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Abstract

Implicit adaptation operates automatically to ensure that well-learned movements remain exquisitely
calibrated. A long-standing puzzle is how this process is applied when learning a new skill: Prior work has
highlighted that implicit recalibration is inflexible, even when its operation results in maladaptive behavior
given the sensorimotor mapping required for the new skill. Here, we revisited this problem, training
participants for up to a month on a range of tasks with novel mappings, including mirror reversals and
large rotations. Contrary to previous findings, implicit recalibration was flexibly reconfigured after
prolonged training in a manner appropriate for each novel mapping. Training that emphasized
feedforward planning rather than feedback control was sufficient to induce this reconfiguration. Learning
involved reconfiguration of the sensory predictions and error correction policy for the new mapping, and
participants were able to switch between mappings with minimal interference. These results demonstrate
that implicit recalibration is reconfigured during skill acquisition, enabling flexible, context-specific
adaptation.
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Introduction

Humans and animals continuously adjust their motor output based on errors. One important process that
supports this ability is sensorimotor recalibration, which, in an implicit, automatic manner, uses error
information to keep the sensorimotor map exquisitely tuned. While this implicit recalibration system has
been well characterized in simple reaching behavior'™, it remains unclear how this system functions in
motor skills where the relationship between error and the required response to that error is based on a
different sensorimotor map®™!. For example, when the heading of a sailboat drifts slightly to the left of
the desired direction, the tiller is pushed to the left, a correction that is counterintuitive. Some classic
findings imply that the implicit system might be capable of accommodating novel mappings. For example,
Stratton (1896) describes becoming facile in moving about the world after wearing inverting prisms for
eight days'? and the amnesic patient H.M. showed clear day-by-day improvement on mirror-tracing
despite forming no conscious memory of the practice®>.

However, studies using rigorous probes of implicit recalibration have indicated that implicit recalibration
is surprisingly rigid, showing little ability to adjust to novel sensorimotor mappings®”**>. Much of this
work comes from studies using visuomotor adaptation tasks as a model paradigm. When the perturbation
involves a rotation or translation, adaptation entails an adjustment to the sensorimotor map that directly
reflects hand movement, or what we will refer to as a default mapping; for example, adapting to a
counterclockwise (CCW) rotation requires an adjustment of the movement heading in the clockwise (CW)
direction (Fig 1a). In contrast, if the sensorimotor map is mirror-reversed (as with our tiller example), an
adaptive correction to the same CCW rotation would require an adjustment of movement that is also in
the CCW direction (Fig 1b). However, even after one week of training, implicit sensorimotor recalibration
remained grounded in the default mapping®, even though participants could easily select the proper
heading direction to reach to a visual target (i.e., the mirrored location). That is, the automatic response
to an error signal was maladaptive, producing trial-by-trial corrections that were in the wrong direction
for the mirror-reversed environment (Fig 1c). This maladaptive behavior has been replicated across

7,8,11,16,17

several studies , and to date no evidence has shown proper implicit adaptation under mirror

reversal.

We note three issues that qualify the inferences that can be drawn from prior studies on this problem.
First, the training duration may have been insufficient for the implicit system to fully learn the new
mapping. Second, previous studies have generally relied on center-out reaching tasks, a paradigm in which
the workspace is limited®. Third, while these tasks have focused on feedforward control (e.g., trial-to-trial
recalibration of the sensorimotor map), effective recalibration within a new sensorimotor map may
require training in online feedback control, enabling the implicit system to learn how to perform
immediate error correction based on the sensory feedback® 2.

Here we re-examine whether the implicit system can be properly reconfigured for a novel mapping, using
a protocol designed to address these limitations. We recruited participants for a month-long study,
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training them to reach to visual targets in a mirror-reversed environment. We evaluated the operation of
implicit recalibration by probing their response to an additional rotational perturbation that was imposed
on top of the mirror map. To provide a rich training environment for learning the mirror-reversed
mapping, the participants completed three tasks each day: center-out reaching, point-to-point reaching,
and continuous tracing. With this set of tasks, the movements were produced over a large workspace and
would be expected to engage both feedforward and feedback control processes, allowing us to evaluate
the role of online control in reconfiguring the implicit system. Through this design, we sought to provide
a strong test of the purported inflexibility of implicit recalibration: Will it continue to operate on a default
sensorimotor map, and thus, yield maladaptive corrections? Or will it come to operate on a novel
sensorimotor map, and thus be adaptive in support of a newly acquired skill?

