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Abstract 36 

When a visually guided reaching movement is unexpectedly perturbed, it is implicitly corrected 37 

in two ways: immediately after the perturbation by feedback control (online correction) and in 38 

the next movement by adjusting feedforward motor commands (offline correction or motor 39 

adaptation). Although recent studies have revealed a close relationship between feedback and 40 

feedforward controls, the nature of this relationship is not yet fully understood. Here, we show 41 

that both implicit online and offline movement corrections utilize the same visuomotor map for 42 

feedforward movement control that transforms the spatial location of visual objects into 43 

appropriate motor commands. First, we artificially distorted the visuomotor map by applying 44 

opposite visual rotations to the cursor representing the hand position while human participants 45 

reached for two different targets. This procedure implicitly altered the visuomotor map so that 46 

changes in the movement direction to the target location were more insensitive or more 47 

sensitive. Then, we examined how such visuomotor map distortion influenced online movement 48 

correction by suddenly changing the target location. The magnitude of online movement 49 

correction was altered according to the shape of the visuomotor map. We also examined offline 50 

movement correction; the aftereffect induced by visual rotation in the previous trial was 51 

modulated according to the shape of the visuomotor map. These results highlighted the 52 

importance of the visuomotor map as a foundation for implicit motor control mechanisms and 53 

the intimate relationship between feedforward control, feedback control, and motor adaptation.  54 

  55 
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Significance statement 56 

Feedforward control of reaching movements relies on a visuomotor map that translates motor 57 

planning, based on the target’s location, into an appropriate movement. However, movements 58 

could be unexpectedly perturbed, indicating that additional mechanisms for movement 59 

corrections are necessary. We hypothesize that the visuomotor map provides the motor system 60 

with the knowledge of how the movement should be corrected during the movement (feedback 61 

control) and in the next movement (motor adaptation). We demonstrate that distorting the 62 

visuomotor map, by a visuomotor adaptation paradigm, alters the magnitudes of both movement 63 

corrections according to the shape of the distortion. Our results show the significance of 64 

visuomotor map and intimate link between feedforward control, feedback control, and motor 65 

adaptation through a visuomotor map.  66 
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Introduction 67 

Our ability to accurately reach toward visual objects is achieved by feedforward 68 

control based on a visuomotor map that transforms the spatial information of a target location 69 

into an appropriate movement (Johnson et al., 1996; Kalaska et al., 1997; Wise et al., 1997; 70 

Pouget and Snyder, 2000). However, feedforward control is not always versatile; the movement 71 

could be perturbed by noise and/or uncertainty within our nervous system and environments 72 

(Harris and Wolpert, 1998; Hamilton et al., 2004; Faisal et al., 2008; Franklin and Wolpert, 73 

2011). Facing such unexpected perturbations, the motor system corrects movements in two 74 

different ways. Consider a laboratory situation in which a participant is making a reaching 75 

movement toward a visual target. When a cursor representing their hand deviates from the target, 76 

the motor system can correct the movement during the movement by feedback control (online 77 

correction) (Diedrichsen, 2007; Diedrichsen et al., 2010; Scott et al., 2015) and in the next trial 78 

by motor adaptation (offline correction) (Shadmehr and Mussa-Ivaldi, 1994; Shadmehr et al., 79 

2010; Wolpert et al., 2011). 80 

Intriguingly, these movement corrections are not necessarily achieved voluntarily 81 

(Goodale et al., 1986; Kagerer et al., 1997; Desmurget et al., 1999; Kasuga et al., 2013). Online 82 

correction during movements begins very rapidly (less than 150 ms) after visual perturbation 83 

(Franklin and Wolpert, 2008; Dimitriou et al., 2013; Reichenbach et al., 2014), much faster than 84 

voluntary movement correction (Day and Lyon 2000; Franklin and Wolpert, 2008; Kobak and 85 

Mehring, 2012). As for offline correction, in the trial immediately after the perturbation, the 86 

movement inevitably deviates in the opposite direction (i.e., aftereffect), even if participants aim 87 

at the target (Wei and Körding, 2009; Kasuga et al., 2013).  88 
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Here, we hypothesized that the visuomotor map for voluntary movement control 89 

could influence the implicit online and offline movement corrections. To test the causal links 90 

between them, we examined how these movement corrections were influenced when the 91 

visuomotor map was artificially distorted. Theoretically, if we can distort the visuomotor map 92 

as shown in Fig. 1B, this should result in reaching movements that are less sensitive to 93 

differences in the target’s direction. Therefore, if both movement corrections refer to the 94 

visuomotor map, both types of movement corrections should also decrease following distortion 95 

of the visuomotor map. On the other hand, if the movement corrections are independent of the 96 

visuomotor map, we should observe the same amount of movement correction, even after the 97 

shape of the visuomotor map has been distorted. We tested this prediction by examining the 98 

rapid online correction when the target location was moved to another place immediately after 99 

the initiation of movement (Fig. 1C) and the offline correction in the trial immediately after the 100 

deviation was imposed on the cursor (Fig. 1D). 101 

 102 

Materials and Methods 103 

Participants 104 

Fifty-four right-handed participants (34 males and 20 females; age 15-52 years old) 105 

with no reported neurological disorders participated after giving informed consent. The entire 106 

protocols were approved by the ethics committee of our university. 107 

 108 
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General task settings 109 

The participants performed reaching movements with their right arm in a horizontal 110 

plane while holding the handle of a robotic manipulandum (KINARM End-point Lab, BKIN 111 

