention plays a critical role during visuomotor adaptation in 492 

selecting and associating multisensory signals with motor memory, which operates as an 493 

internal contextual cue for motor learning (Song & Bédard, 2015; Im et al., 2015). 494 

Extending Lee and Schweighofer’s (2009) model, we conjectured that the state of divided 495 

and undivided attention to the secondary task could be represented as separate contexts in 496 

the slow process. As a consequence, switching the attentional context from divided to full 497 

attention rendered weaker generalization to the untrained direction in the RSVP-none 498 

group since the slow process associated with the divided attentional context during 499 

training discontinues when the slow process is associated with the undivided attentional 500 

context during generalization. Greater generalization in the RSVP-sound group than in 501 

the RSVP-none also implies that the contextual cue is generated from the state of the 502 

attentional distraction and not from the specific task. The current findings however, do 503 

not allow us to specify the exact architecture of this model. For instance, an alternative 504 

model with parallel fast processes and a single slow process can account for our findings. 505 

This problem can only be solved by developing a formal computational model and 506 

further empirical investigation.  507 

Neurophysiological basis for visuomotor adaptation 508 

A strength of the aforementioned computational models is that they provide 509 

biologically plausible explanations for generalization of motor adaptation (Poggio & 510 

Bizzi, 2004; Pouget & Snyder, 2000). For instance, Paz et al. (2003) recorded single-unit 511 
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activity in M1 in nonhuman primates before, during, and after visuomotor adaption. 512 

Increases in the spiking rates of the neuron were observed in neurons whose preferred 513 

direction closely matched the trained direction. The spiking rates do not change for 514 

neurons whose preferred directions that were away from the trained direction. This shows 515 

that a selective subpopulation of neurons in M1, whose preferred tuning direction are 516 

similar to the trained direction, are active during visuomotor adaptation.  517 

Recent data from neurophysiological studies during visuomotor adaptation show 518 

that multiple brain regions, such as the motor cortex (M1), posterior parietal cortex 519 

(PPC), ventral premotor cortex, and cerebellum, are involved in adaptation (Orban de 520 

Xivry et al., 2011; Paz et al., 2003; Wise et al., 1998, Gandolfo et al., 2000; Della-521 

Maggiore and McIntosh 2005; Krakauer et al. 2004; Tseng et al. 2007; Diedrichsen et al., 522 

2005). Activation of multiple regions may suggest that multiple learning systems are 523 

engaged during visuomotor learning and that each region may serve a different function 524 

during learning. For instance, Graydon et al. (2005) showed that PPC learning-related 525 

activation decreases during the later stages of visuomotor adaptation, but cerebellum 526 

learning-related activation increase during this period. Importantly, both these regions 527 

have been shown to process motor error during visuomotor adaptation (Della-Maggiore 528 

et al., 2004; Diedrichsen et al., 2005; Bédard & Sanes, 2014) but studies have also 529 

identified functional differences between these regions. This dissociation corresponds to 530 

the notion that multiple learning systems, with separate time scales, concurrently operate 531 

during visuomotor learning (e.g., Lee & Schweighofer’s, 2009). Neuroimaging studies 532 

have also demonstrated that the cerebellum is involved in the organization of multiple 533 
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internal models, where each model corresponds to a different motor action (Imamizu et 534 

al., 2003; 2004; Imamizu & Kawato, 2008).  535 

Cognitive factors involved visuomotor learning   536 

Multiple motor learning models have been studied extensively. For instance, an 537 

error-based model can make predictions about the sensory consequences of a selected 538 

action to improve motor control (Smith et al. 2006; Krakauer et al., 2005; Herzfeld et al., 539 

2014).  Further, a reinforcement learning model can account for processes such as 540 

movement aiming direction when the goal is to maximize the rate of reward (Shmuelof et 541 

al., 2012; Pekny et al., 2015). These models have focused on sensorimotor aspects of 542 

immediate performance but have often overlooked how higher-order cognitive functions, 543 

such as attention and memory, operate to facilitate motor learning process and cope with 544 

interferences arising from a complex daily environment.  545 

Recently, Taylor et al. (2014; see also Taylor & Ivry, 2012; 2013b) demonstrated 546 

that during abrupt visuomotor adaptation, participants developed an aiming strategy 547 

towards a reach target to counteract for the rotational perturbation. For example, 548 

participants aimed at 45o CCW location when 45o CW rotation was introduced. By asking 549 

participants in advance to report which location they aimed at before reach movement, 550 