Results

Mirror-reversal training

To examine if implicit recalibration can operate in a manner that is optimal for a novel sensorimotor map,
in Exp 1, we trained participants on a variety of mirror-reversal tasks in which we inverted the relationship
between movement and the visual feedback of that movement across the x-axis. In this manner, visual
feedback of the vertical component of the movement was flipped (e.g., downward hand displacement
resulted in upward cursor displacement). Feedback of the horizontal component of the movement was
veridical (e.g., rightward hand displacement resulted in rightward cursor displacement).

Training was conducted over the course of one month (Fig 1h), well beyond the duration of previous
laboratory studies. We used a diverse training schedule in which participants practiced three tasks (Fig
1d—f) each day, designed to promote both feedforward and feedback control (see Methods for details).
To encourage precise, feedforward planning, the center-out reaching task required fast, ballistic
movements, attempting to intersect a target with minimal opportunity for online corrections. To require
demanding online control, the continuous tracing task required participants to continuously adjust their
movements to follow an unpredictably moving dot!%!, The point-to-point reaching task required a series
of discrete movements to points distributed across the workspace. This task was selected as an
intermediate condition, requiring both feedforward planning for the initial movement heading and online
corrections to reach each target. Targets and trajectories across all three tasks were designed to provide
experience across a large portion of the available workspace.
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95 Figure 1. Learning during mirror-reversal training.

96 (a—c) lllustration of error-correction direction in implicit recalibration for different visuomotor mappings.
97 (a) Inthe default map, the default operator calculates error as the difference between the feedback cursor
98 and the aimed hand position (here, the target). The correction is applied in the opposite direction of the
99 error. (b) When the operator is adapted to the mirror map, the error is calculated as the difference
100 between the feedback cursor and the predicted outcome of the mirror operation (target location). The
101 correction is also mirror-reversed and now appropriate for the novel context. (c) When the default
102 operator is applied to the mirror map, the error is also computed as the difference between the feedback
103 cursor and the aimed hand position (mirror location of target), making the correction maladaptive.
104 (d—f) Learning curves for the three training tasks. Dots preceding the curves indicate baseline performance
105 under the default map. (d) Center-out reaching task: Participants sliced through a target appearing at a
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106 random location on an invisible circle. (e) Point-to-point reaching task: Participants reached to a series of
107 targets with a fixed distance between consecutive targets. The next target appeared only after the
108 previous one was reached. (f) Continuous tracing task: Participants traced a continuously moving target
109 for one minute, controlling the position of a feedback circle.

110 (g) Experimental setup. The laptop was positioned at the midline of the body, roughly 50 cm from the
111 body. The mouse pad was positioned to the right of the laptop. With their upper limb resting on the table,
112 the participant held a vertical mouse with a pinch grip.

113  (h) Training procedure in Experiment 1. Each bar represents one day, with the exception of the pre-test
114 assessments which were all performed on day 1. The post-test assessments after week 3 were performed
115 across three consecutive days. The stacked segments show the tasks performed in that session, ordered
116 from top to bottom by the order in which they were performed, with the stack roughly showing the
117 training duration of each task. The training procedure diverged slightly across individuals (see
118 Supplementary Methods). The two clamp types (scenarios 1 and 2) are defined in Fig 2.

119

120 Participants completed a 30-min training block each day over a 3-week training period (Fig 1g—h), with
121  hybrid in-lab and at-home sessions, both using a MacBook. They gradually improved on all three tasks,
122 demonstrating successful learning of the mirror-reversed mapping (Fig 1d—f). Change in performance was
123  measured by fitting a linear mixed-effects model with log-transformed training day as the fixed effect. On
124  center-out reaching, both absolute error (B =-2.3°,z=-5.3, p < 0.001) and reaction time (RT; B = -65 ms,
125 z=-4.0, p<0.001) decreased across training; point-to-point movement time shortened (B = -148 ms, z =
126 -4.0, p < 0.001); and target—hand coherence improved along both the non-perturbed x-axis (B = 0.056, z
127 =2.5, p =0.014) and the mirror-reversed y-axis (B = 0.065, z = 5.5, p < 0.001). However, even at the end
128 of training, performance with the mirror map remained significantly worse than pre-training performance
129  with the default map (all ts > 2.9, ps < 0.02, np? > 0.43, BFy, > 4.0), a map acquired from a lifetime of
130 experience. It remains an open question whether, and when, performance on the mirror map would reach
131 alevel comparable to that observed with the default map.