Technologies, Kingston, ON, Canada). Their trunks were fixed to the chair by two belts at right 112 

and left shoulders. Wrist movements were constrained by a brace, and an arm sling was used to 113 

support the upper arm horizontally and maintain a constant posture. A white cursor representing 114 

the handle position (10 mm diameter), a starting circle (14 mm diameter), and a target circle (14 115 

mm diameter) were presented via a mirror placed over the arm, which occluded direct vision of 116 

participants’ own arm. They were instructed to move the cursor from the starting circle toward 117 

the target circle (movement distance: 15 cm). A warning message “fast” or “slow” was 118 

displayed just below the start position if the movement velocity was outside 600-750 mm/s 119 

(Experiment 1 and 3) and 380-450 mm/s (Experiment 2). In Experiment 2, slow movement was 120 

used, so that participants had sufficient time for online movement correction. 121 

Before each trial, the participants moved the cursor into the green start circle. After 1 122 

s holding period, the green circle appeared at target positions. After 1-1.5 s, the target’s color 123 

turned magenta, indicating “go.” Participants were required to move the cursor as accurately as 124 

possible toward the target circle. After the completion of each trial, the KINARM robot 125 

automatically returned the handle to the start position. Participants were asked not to return the 126 

handle by themselves.  127 

 128 
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Procedure for distortion of the visuomotor map 129 

We defined the visuomotor map as the relationship between the target direction and 130 

actual hand movement direction. In ordinary situations, these two directions should be almost 131 

identical, because we can move our hands accurately to targets located anywhere. We attempted 132 

to distort this visuomotor map. In Experiment 1, we confirmed the visuomotor map was altered. 133 

Experiment 2 and 3 examined how online (Experiment 2) and offline (Experiment 3) movement 134 

corrections were influenced by distortion of the visuomotor map. 135 

To distort the visuomotor map, we used the following method. The target was 136 

displayed alternately 30˚ to either the right or left of the straight-ahead position (0˚). When 137 

reaching to the right or left target, rightward or leftward visual rotation around the starting 138 

position was applied to the cursor representing the handle position (Fig. 2A). The amount of 139 

visual rotation was increased gradually from 0˚ to 30˚, at a rate of 0.5˚ a trial (61 trials for each 140 

target) so participants were not aware of the presence of visual rotation. This procedure 141 

implicitly made the movement direction of the handle closer (i.e., inward) even when the 142 

participants aimed at the two different targets. We called the participants who experienced this 143 

training the inward adaptation group. 144 

We also used another type of intervention, in which visual rotations were applied in 145 

the opposite direction (Fig. 2B). Specifically, when reaching to the right or left targets, leftward 146 

or rightward visual rotation around the starting position was applied to the cursor representing 147 

the handle position. These rotations made the movement direction of the hand become more 148 

distant (i.e., outward). We called participants who experienced this training the outward 149 
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adaptation group. If participants noticed the presence of visual rotations, the experiment was 150 

terminated and the data abolished. In total, the data of 4 participants (2 each for Experiment. 2 151 

and 3) were discarded. In the following sections, the data did not contain these participants. 152 

 153 

Experiment 1: Distortion of visuomotor map 154 

 To confirm the visuomotor map was actually distorted by the intervention described 155 

above, we obtained the visuomotor map by having participants (N = 6 for each of inward and 156 

outward adaptation group) reach to targets located at various positions (0°, ±7.5°, ±15°, ±30°, 157 

±45°, and ±60°; 6 trials for each target) without visual feedback (i.e., the cursor was invisible) 158 

before and after the intervention. Before the intervention, participants were asked to reach 159 

toward each target (Fig. 2C), and the cursor became invisible immediately after the color of the 160 

target changed. After the intervention, participants reached alternately to 2 targets located at 161 

±30˚ under 30˚ visual rotation. Probe trials to each target were randomly interleaved (66 probe 162 

trials out of 266 total trials). In the probe trials, the cursor became invisible immediately after 163 

the color of the target changed so that unnecessary visuomotor adaptation did not occur. After 164 

adapting to the inward (or outward) adaptation, we expected that the movement direction would 165 

become less sensitive (or more sensitive) to changes in the target locations.  166 

 167 

Experiment 2: alteration of feedback control 168 
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Sixteen participants were assigned to two groups (N = 8 for each group) according to 169 

the type of distortion of visuomotor map (inward or outward adaptation, see Experiment 1). To 170 

investigate how the intervention influenced online movement correction, we adopted an 171 

experimental paradigm using target jump (Fig. 2D) (Goodale et al., 1986; Desmurget et al., 172 

1999; Day and Lyon 2000; Izawa and Shadmehr, 2008; Gritsenko et al., 2009; Gritsenko and 173 

Kalaska, 2010). As shown in Experiment 1, movement to the central target remained unchanged 174 

after intervention. Thus, we used movement to the central target as probe trials to investigate 175 

online movement correction; More specifically, in probe trials reaching toward the central target, 176 

the target location changed to another location (±30˚, ±15˚, ±7.5˚, 0˚) after the force to the 177 

handle exceeded 1 N when starting reaching movement. The cursor disappeared simultaneously 178 

so that unnecessary adaptation did not occur during online movement correction.  179 

Participants performed 100 reaching movements toward each target located at ±30˚, 180 

in alternate fashion. A reaching movement to the central target was randomly interleaved (100 181 

trials). Thirty trials were performed with visual feedback (i.e., the cursor was visible), and the 182 

remaining 70 trials were probe trials without visual feedback (i.e., target jump trials; 10 trials 183 

for each size of target jump). These procedures were performed before and after intervention.  184 

 185 

Experiment 3: alteration of aftereffect 186 

We investigated how intervention influenced offline movement corrections. 187 

Twenty-two participants were randomly assigned to two groups (N = 11 for each group) 188 
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according to the type of visuomotor map distortion (inward or outward adaptation, see 189 

Experiment 1). As in Experiment 2, we used movement to the central target as probe trials. 190 