Taylor et al. (2014) could partition the contribution of improved aiming strategy from 551 

visuomotor adaptation performance. They suggested that visuomotor adaptation is the 552 

summation of explicit strategy and implicit learning driven by a sensory-prediction error 553 

signal, which also closely mapped onto the fast and slow learning processes, respectively 554 

(McDougle, Bond, and Taylor, 2015; McDougle, Ivry, & Taylor, 2016).  555 
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It remains unclear as to how explicit and implicit processes are distinctively 556 

affected by internal attentional contexts and generalized to untrained directions. Perhaps 557 

attentional distraction has a greater and immediate effect on explicit strategy since the 558 

latter is highly susceptible to an external cue and instruction (Taylor & Ivry, 2014). In 559 

contrast, the implicit learning process might globally carry long-term memory of internal 560 

attentional contexts. Our previous work (Im et al., 2016) has shown that attentional 561 

context can modulate motor memory retrieval one day after initial training, indicating its 562 

long-term association.  563 

The question remains as to how the cognitive and implicit learning systems are 564 

organized. For example, the dichotomy proposed by Taylor and colleagues (McDougle, 565 

Bond, & Taylor, 2015; McDougle, Ivry, & Taylor, 2016) maps closely onto the notion of 566 

model-based and model-free reinforcement learning (Dayan & Niv, 2008). Model-based 567 

learning emphasizes the construction of an internal model that is used to support goal-568 

directed action. Conversely, model-free learning uses reward prediction errors (i.e., 569 

Rescorla and Wagner, 1972; Sutton and Barto, 1998) to augment behavior without the 570 

construction of an internal model.  571 

In addition to explicit strategy, other cognitive influences on motor learning have 572 

been reported. For example, visual-spatial working memory has been show to positively 573 

correlate with the learning rates in both motor sequence learning and visuomotor 574 

adaptation tasks (Bo et al., 2011; Seidler et al., 2012). Moreover, the brain areas 575 

associated with visual-spatial working memory, such as the dorsolateral prefrontal cortex 576 

and bilateral inferior parietal lobules, are active during the early, but not late, stages of 577 

learning in these tasks (Seidler et al., 2012). Overall, it suggests that any motor learning 578 
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model solely based on error-based learning needs to be updated to account for cognitive 579 

effects such as robust attention-context modulation on motor learning. This integration 580 

will provide a deeper, more principled understanding of training, retention and 581 

generalization of motor skills. 582 

Attentional distraction as an internal context for visuomotor memory 583 

The success of episodic memory retrieval has been shown to depend on whether 584 

the environmental context is matched at the times of encoding and recall (e.g., Godden & 585 

Baddeley, 1975; Smith & Vela, 2001). This effect has also been observed in studies of 586 

motor learning (e.g., Krakauer et al., 2006; Ruitenberg et al., 2012; Taylor & Ivry, 587 

2013a), such as the recall of a motor sequence is faster when the context of recall is 588 

matched with that of learning. The current experiment extended this notion by showing 589 

that consistency in the attentional or internal context, as generated by the secondary task, 590 

affects retrieval of visuomotor adaptation.  591 

Prior studies on episodic memory (e.g., Eich, 1980) showed that consistent 592 

external contextual cues took priority over consistent internal states for memory retrieval. 593 

By contrast, we showed that consistent task demands generate an internal cue that 594 

overrides the same external environment (i.e., the RSVP stream was displayed throughout 595 

the experiment). In addition, the attentional state generated by the secondary task is not 596 

task specific. Song and Bédard (2015) showed that using two different attention-597 

demanding tasks in adaptation training (i.e. RSVP task) and in recall (i.e. sound 598 

discrimination task) facilitates recall equally well as having the same attention-599 

demanding task in both phases. This effect persisted for when recall was tested one day 600 

after initial training (Im et al., 2016). The current experiment extends this finding by 601 
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showing that attentional distraction, generated by two different secondary tasks, 602 

modulates the transfer of adaptation. Evidence for context modulation of both visuomotor 603 

generalization and recall indicate that they share a common learning process. Completing 604 

a secondary task generates an internal cue related to the cognitive state and this serves as 605 

a contextual cue for encoding and retrieval.  606 

This notion is consistent with studies that demonstrate internal physiological 607 

states induced by various drugs, such as alcohol, morphine, and cigarettes, affect memory 608 

recall in both human and nonhuman animals (e.g., Blasi et al., 2002; DeCarli et al., 1992; 609 