132 Implicit recalibration is reconfigured after prolonged training of mirror reversal

133 Our primary focus is on the participants’ response to a feedback perturbation under a mirror-reversed
134 mapping. In most motor tasks, feedforward error correction can be carried out by multiple processes
135 including explicit, strategic aiming and implicit sensorimotor recalibration. To measure the operation of
136 implicit recalibration, we used the clamped visual feedback technique (see Methods)>?2. Here the cursor
137 follows a fixed angular trajectory relative to the target, independent of the participant's hand direction.
138 When performed under a default sensorimotor mapping, the heading direction gradually shifts in the
139 direction opposite to the cursor even when participants are instructed to ignore it and believe they are
140 reaching straight to the target (Fig 1a). As such, participants show signatures of implicit recalibration in
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141 this task even though the error remains invariant given the lack of contingency between the hand position
142  and cursor.

143  In a mirror-reversed mapping, the same response following the default mapping could sometimes be
144 maladaptive (Fig 1c), increasing the error on the following trial. To be adaptive in the mirrored context,
145 two core computations would need to be modified (Fig 2a). First, the system would need to generate
146 accurate sensory predictions of an action under the new mapping, predictions that can be compared with
147  the feedback to compute a sensory prediction error (SPE)*?3. Under a mirror reversal, the system would
148 learn to predict that the cursor moves in the mirror-reversed direction of the hand movement; thus, the
149 erroris computed relative to this mirror-reversed location, namely the target location. Second, the system
150 would need to learn the appropriate error correction policy that maps sensory errors to motor

2425 in contrast to the policy under the default mapping where the proper correction is

151 commands
152 opposite the direction of the error, a policy under a mirror-reversed mapping would require that the
153 correction be in the same direction as the error. We refer to the pairing of a sensory prediction and an

154  error-correction policy as an operator.

155 Crossing these two computations yields four possibilities following training. The sensory prediction could
156 be based on either the default or mirror-reversed mapping, and the error correction policy could be based
157 on either the default or mirror-reversed mapping. Importantly, these four possibilities yield unique
158 behavioral predictions in two clamped feedback scenarios. In scenario 1, the clamp is positioned farther
159 from the mirror axis (Fig 2a, upper), while in scenario 2, the clamp is positioned closer to the mirror axis
160 (Fig 2a, lower). If prediction and correction are both based on the default mapping, the adaptive response
161 is the same under both scenarios (Fig 2b, upper-left). However, if implicit recalibration is reconfigured to
162 the mirror environment for both prediction and correction, the adaptive responses will be opposite in
163 scenarios 1 and 2 (Fig 2b, upper-right). It is also possible that implicit recalibration is only reconfigured for
164  either prediction or correction. Should this occur, the adaptive responses will be flipped relative to those
165 predicted for full reconfiguration (Fig 2b, lower). Given the analytic value of the two scenarios, we
166 examined the participants’ response to scenario 1 (n = 12) and a subset in scenario 2 (n = 9), prior to and
167 after extended training in the mirror-reversed environment.

168
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169
170 Figure 2. Implicit recalibration is properly reconfigured after prolonged mirror training.

171 (a) Sensory prediction (purple dashed arrow) and error correction (red arrow) for implicit recalibration
172  under the default and mirror mappings. A default-map operator predicts the cursor moves with the hand,
173 whereas the mirror operator predicts a cursor trajectory reflected across the x-axis. The sensory
174 prediction error (SPE) is the angular difference between the cursor feedback and this prediction (black
175 arrow). The appropriate correction is opposite to the SPE under the default mapping but in the same
176 direction under the mirror mapping. Two scenarios diagnose the operator after training. In scenario 1, the
177 clamp is positioned farther from the mirror axis than the target, so the SPE points the same way under
178 both mappings, but the correction diverges. In scenario 2, the clamp is closer to the axis than the target,
179 so the SPE is opposite for the two mappings, but the correction is the same.

180 (b) Predicted learning functions of implicit recalibration under four models that differ in whether the
181 sensory prediction and motor correction are based on the default or mirror-reversed sensorimotor map.
182 Blue and green traces show model predictions for scenarios 1 and 2, respectively. Panels to the right of
183 the learning function duplicate the illustration in (a), but for each specific prediction-correction mapping
184 combination.