Visual rotations (-30˚, 0˚, 30˚) were applied to the cursor when participants reached to the 191 

central target. In the next trial to reach the same central target, we measured the corrected 192 

movement direction in the direction opposite the visual rotation (i.e., aftereffect, Fig. 2E). We 193 

asked the participants to aim at the central target as accurately as possible and not use explicit 194 

strategy (Taylor et al., 2014) to change the movement direction. In perturbed trials, we also 195 

asked participants not to correct during the movement, so that online movement correction did 196 

not influence offline movement correction. 197 

Participants performed 120 reaching movements toward each target located at ±30˚ 198 

positions in alternate fashion. A pair of one visual rotation trial and one probe trial was 199 

randomly interleaved (10 pairs for each of 0˚, +30˚, and -30˚ visual rotations). These procedures 200 

were performed before and after intervention.  201 

 202 

Data Analysis 203 

Data on the kinematics of the handle (position and velocity) and the force on the 204 

handle were sampled at 1000 Hz and filtered with a cutoff frequency of 10 Hz using a 205 

fourth-ordered Butterworth filter. For the analysis of Experiment 1, we obtained the movement 206 

direction by calculating the angle of the line connecting the starting position and handle position 207 

at the peak velocity relative to the forward direction. The rightward and leftward movements 208 

were defined as positive and negative, respectively. 209 
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In the probe trials for Experiment 2, the visual cursor was turned off. To ensure if 210 

online movement corrections were performed appropriately even when visual feedback was not 211 

available, we calculated the angle connecting the starting position with the final handle position 212 

(1000 ms after the target jump) as the movement direction. As we will demonstrate in the 213 

Results section, there was a linear relationship between the target and movement directions. 214 

Therefore, to represent how the participants corrected movement at the end of the trial, we 215 

calculated the slope of the regression line for each participant as an index. This slope was 216 

compared between period (before and after distortion) and group (inward and outward 217 

adaptation) by a 2-way repeated measure analysis of variance (ANOVA) (statistical significance 218 

was delineated at p < 0.05 throughout the study).  219 

To examine the rapid component of online movement correction, we analyzed the 220 

lateral component (i.e., x-component) of force exerted on the handle 170-200 ms after the target 221 

jump. The force output depended on the amount of target jump. Accordingly, we calculated the 222 

force output for each target jump (small, ±7.5˚; medium, ±15˚; large, ±30˚). The force output for 223 

each target jump size was obtained by multiplying the slope of the regression line by the size of 224 

target jump. The calculated force output was compared between target jump sizes (small, 225 

medium, large), groups (inward and outward adaptation) and periods (before and after 226 

distortion) by a 3-way repeated measures ANOVA. 227 

We also considered the influence of other factors, besides the change in the 228 

visuomotor map, on the feedback response. Specifically, we examined for changes in the 229 

kinematics of the movement to the central target that were caused by our visuomotor map 230 
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distortion intervention, as even subtle changes in the kinematics could influence the feedback 231 

response (Franklin et al., 2012). To this end, we evaluated the peak velocity of the handle, as 232 

well as the lateral deviation of the handle at the peak velocity, to examine movement toward the 233 

central target when the cursor was visible (30 trials). Second, we evaluated whether the 234 

intervention caused changes in the cursor’s deviation from the targets. Greater deviations of the 235 

cursor from the targets would give the participants more opportunities to correct the movements 236 

online, which could strengthen the feedback response (Franklin and Wolpert 2008). To evaluate 237 

this, we measured the lateral deviation of the cursor from a straight line connecting the start and 238 

target positions. This was performed for the trials in which the cursor was visible (100 trials 239 

each for the left and right targets, and 30 trials for the central target), and then the root mean 240 

squared value was calculated for each participant. These values were compared between groups 241 

and periods using a 2-way, repeated measures ANOVA. 242 

For the data analysis of Experiment 3, investigating the offline movement correction, 243 

we calculated the aftereffect in the trial after the perturbation (i.e., visual rotation) trial. 244 

According to the force output data for the online movement correction in Experiment 2 (see 245 

Results), the online correction should start approximately 130 ms after movement onset. In 246 

order to remove the influence of the online movement correction, the aftereffect was defined as 247 

the movement direction 120 ms after movement onset. The calculated aftereffect was compared 248 

between periods (before and after distortion) and groups (inward and outward adaptation) using 249 

a 2-way repeated measures ANOVA. We also compared movement error experiences for the 250 
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trial in which the visual rotation was applied in order to confirm participants experienced the 251 

same amount of movement error.  252 

We instructed participants not to correct their movement when the visual rotation 253 

was imposed; however, it is possible for online corrections to be induced implicitly (Goodale et 254 

al., 1986; Desmurget et al., 1999; Day and Lyon 2000). Since online movement corrections are 255 

capable of influencing the offline movement corrections made in the subsequent probe trial 256 

(Kawato and Gomi, 1992), we evaluated how the online corrections for the visual rotation trials 257 

were different between groups (inward and outward groups) and periods (before and after 258 

distortion). To this end, as in Exp. 2, we analyzed the cursor’s direction at 500 ms after 259 

movement onset from the central target direction and the force output for the movement 260 

correction averaged from 170-200 ms after movement onset. A 2-way repeated measures 261 

ANOVA was used to compare these measurements across periods and groups. 262 

 263 

Results 264 

Artificial distortion of the visuomotor map  265 

In Experiment 1, we characterized in what way the visuomotor map was distorted before and 266 

after the respective interventions (inward and outward adaptation groups), before conducting 267 