Goodwin et al., 1969; Nishimura et al, 1990; Peters & Mcgee, 1982). As a consequence, 610 

the current findings support previous studies (Im et al., 2015; 2016; Song & Bédard, 611 

2015) that show attentional state modulates the retrieval of visuomotor memory in a 612 

manner analogous to the modulation of external contexts on memory retrieval.  613 

Conclusion 614 

The current study shows that inconsistency in attentional context between training 615 

and generalization phases narrows the width of the generalization function. As a 616 

consequence, we propose that attentional contexts serve as an internal cue that allows for 617 

the encoding and retrieval of different motor representations. Recent behavioral and 618 

neurophysiological data suggest that multiple learning systems are responsible for 619 

visuomotor adaptation. Further investigation is required to identify which system is 620 

responsible for context modulation of adaptation. In sum, the current study provides 621 

insight into how cognitive processes affect internal representation of the visuomotor 622 

memory.  623 
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Tables 831 

Table 1. Mean best fitting parameters 

  Parameter Values 

 

Gain Width Shift 

(SEM) (SEM) (SEM) 

None-None 0.41 (0.04) 45.08 (3.59) 0.15 (0.04) 

RSVP-None 0.39 (0.02) 28.59 (3.25) 0.14 (0.02) 

RSVP-RSVP 0.43 (0.03) 43.67 (3.53) 0.15 (0.04) 

RSVP-Sound 0.46 (0.02) 40.82 (3.74) 0.10 (0.03) 

  832 
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Figures 833 

Figure 1. Task schematics. A. Reaching task: The filled circle indicates a reach target 834 

location and the open circle indicates the starting position. Reach targets appeared one at 835 

a time and remained visible for the entire trial (1500 ms). In no-rotation trials, the cursor 836 

(dotted line) followed stylus motion (solid line) normally, whereas in rotation trials, the 837 

cursor direction was rotated by 45º CCW or CW from the reach trajectory. B. Secondary 838 

rapid serial visual presentation (RSVP) task: Five upright or inverted Ts of various colors 839 

were each presented sequentially for 150 ms, with 150 ms gaps between stimuli (total of 840 

1500 ms). Participants had to report at the end of each trial how many relevant targets (1, 841 

2 or 3) were presented in that trial. Targets were defined as inverted green and upright red 842 

Ts. C. Secondary sound discrimination task: Five tones of three different frequencies 843 

(200 Hz, 300 Hz, 450 Hz) appeared again with the same timing as the RSVP task. 844 

Participants had to report the total number of high and low frequency tones. D. 845 

Experimental phases: The filled circles indicate locations of seven reach targets. Reach 846 

targets appeared one at a time. Participants performed four consecutive experimental 847 

phases. In the familiarization phase (no-rotation), participants made reaching movements 848 

to seven target directions with cursor feedback. The baseline phase (no-rotation) is the 849 

same as the familiarization phase except cursor feedback was only visible to the trained 850 

direction.  In the training phase (rotation), participants reached to only the trained 851 

direction with rotated cursor feedback. In the generalization phase (rotation), participants 852 

reached to seven target directions.  Cursor feedback was provided only for the trained 853 

direction.  854 

 855 
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Figure 2. Mean performance during the training and generalization phases for the none-856 

none (blue), RSVP-none (orange), RSVP-RSVP (green), and RSVP-sound groups 857 

(purple). Each trial block represents the mean performance from every two trials in the 858 

training phase and seven trials in the generalization phase. A. Reach error during the 859 

training phase.  We measured reach error by calculating the angle between the line that 860 

joined the starting base to the target with the line that joined the position of the cursor at 861 

movement onset to the position of the cursor at peak velocity. B. Reaction time (RT) 862 

during training (left) and generalization (right). RT was defined as the time elapsed from 863 

target appearance to movement onset. C. Movement time (MT) during training (left) and 864 

generalization (right). MT was defined as the time elapsed between movement onset and 865 

movement. Error bars represent SEM.  866 

 867 

Figure 3. Adaptation index of the generalization and Gaussian fits for the none-none 868 

(blue), RSVP-none (orange), RSVP-RSVP (green), and RSVP-sound groups (purple). 869 

The markers represent the mean adaptation index at each target direction. The solid lines 870 

represent the mean predictions of the best fitting Gaussian function for each participant. 871 

The error bars represent SEM. 872 
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