185 (c) Time courses of hand angle during the pre-test probe. The results are consistent with the model in
186 which both the sensory prediction and error correction policy are computed within the default mapping.
187 (d) Time courses of hand angle during the post-test probe after three weeks of training. The results are
188 consistent with the model in which both the sensory prediction and error correction are computed within
189 the mirror mapping (see panel b).
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190 (e—f) Bar graphs of hand angle averaged over the second half of the clamp phase in the pre- and post-test
191 probes. The direction of the error correction reverses in scenario 1 (e) but not in scenario 2 (f), consistent
192  with the model in which both the sensory prediction and error correction are computed within the mirror
193 mapping. *, p < 0.005.

194

195 We observed clear reconfiguration of implicit recalibration after extended mirror-reversal training in Exp
196 1. At baseline, the participants' response to clamped feedback under a mirror reversal matched the
197 simulations in which the system operated on the default map (Fig 2c). However, after prolonged training,
198 the behavior best matched the simulations in which both the predictions and error correction policy were
199 based on a mirror-reversed map (Fig 2d). The consequence of this full reconfiguration is best highlighted
200 inscenario 1, where the predicted direction of the correction is opposite for the default and mirror maps.
201 Here we see a reversal from baseline to post-training in the shift in hand direction due to implicit
202 recalibration, an effect evident in the behavior of each participant (Fig 2e, t(11) = 7.4, p < 0.001, np? =
203  0.83, BFi0 = 1630). Reconfiguration of implicit recalibration emerged slowly over the course of training. At
204 the end of the first week, there was, on average, no change in heading in response to the clamp, and a
205 clear reversal was observed after week 3 (Fig S1).

206 In contrast, under scenario 2, the predicted response direction remains the same if the maps for both
207 prediction and correction have been reconfigured. This prediction matches the data (Fig 2f, t(8) = 1.9, p =
208 0.098, np?=0.31, BFp = 1.1). It should be noted that the magnitude of adaptation in scenario 2 tended to
209 increase after training, likely because the perceived error size changed due to the new predictions (Fig 2a,
210 lower).

211 As an alternative probe of implicit recalibration, we applied hand-contingent perturbations that varied
212 randomly in size and direction from trial to trial. Consistent with the results in response to clamped
213 feedback, trial-by-trial corrections became properly scaled in response to the perturbation under the
214  mirror map after training (Supplementary Results 1, Fig S2). In summary, using both non-contingent and
215 contingent perturbations, Exp 1 provides compelling evidence that implicit recalibration can be
216 reconfigured to operate under a mirror map after extended training. We next asked what specific aspects
217 of training are necessary for this reconfiguration to occur.

218 Training on center-out reaching is sufficient to reconfigure implicit recalibration
219
220 The results of Exp 1 demonstrate that, with sufficient training, implicit recalibration can be reconfigured

221 to correct movement errors in an appropriate manner for a given sensorimotor map. Given that this
222 flexibility is at odds with the results from previous mirror-reversal studies® #1167 Exp 2 was designed to
223 assess which feature or features of our training procedure account for the difference. One possible reason
224  is that our training protocol included tasks that engage online feedback control, a feature largely absent
225 in prior studies in which training was restricted to center-out reaching. It is possible that feedback-based
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226 online corrections may help teach the feedforward system to learn the appropriate error correction
227 policy?®??7 A secondary analysis of the data from Exp 1 revealed that feedback control improved
228 following our extended training. As part of the post-test battery, we included a target-jump task and found
229 that, when the target was displaced mid-reach, participants became more efficient at making rapid, online
230 corrections under the mirror reversal (Supplementary Results 2, Fig S3).

231 To examine the role of feedback-based training, we trained two new groups of participants with a mirror-
232 reversed mapping using different task sets. For one group, the training was limited to center-out reaching
233 (i.e., feedforward-biased training); for the other group, training was limited to continuous tracing (i.e.,
234 feedback-biased training). Participants improved on their respective task across the 7-day training period
235 (Fig 3a). Asin Exp 1, we focused on how the participants responded to clamped feedback under a mirror
236 mapping using the stimulus configurations of scenario 1 since these provide the most discriminative test.