Experiments 2 and 3. Figure 3A illustrates the trial-dependent change in the movement direction 268 

of the handle for the inward adaptation group (N = 6, rotations shown in Fig. 2A). Before visual 269 

rotation was imposed, the direction of movement was toward the respective target (either 30° to 270 
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the right or left of the straight-ahead position). During the training period, participants in this 271 

group experienced an outward visual rotation, and compensated by directing their hand 272 

movement in the direction opposite to the rotation (inward). Movement direction became closer 273 

to the straight-ahead position as adaptation occurred. Notably, participants were not aware of 274 

the visual rotations, as rotations increased gradually by 0.5˚ per trial. Figure 3B shows the 275 

trial-dependent change in the movement direction of the handle for the outward adaptation 276 

group (N = 6), which received visual rotations in the direction opposite that of the inward 277 

adaptation group (a leftward rotation occurred in trials involving the right target and a rightward 278 

rotation occurred in trials with the left target, as shown in Fig. 2B). In contrast with the inward 279 

adaptation group, participants corrected by directing cursor movement farther away from the 280 

straight-ahead position with increasing trials.  281 

Before and after intervention, we measured the visuomotor map by asking 282 

participants to reach toward targets located at various positions (0, ±7.5˚, ±15˚, ±30˚, ±45˚, 283 

±60˚) without visual feedback from the cursor (Fig. 2C). As illustrated in Fig. 3C, prior to 284 

intervention, movement directions were almost identical to target directions (broken lines). 285 

However, the shape of the visuomotor map was distorted depending on the type of intervention 286 

(Fig. 3C). For the inward adaptation group, the line corresponding to the visuomotor map 287 

became flatter around the central target (0˚, solid blue line), implying a lowered sensitivity to 288 

changes in the target’s direction. Conversely, the line corresponding to the visuomotor map of 289 

the outward adaptation group became steeper, compared to before the intervention (solid red 290 

line), implying that sensitivity increased. Importantly, movement direction toward the central 291 

(0˚) target remained unchanged by both interventions (Fig. 3C), indicating that it was unaffected 292 



 

 15

by distortion of the visuomotor map. Therefore, this paradigm was suitable for use of the 293 

movement to the central target as a probe trial to compare online (Experiment 2) and offline 294 

(Experiment 3) movement corrections, before and after distortion of the visuomotor map. 295 

 296 

Gain alteration of online correction 297 

Experiment 2 was designed to investigate how online movement corrections were influenced by 298 

distortion of the visuomotor map. To this end, we randomly interleaved probe trials in which the 299 

central target suddenly jumped to peripheral locations (±7.5˚, ±15˚, and ±30˚, Fig. 2D) 300 

immediately after movement onset. We compared the online movement corrections induced by 301 

the target jump between trials before and after distortion of the visuomotor map (Fig. 4A,B).  302 

The degree of correction seemed to decrease or increase depending on the type of 303 

distortion each group received. In order to quantify the amount of online movement correction 304 

and ensure if the participants tried to correct the movement properly even when the visual 305 

information of the cursor was absent, we first determined the angle of the handle position 306 

relative to the starting position 1000 ms after the target jump (i.e., final position). Figure 4C 307 

indicates the relationship between target jump angles and resultant final movement angles. 308 

There was a linear relationship between the angles, from which we calculated the slope of the 309 

regression line as an index to quantify the degree of online movement correction. A 2-way 310 

repeated measures ANOVA revealed that there were significant interactions between period 311 

(before and after distortion of visuomotor map) and group (inward and outward adaptation) 312 

(F(1,14) = 94.06, p = 1.36 × 10-7, Fig. 4D). The simple main effect of period (before and after 313 
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visuomotor map distortion) was also significant for both the inward (F(1,14) = 38.76, p = 2.21 × 314 

10-5) and outward (F(1,14) = 56.10, p = 2.92 × 10-6) adaptation groups. Specifically, distortion of 315 

the visuomotor map resulted in diminished online corrections in the inward adaptation group 316 

and exaggerated online corrections in the outward adaptation groups (Fig. 4D).  317 

Next, to see how early movement correction started, we examined the lateral force 318 

exerted on the handle during the online movement correction. Figure 5A and B indicates how 319 

the lateral force output changed with time. The force output for the movement correction 320 

appeared to emerge approximately 130 ms after the target jump. We averaged the force output 321 

between 170–200 ms after the target jump to examine how distortion of the visuomotor map 322 

influenced the force output for rapid online movement correction and grouped the responses for 323 

each of three target jump sizes (small, ±7.5˚: medium, ±15˚: large, ±30˚). Analysis with a 3-way 324 

repeated measures ANOVA (group × target jump size × period) revealed no second-order 325 

interaction (F(2,28) = 0.15, p = 0.859); however, there was a first-order interaction between period 326 

and group (F(1,14) = 9.86, p = 7.24 × 10-3), which indicates that the two types of visuomotor map 327 

distortions differentially altered the force output for a movement correction. Indeed, there was a 328 

simple main effect of period in both the inward (F(1,14) = 4.90, p = 0.044) and outward 329 

adaptation groups (F(1,14) = 4.95, p = 0.043; Fig. 5C). The statistical results were not 330 

substantially different when the data for time windows after 170 ms (e.g., 175-205 ms, 180-210 331 

ms) were analyzed. Thus, the rapid component of lateral force for online movement correction 332 

was decreased (inward adaptation group) and increased (outward adaptation group) depending 333 

on the visuomotor map distortion that each group received. Interestingly, as shown in Fig. 5C, 334 

the corrected force outputs during this time window appeared to increase as the size of the target 335 
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jump became smaller. This is in contrast with a recent study by Franklin et al. (2016), showing 336 

that the corrected force was correlated with the size of the target jump. However, the size of the 337 

target jump in their study was ~7° at maximal, which was much smaller than the target jump in 338 

the present study. Thus, it is possible that the online correction was nonlinearly modulated by 339 

the size of the target jump. Indeed, Haith et al. (2015) reported that reaction time to a target 340 

jump was shorter for a 45° target jump than for target jumps at 90° and 135°. A similar 341 

nonlinear modulation has also been reported in the aftereffect, observed in the trial after the 342 

cursor is displaced (Wei and Kording 2009; Kasuga et al. 2013).  343 

We examined if changes in the online movement correction could be explained by 344 