237  While both groups showed that recalibration was based on the default mapping in the pre-test (center-
238 outt(11)=-4.3, p=0.001, np?=0.63, BFo = 35; tracing t(11) =-8.4, p < 0.001, np? = 0.86, BF = 4.5x103),
239 they sharply diverged over the course of training (Fig 3b—c). Surprisingly, we observed a clear
240 reconfiguration of implicit recalibration in the center-out group after just 4 days of training (t(11) =5.0, p
241 < 0.001, np? = 0.70, BFic = 89). This reconfiguration persisted through the end of training (day 7) and
242  reached levels comparable to those observed after three weeks of training from Exp 1 (t(11) = 5.1, p <
243 0.001, np? = 0.71, BFo = 105). In contrast, the response to the perturbation for the continuous tracing
244  group had flattened out by day 4 (t(11) = 0.94, p = 0.37, np? = 0.074, BFi, = 0.42) and remained so on day
245 7 (t(11) = 1.3, p =0.21, np? = 0.14, BFc = 0.59), providing no evidence of appropriate responses for the
246  mirror map. While the participants’ behavior did change compared to the pre-test on day 1, it is unclear
247  if the flattened functions reflect a slow transition to the mirror map, a mixture of mappings, or suppression
248 of the adaptive response.

249  Additional analyses further confirm that the difference in implicit recalibration between training groups
250 is not due to differences in online-control ability (Supplementary Results 3, Fig S4). As such, online control
251 s not required for the emergence of implicit recalibration based on a novel sensorimotor map. Rather,
252 training based on feedforward planning alone appears to be sufficient. It remains puzzling why the degree
253  of reconfiguration of implicit recalibration reported in prior mirror-reversal studies was so much less than
254  what we have observed here as it cannot be attributed to training duration or differences in task set. We
255 return to this issue in the Discussion, pointing to methodological differences that may account for
256 limitations in previous studies.

10
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259 Figure 3. Center-out reaching task is more effective than continuous tracing in reconfiguring implicit
260 recalibration.

261 (a) Learning curves over one week of training for two groups, trained exclusively on either the center-out
262 reaching task (top) or the continuous tracing task (bottom). Both groups improved on their respective task
263  across training days. Linear mixed-effects models revealed significant improvements in reaction time and
264 reach error for the center-out group, and in target—hand coherence along both the non-perturbed (X) and
265 mirror-reversed (Y) axes for the tracing group (all |z| >4, p <0.001).

266 (b) Time course of implicit recalibration measured with clamped feedback in the pre-test (day 1), mid-test
267 (day 4), and post-test (day 7). We only tested the condition in which the clamp is displaced away from the
268 mirror axis since the corrective response will reverse direction to this perturbation if implicit recalibration
269 is based on a mirror-reversed map (see Fig 2a—b, scenario 1). In the pre-test, both groups showed
270 adaptation aligned with the default map. Only the group trained on the center-out task showed a reversal
271 following training.

272 (c) Mean hand angle during the second half of the clamp block for each probe day.

273

274  Flexibly switching between the default and mirror maps

275 Having shown that implicit recalibration can be reconfigured to operate under a novel sensorimotor map,
276  we next asked how this new state would impact performance when the mirror reversal was removed. If
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277 implicit recalibration is tied to a single mapping, then we should observe interference: corrections would
278 initially be maladaptive and require some degree of relearning. Alternatively, it may be that, once learned,
279 implicit recalibration can be flexibly reconfigured to be appropriate for a given mapping, a form of cue-
280 dependent learning.

281 To evaluate these hypotheses, we conducted two tests on the trained participants (n = 12) from Exp 1.
282  After the post-test, participants were tested on a block of trials with the reversal removed (i.e., feedback
283 based on the default map; Fig 1h). Before this test, participants were explicitly told that the mirror
284  manipulation had been turned off and that they should reach directly to the target. Interestingly, they
285 showed typical implicit adaptation, indicating that implicit recalibration was operating on the default map
286 (Fig 4a; t(11) = -6.0, p < 0.001, np? = 0.77, BFic = 317). Thus, extended exposure to a novel sensorimotor
287 map does not lead to an overwrite of a system tuned to the default map but instead builds a new implicit
288 operator, tuned to the mirror-reversed context.

289 The coexistence of two implicit operators raises a further question: can the implicit recalibration system
290 switch between two mappings on a trial-by-trial basis? Prior work has shown that implicit memories can
291 be separated when opposing perturbations are linked to distinct contextual cues, such as visual motion
292  or follow-through movements?®2°, However, when learning is constrained to the implicit system, these
293  effects are typically very small (< 1°)3%31, We therefore conducted a mixed test (a dual-adaptation design),
294  asking whether the sensorimotor map can serve as a contextual cue that separates the operation of
295 implicit recalibration. The same participants from Exp 1 were given an additional week of training in which
296 the default and mirror mappings alternated on a trial-by-trial basis, cued by the background color before
297 each trial. To ensure that movement and aiming directions overlapped across the two mappings, we used
298 target pairs positioned symmetrically about the mirror axis (Fig S5). Critically, we selected clamps that
299 would be expected to drive adaptation in opposite directions under the default and mirror maps (see Fig
300 4b).

301 Participants showed simultaneous adaptation in opposite directions depending on the cue, with a clear
302 separation of the two learning curves (Fig 4c; t(11) = 6.4, p < 0.001, np? = 0.79, BFy, = 502). Thus, the
303 adaptation system was sufficiently flexible to switch on a trial-by-trial basis with minimal interference. To
304 confirm that this separation came from the learned mappings rather than the visual cues alone, a naive
305 group with no mirror training was exposed to the same visual cues, one color associated with a CW
306 rotation and the other color associated with a CCW rotation. These participants showed no separation
307 between the responses to the two cues (Fig 4d; t(11) = -0.54, p = 0.60, np? = 0.026, BFic = 0.33) and the
308 comparison between the trained and naive groups was highly significant (Fig 4d; Welch’s t(16.2) = 8.0, p
309 < 0.001, np? = 0.80, BFyp = 1.3x10°). As such, the results show that once a new mapping is learned,
310 participants can effectively maintain and switch between two operators that require opposing error
311 correction policies. Moreover, this degree of context-dependent flexibility is much greater in magnitude

312 than that observed with other context-dependent implicit measures3®3,
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315 Figure 4. Low interference between mirror and default mappings.
316 (a) Learning curves for the two mappings measured in independent post-test sessions (block test).

317 (b) lllustration of the mixed test assessing trial-by-trial flexibility of implicit recalibration. Four conditions,
318 created by the combination of 2 mappings and 2 targets, were randomly intermixed. The mapping for a
319 given trial was indicated by the background color. The perturbation was selected such that movements
320 with matched motor commands (i & ii; iii & iv) would produce changes in hand angle in opposite directions
321 if implicit recalibration operated on the appropriate map.

322 (c) Time course of reaching direction in the mixed test (left) compared with a naive control group (right),
323 inwhich participants adapted to clamps in opposite directions (CCW/CW) cued by background color under
324  the default mapping. Participants in the mixed test simultaneously adapted in two directions across the
325 two mappings, whereas control participants could not separate the opposite clamps on the basis of
326 background color.

327 (d) Time course of the difference in reaching direction between the two mappings (left) and the bar graph
328 of this difference averaged over the second half of the clamp phase (right), for the block test, mixed test,
329 and control group.

330

331 Implicit recalibration can also be reconfigured for a rotational map

332 The preceding results led us to revisit a well-studied mapping, visuomotor rotation, asking whether a new
333 operator would be learned in this case. Unlike mirror reversals, where the default map leads to a
334 correction in the wrong direction, the change in hand angle to a rotational error is in the appropriate
335 direction. However, various lines of evidence suggest that implicit recalibration saturates in terms of how
336 it can be used to modify the default map, with estimates of the upper bound falling around 20-30°2%3%3%,
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337 Given this limit, learning to compensate for a larger rotation has been hypothesized to require an
338 additional explicit re-aiming component. For example, compensating for a 90° rotation might entail a
339 combination of 20° of implicit recalibration plus an explicit change in aiming of 70°.

340 While this dual-process model is sufficient to compensate for the rotation, relying on aiming strategies
341 can be costly, requiring substantial cognitive effort>*=6. Our mirror-reversal results suggest a solution:
342 prolonged practice with a large rotation could enable the system to construct a new operator that acts
343 directly on the rotated mapping, with implicit recalibration reconfigured to this new map.

344 To examine this idea, participants in Exp 3 were trained on a 90° visuomotor rotation for two weeks using
345 acenter-out reaching task (Fig 5b). Performance, measured in terms of hand angle error or reaction time,
346 improved across the training period (Fig 5c). To probe whether implicit recalibration was reconfigured
347 over the course of training, we applied a clamped perturbation on top of the rotation during pre- and
348 post-test assessments. The predicted direction of implicit recalibration differs depending on whether
349 implicit recalibration is operating on the default map or has been reconfigured to operate on the rotated
350 map (Fig 5a). Critically, the policy for the motor correction to a given error is the same for both mappings—
351 correct the movement in the opposite direction of the error. As such, a reversal in the direction of the
352 correction would mean that there is a change in the sensory prediction.