factors other than distortion of the visuomotor map itself. A 2-way repeated measure ANOVA 345 

applied to the peak velocity of the handle toward the central target indicated that there was no 346 

significant main effect for group (F(1,14) = 0.58, p = 0.46) or period (F(1,14) = 0.15, p = 0.70), and 347 

no significant interaction between them (F(1,14) = 0.26, p = 0.62). The movement trajectories 348 

toward the central target when the visual cursor was available are shown in Fig. 6A,B. While the 349 

trajectories before and after visuomotor map distortion largely overlapped (Fig. 6A,B), a 2-way 350 

repeated measures ANOVA, for deviations in the path of the lateral hand at the peak velocity, 351 

revealed a significant interaction between period (before and after the distortion of the 352 

visuomotor map) and group (inward and outward adaptation) (F(1,14) = 8.251, p = 0.012). There 353 

was a significant simple main effect of period only for the outward group (F(1,14) = 15.64, p = 354 

1.43 × 10-3; Fig. 6C). However, the difference was small (approximately 0.2 cm) and this effect 355 

was not observed in the inward group (F(1,14) = 0.012, p = 0.92).  356 
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We also examined if cursor movement deviated from the straight path to the target 357 

more or less in different groups and periods by calculating the root mean squared values of the 358 

lateral deviation for each participant. A repeated measures 2-way ANOVA revealed that there 359 

was a significant interaction between group and period (F(1,14) = 10.322, p = 6.26 x 10-3), and 360 

there was a simple main effect of period for the inward adaptation group (F(1,14) = 36.07, p = 361 

3.22 x 10-5; Fig. 6D). This indicates that movement accuracy deteriorated in the inward 362 

adaptation group; however, there was no simple main effect of period for the outward 363 

adaptation group (F(1,14) = 2.139, p = 0.17; Fig. 6D). Taken together, the procedure to distort the 364 

visuomotor map did not change the kinematics and/or the movement accuracy sufficiently to 365 

explain the changes observed in the online movement correction. 366 

 367 

Gain alteration of offline correction 368 

Experiment 3 was designed to examine how distortion of the visuomotor map 369 

influenced offline movement correction. To this end, after either intervention, we interleaved 370 

visually perturbed trials (i.e., the cursor was rotated by ±30˚ around the starting position) and 371 

examined the aftereffect observed in the next trial (Fig. 2E). Figure 7 shows the aftereffects for 372 

both groups and for both periods. A 2-way repeated measure ANOVA revealed that there was a 373 

significant interaction between group and period (F(1,20) = 18.54, p = 3.43 × 10-4). Furthermore, 374 

there was a significant simple main effect of period in the inward (F(1,20) = 14.80, p = 1.00 × 375 

10-3) and outward adaptation group (F(1,20) = 5.03, p = 0.037), indicating that the aftereffect was 376 

decreased (inward adaptation group) and increased (outward adaptation group) depending on 377 
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the distortion of visuomotor map. A 2-way repeated measures ANOVA was also applied to the 378 

error that each group received in the visual rotation trials. There was no significant main effect 379 

for group (F(1,20) = 0.48, p = 0.50) or period (F(1,20) = 2.07, p = 0.17), and no significant 380 

interaction between the two (F(1,20) = 1.02, p = 0.33), indicating the amount of sensory 381 

prediction error itself did not differ between groups and between periods. Again, the effects of 382 

group and period on offline movement correction were not explained by differences in the 383 

kinematics of the handle; a 2-way repeated measures ANOVA applied to the peak velocity of 384 

the handle toward the central target indicated that there was no significant main effect for group 385 

(F(1,20) = 1.20, p = 0.29) or period (F(1,20) = 2.42, p = 0.14) and no significant interaction between 386 

them (F(1,20) = 1.72, p = 0.20). 387 

We also examined how participants tried to correct their movement during the visual 388 

rotation trials. Analysis of the handle trajectories indicated that participants tried to minimize 389 

their movement corrections (Fig. 8A, B) in accordance with the instructions. An evaluation of 390 

movement direction, at the end of the movement, indicated that a slight correction was made 391 

(Fig. 8C, D). However, a 2-way repeated measures ANOVA showed that the degree of 392 

correction was not significantly different before and after the intervention (F(1,20) = 0.413, p = 393 

0.53 for the main effect of period; F(1,20) = 3.404, p = 0.08 for the interaction between group and 394 

period). The force output for fast online corrections was also analyzed (Fig. 8E, F). No 395 

significant change in the average of the force output, from 170-200 ms after movement onset, 396 

was observed (F(1,20) = 1.197, p = 0.287 for the main effect of period; F(1,20) = 1.323, p = 0.264 397 

for interactions between group and period by a 2-way repeated measures ANOVA). Thus, the 398 
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procedure to distort the visuomotor map did not change how the participants corrected their 399 

movement during the visual rotation trials. 400 

 401 

Discussion 402 

In order to consistently perform accurate reaching movements, the motor system has 403 

two kinds of mechanisms for movement correction within a trial (online correction) and in the 404 

next trial by motor adaptation (offline correction). Notably, these corrections could be achieved 405 

implicitly, as previously described (Goodale et al., 1986; Kagerer et al., 1997; Desmurget et al., 406 

1999; Kasuga et al., 2013). We hypothesized that the visuomotor map is important for 407 

feedforward control during voluntary movement and plays a pivotal role in teaching the motor 408 

system how the movement should be corrected. 409 

We distorted the shape of the visuomotor map by applying the opposite visual rotations to the 410 

cursor when reaching to 2 targets. After inward visual rotations were imposed when the 411 

participants aimed at two different targets located at ±30˚, the actual movement direction 412 

became closer (Fig. 3A) and the visuomotor map around at 0˚ became flatter (Fig. 3C); the 413 

participant performed almost the same straight-ahead movement even when trying to reach 414 

peripheral targets (inward adaptation group). In contrast, the change in movement direction was 415 

more exaggerated after the participants experienced outward visual rotations (outward 416 

adaptation group) (Fig. 3B,C). Importantly, these procedures did not change the reaching 417 

movement to the central target located at 0˚ (Fig. 3C). Thus, the changes in online and/or offline 418 

movement corrections for movement toward this target can be attributable to the distortion of 419 
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the visuomotor map around 0˚. It should be noted that all participants were unaware of the 420 

presence of visual rotation throughout the experiment, because the degree of visual rotation was 421 

increased so gradually. Adherence to this procedure is critical to distort the visuomotor map 422 

effectively; if visual rotation is imposed abruptly the participants might intentionally aim askew 423 

of the target position, as part of an explicit strategy (Taylor et al., 2014). In contrast, if the 424 

participants happen to adapt to visual rotation by developing a strategy of moving the handle 425 

straight forward to the cursor located ±30°, then the adaptation does not necessarily result from 426 

an alteration of the visuomotor map, but rather from changing their aim.  427 

Consistent with this hypothesis, we found that the degree of online and offline 428 

movement correction was altered according to the shape of the distorted visuomotor map. More 429 

specifically, in the inward (or outward) adaptation group, the degree of correction was reduced 430 

(or increased). These results indicate that the feedback controller and motor adaptation system 431 

refer to the visuomotor map that is used for feedforward control, suggesting a new perspective 432 

on the relation between feedforward control, feedback control, and motor adaptation. 433 

 434 

Factors influencing the feedback response 435 

It is important to note that there are several other factors, besides the visuomotor map, 436 

that could potentially influence the feedback response. First, changes in the kinematics of the 437 

movement to the central target can induce different responses (Franklin et al. 2012). However, 438 

there were no statistically significant differences in the peak velocity of the handle during 439 
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movement toward the central target, when the visual cursor was available, between groups 440 

(inward and outward groups) and periods (before and after interventions). Furthermore, these 441 

trajectories largely overlapped (Fig. 6A,B). The lateral deviation at the peak velocity was 442 

slightly (~0.2 cm) different before and after the intervention in the outward adaptation group; 443 

however, this effect was not observed in the inward group (Fig. 6C). Therefore, differences in 444 

the kinematics of movement to the central target cannot fully explain the changes in the online 445 

movement correction, caused by distortion of the visuomotor map. 446 

Second, the procedure used to distort the visuomotor map could also change the 447 

movement accuracy. For example, if the movements by the outward adaptation group became 448 

more inaccurate after the intervention (i.e., the cursor deviated from the target path more often), 449 

the participants would need to correct their movement more often. Such increased opportunities 450 

to correct movement can change the rapid feedback response. Indeed, Franklin and Wolpert 451 

(2008) reported that the online response to a cursor jump was enhanced after repeated exposure 452 

to cases in which perturbed cursor movement needed to be corrected to reach a target, and could 453 

similarly be suppressed by cases in which the cursor was perturbed but did not need correction. 454 

However, as shown in Fig. 6D, movement accuracy was maintained in the outward adaptation 455 

group, even after intervention. In contrast, accuracy was deteriorated by the intervention in the 456 

inward group (Fig. 6D), suggesting that these participants needed to correct their movement 457 

more often. Nevertheless, the online correction was decreased for the inward adaptation group 458 

(Figs. 4, 5), which opposes the prediction made by Franklin and Wolpert. Taken together, the 459 

changes in the online correction observed in the present study are most likely caused by 460 
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distortion of the visuomotor map, rather than indirectly by changes in the kinematics and/or an 461 

increased opportunity to correct the movement deviations. 462 

 463 

Relationship between feedforward and feedback control 464 

Recent several studies have shown a close link between feedforward and feedback 465 

controls. Wagner and Smith (2008) demonstrated that after reaching movements were adapted 466 

to a velocity-dependent curl force field, the lateral force response to the suddenly imposed 467 

increase/decrease in hand movement also changed. In the visuomotor adaptation domain, Saijo 468 

and Gomi (2010) also reported the change in the feedback gain by adaptation to a visual rotation. 469 

These studies indicate that the feedback correction somehow reflected the acquired feedforward 470 

movement control. However, the muscle activity or movement direction of the hand for the 471 

probe trials differed before and after the motor adaptation, which makes interpretation of the 472 

feedback gain change before and after the adaptation difficult. 473 

To overcome this possible criticism, Cluff and Scott (2013) developed a paradigm in 474 

which the kinematics and muscle activities during probe movement trials remained unchanged 475 

before and after the adaptation. They demonstrated that the long-latency reflex induced by 476 

perturbation to an arm, which might reflect the gain of feedback control, was enhanced after 477 

adaptation to a novel dynamic environment and concluded that the changes in the long-latency 478 

reflex truly resulted from motor adaptation.  479 
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The present study took a similar strategy; the kinematics of the probe trials remained 480 

unchanged before and after distortion of the visuomotor map. Consistent with previous studies 481 

showing the close link between feedforward and feedback controls, our results indicated the 482 

shape of the visuomotor map for feedforward control constrained the online movement 483 

correction (feedback control gain) (Figs. 4, 5). Notably, we demonstrated that the feedback 484 

control gain could be enhanced or reduced according to the distortion of visuomotor map (Figs. 485 

4, 5). The occurrence of both gain facilitation and reduction also indicates that changes in online 486 

movement correction were not merely due to habituation, sensitization, and/or fatigue effects 487 

caused by repetitive exposure to target jumps.  488 

A recent prevailing optimal feedback control theory is a powerful scheme explaining 489 

many phenomena in voluntary movement control (Todorov and Jordan, 2002; Liu and Todorov, 490 

2007; Izawa and Shadmehr, 2008; Nagengast et al., 2009). The optimal feedback control theory 491 

does not explicitly assume the separate presence of feedforward (inverse model) and feedback 492 

controllers. Rather, the controller is assumed to consist of a generic feedback controller with the 493 

help of the forward model and state estimator (Scott, 2004; Shadmehr and Krakauer, 2008). The 494 

results that the feedback and feedforward control were not completely separable are also 495 

consistent with this scheme. 496 

 497 

Offline movement corrections were not influenced by the alteration of online movement 498 

correction in the preceding trial 499 
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When we demonstrated that offline movement corrections were altered by the shape 500 

of the visuomotor map, we assumed that modifications of the offline movement correction 501 

occurred independently. However, if the online movement correction influenced the offline 502 

movement correction, as predicted by feedback-error learning (Kawato and Gomi 1992), then 503 

alterations of the offline movement correction could be partly ascribed to the online movement 504 

correction in the preceding trial.  505 

In order to exclude this possibility, we reduced the online feedback by setting the 506 

movement velocity in Experiment 3 to a faster speed than in Experiment 2. In addition, we 507 

instructed participants not to respond to the visual rotation of the cursor as this could suppress 508 

their response, although the earliest part of the responses remain unchanged by the instruction 509 

(Day and Lyon 2000). In accordance with this, the online corrections were largely suppressed, 510 

as shown in the trajectories (Fig. 8A-D). Although the force outputs for fast online corrections 511 

were still present, we did not observe alterations in the online corrections that were caused by 512 

distortion of the visuomotor map (Fig. 8E, F). That distortion of the visuomotor map did not 513 

result in any modulations to the online corrections appear to be inconsistent with the results of 514 

Experiment 2. However, it is possible that instructing participants “not to respond,” and/or 515 

differences in the characteristics of perturbation (perturbation was suddenly applied or gradually 516 

increased for target jumps or visual rotation, respectively), made the modification ambiguous 517 

and suppressed their response. Regardless, the data clearly indicated that modulation of the 518 

online movement correction did not cause the modulation of the offline movement correction in 519 

the subsequent trial. 520 

 521 
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Influence of shape of visuomotor map on motor adaptation 522 

Recently, the degree of adaptation has been shown to be modulated by a wide variety of factors 523 

including prior experiences of perturbation (Braun et al., 2009; Huang et al., 2011; Kobak and 524 

Mehring, 2012), training schedules (Orban de Xivry and Lefèvre, 2015; Takiyama et al., 2015), 525 

type of visual feedback (Kasuga et al., 2013), delay of visual feedback (Tanaka et al., 2011; 526 

Honda et al., 2012), and reward and/or punishment information (Galea et al., 2015).  527 

Structural learning is a recent influential idea (Braun et al., 2009; Kobak and 528 

Mehring, 2012) in which the motor system comprehends a perturbation structure by 529 

experiencing a randomly changing perturbations. This knowledge increases the adaptation speed 530 

when a constant perturbation is later imposed. In other words, the motor system learns to learn 531 

through experience (Braun et al., 2010). This notion is similar to our study, because our results 532 

indicate that the visuomotor map tells the motor system how the movements should be adapted. 533 

However, their scheme cannot explain our results, because both of our participant groups 534 

experienced the same visual rotations when they reached to the central target. Furthermore, the 535 

inward adaptation group demonstrated a reduction in aftereffect, implying that the adaptation 536 

speed could not necessarily be increased, but could be decreased. Our experimental results thus 537 

indicate a novel aspect of motor adaptation.  538 

It would be also interesting to consider our results from the perspective of model free 539 

learning; Huang et al. (2011) have reported that repeated successful movements to a particular 540 

direction, even after the effect was washed out, made subsequent visuomotor adaptation in this 541 

movement direction significantly faster. Thus, the repetitive movement direction worked as an 542 
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attractor for adaptation. In our inward adaptation group, the forward movements could become 543 

an attractor, because this movement was repeated after the intervention. Thus, the movement to 544 

the central target could hardly escape from the forward movement, which might contribute to 545 

reducing the aftereffect. However, we interpreted that the decrement of aftereffect was likely to 546 

be caused by the distortion of visuomotor map rather than by the repetition of the movements. If 547 

the repetition of the movements was a main factor, it was hard to explain the result in the 548 

outward adaptation group that the aftereffect became greater after the intervention, because the 549 

movement to the central target was not repeated in this group. We assumed that the distortion of 550 

visuomotor map contributed to make the movement to the central target more escapable. 551 

However, future studies are necessary to provide mechanistic or theoretic explanations for how 552 

the repetition of movements could influence motor adaptation by examining the relationship 553 

between our scheme, structural learning, and model free learning. 554 

 555 

Significance of establishing visuomotor map 556 

In our scheme, the motor system cannot correct movement appropriately if a visuomotor map 557 

has not been established. Consider an example in which a player practices by swinging a 558 

baseball bat at a ball thrown in a constant place. Even if the player acquires skill, it does not 559 

directly indicate that she/he will do well in the real situation. Without establishing the 560 

appropriate map between the positions of ball and bat, the player cannot correct the trajectory of 561 

the swing when the ball unexpectedly moves to a different place (e.g., split-fingered fastball). 562 

Furthermore, after the swing is deviated, it cannot be appropriately corrected in the next trial. In 563 
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order to establish the appropriate map, the player might need to practice swinging a bat to a ball 564 

thrown to various places. This idea is similar to the schema theory proposed in the field of 565 

sports psychology (Schmidt, 1975). Recently, Wu et al. (2014) demonstrated that motor 566 

variability enhances the motor learning speed. Greater variability (or greater exploratory 567 

movement) should increase the opportunity of limbs to move toward various locations; it could 568 

be helpful to establish the visuomotor map in the vicinity of the movement.  569 

Taken together, our results demonstrate that both online and offline movement 570 

corrections reflect the shape of the visuomotor map and suggest a close link between 571 

feedforward control, feedback control, and motor adaptation. Motor adaptation modifies the 572 

feedforward controller (i.e., visuomotor map), but our results indicate the influence of motor 573 

adaptation on visuomotor map is not unidirectional, because the shape of the visuomotor map 574 

also influenced motor adaptation. Such bidirectional interaction between the feedforward 575 

controller and motor adaptation reveals novel dynamic aspects of motor learning.  576 

 577 

578 
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 691 

Figure legends 692 

Figure 1. Schematic representation of our hypothesis. The visuomotor map is the relationship 693 

between the target direction and hand movement direction. A, In ordinary situations, these two 694 

directions are almost identical. B, If the map can be distorted (represented by a blue solid line), 695 

a voluntary reaching movement towards 3 targets should always result in the same hand 696 

movement directed to 0˚. Participants cannot voluntarily change the movement direction even if 697 

they try. C, D, We hypothesized that online movement correction to a target jump (C) and 698 

offline movement correction observed after imposing visual rotation (D) also cannot be changed 699 

appropriately. 700 
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 701 

Figure 2. Experimental setup. Participants alternately reached toward one of two targets located 702 

rightward and leftward. A, In inward adaptation group, gradually increasing rightward and 703 

leftward visual rotations were imposed on the cursor when reaching to rightward and leftward 704 

targets, respectively. This procedure would make the handle movements closer to the target. 705 

Participants were not aware of the presence of visual rotation. B, In the outward adaptation 706 

group, the association of target and visual rotation was reversed, making the handle movements 707 

more distant. C, D, E, the participants performed probe trials in order to obtain the visuomotor 708 

map (C), online (D), and offline movement correction (E) in experiment 1, 2, and 3 respectively 709 

(see Methods for detail). 710 

 711 

Figure 3. Distortion of visuomotor map. A, B, The imposed visual rotation (solid lines) and the 712 

movement direction of the hand in the trial for inward (A) and outward adaptation groups (B). 713 

The hand movements became closer (A) and more distant (B) to compensate for gradually 714 

increasing visual rotation. Data are represented by mean ± SD. C, Visuomotor map before 715 

(broken lines) and after distortion (solid lines). The shape of the visuomotor map in the vicinity 716 

of the central target (0˚) was distorted according to the training that each group received. 717 

Notably, movement toward the central target remained unchanged. Error bars represent SD. 718 

 719 
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Figure 4. Online movement correction. A, B, Trajectories of the hand before (broken lines) and 720 

after (solid lines) distortion of the visuomotor map for the inward adaptation group (A) and 721 

outward adaptation group (B). Each color represents the trajectory for a discrete target jump. C, 722 

Online movement correction was evaluated 1000 ms after the onset of target jump before and 723 

after distortion of the visuomotor map. D, The slope of the linear relationship between size of 724 

the target jump and corrected movement direction (C) significantly decreased after distortion in 725 

the inward adaptation group, while it significantly increased in the outward adaptation group. 726 

Error bars indicate SD. 727 

 728 

Figure 5. Rapid component of online movement correction. A, B, The x-component of force 729 

output exerted on the handle before (broken lines) and after (solid lines) distortion of the 730 

visuomotor map for the inward (A) and outward (B) adaptation group. The values shown on the 731 

right side indicate the size of target jump. C, Force output was averaged between 170 and 200 732 

ms after target jump for each size jump (small: dashed-dotted lines, medium: broke lines, large: 733 

solid lines). Error bars indicate SD. 734 

 735 

Figure 6. Kinematics of the movement. A, B, The trajectories of the handle during movement to 736 

the central target (the cursor was visible) before and after intervention for the inward (A) and for 737 

outward (B) adaptation groups are shown. Solid bold lines indicate the averaged trajectory of 738 

participants. Shaded areas indicate SD. Note that the scale for the x-direction is exaggerated. C, 739 

The handle’s x-position during peak velocity was quantified to examine the shape of the 740 
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trajectories. After intervention, the values became significantly smaller by 1.9 mm only for the 741 

outward adaptation group, indicating that the trajectories were slightly curved leftward. D, The 742 

lateral deviation of the cursor’s direction at peak velocity from the target direction (left, central, 743 

and right targets) was quantified by taking the root mean squared value for each participant. 744 

After intervention, the deviation significantly increased only in the inward adaptation group. In 745 

panels C and D, error bards indicate SD.  746 

 747 

Figure 7. Offline movement correction. A, The aftereffect was quantified in the trial 748 

immediately after the perturbation trial (it was evaluated as the movement direction 120 ms 749 

after movement onset). The aftereffect significantly decreased after distortion of the visuomotor 750 

map in the inward adaptation group, while it significantly increased in the outward adaptation 751 

group. B, Visual errors in the perturbation trial (the errors should be 30º) were not significantly 752 

different before and after intervention. Error bars indicate SD. 753 

 754 

Figure 8. Online movement corrections in the perturbation trial in Experiment 3. A, B, The 755 

trajectory of the handle during movement to the central target in the perturbation trials, before 756 

and after the intervention, for the inward (A) and outward (B) adaptation groups is shown. The 757 

dotted circles indicate the corresponding final positions if movements were fully corrected. C, 758 

Online movement correction was evaluated 500 ms after movement onset, before and after 759 

distortion of the visuomotor map. D, The slope of the linear relationship between the size of the 760 
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visual rotation and the corrected movement direction did not change by distorting the 761 

vusuomotor map, for both experimental groups. Error bars indicate SD. E, F, The x-component 762 

of the force output exerted on the handle before (broken lines) and after (solid lines) distortion 763 

of the visuomotor map are shown for the inward (E) and outward (F) adaptation groups from 764 

movement onset.   765 
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