353  For the pre-training probe, participants were explicitly informed of the rotated mapping and given the
354 appropriate aiming strategy. This allowed them to fully compensate for the rotation within a brief
355 familiarization block (5 trials per target). When the clamped perturbation was superimposed on the 90°
356 rotation, implicit recalibration aligned with the default map (Fig 5d; pre-test vs. 0: t(11) =-4.75, p < 0.001,
357 np?=0.67, BFo = 62), producing corrections that were inappropriate given the rotation (i.e., changes that
358 would increase movement error). However, after two weeks of training, the direction of the responses to
359 the clamped perturbation was reversed, now producing changes in hand angle that were appropriate for
360 a rotated map (Fig 5d; pre-test vs. post-test: t(11) = 5.0, p < 0.001, np? = 0.69, BF,, = 85; post-test vs. 0:
361 t(11) = 2.3, p = 0.041, np? = 0.33, BFp = 1.9). Thus, a new operator had been created, one based on a
362 sensorimotor map that incorporated the rotation, leading implicit recalibration to produce responses
363 appropriate for the error.

364 Given that the error correction policy is the same at pre- and post-training, we assessed if learning the
365 rotated mapping interfered with implicit recalibration under the default mapping in a subset of
366 participants (n = 10). Similar to Exp 1, we removed the 90° rotation and instructed participants to reach
367 directly to the target. When the clamp perturbation was introduced, participants showed a learning curve
368 in the direction appropriate for the default mapping; thus, we found no evidence of interference (Fig 5e;
369 default-map adaptation vs. 0: t(9) = 5.9, p < 0.001, np? = 0.79, BF:o = 140). The similarity of the results for
370 training with either mirror-reversed or large rotations suggests a general principle: implicit recalibration
371 can be reconfigured to operate under novel sensorimotor maps in a flexible manner with minimal
372 interference between configurations.
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376  Figure 5. Implicit recalibration is reconfigured during prolonged training with a visuomotor rotation.
377 (a) Predicted direction of correction to a clamp perturbation imposed on a 90° counterclockwise rotation.
378 Left: Schematic showing that the response of untrained participants is in the same direction as the
379 clamped perturbation, in accord with the hypothesis that the error is defined as the difference between
380 the predicted feedback (expected hand position) and the cursor (default mapping)*>?’. Right: If, with
381 training, the mapping is reconfigured to be based on the rotation, the prediction would now be at the
382 target and the change in hand angle would be in the opposite direction of the clamped perturbation.
383 (b) During training, participants practiced a rotation using targets spanning 115-155°, with the
384 corresponding solutions spanning 25-65°. As shown for one target location, the clamp is positioned 45°
385 CW from the target. All nine trained targets were tested in the post-test, though only the center target is
386 shown here for illustration.

387 (c) Performance improved on measures of reaction time and accuracy over the two-week training period.
388 Linear mixed model: both zs < -8.5, ps < 0.001.

389 (d) Left: Time course of hand angle over trials when clamped feedback was imposed on top of the 90°
390 rotation. At pre-test, implicit recalibration operated on the default map; at post-test, the system operated
391 on the rotational map. Target configurations were slightly different between pre- and post-test (see
392 Methods). The thick bars indicate epochs during which the hand angle differed significantly from zero.
393 Right: Mean hand angle during the overlapping significant period of the pre- and post-test time courses
394 (gray area).

395 (e) Time course of hand angle in response to clamped feedback when the 90° rotation was eliminated and
396 participants were instructed to reach directly to the target. There was no indication of interference in
397 using the default map after the rotational training.

398
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399 Discussion

400 A hallmark of skilled movement is the ability to adjust behavior fluidly in response to unexpected events
401 orchanging conditions'2. This ability is thought to be supported by implicit sensorimotor recalibration, an
402 automatic process that compensates for errors and keeps the sensorimotor map accurate®”'**> Implicit
403 recalibration is well characterized in simple reaching tasks, but it remains uncertain whether it also
404  supports everyday skills in which the mapping between motor commands and their sensory consequences
405 is not always intuitive, such as when backing up a car, trimming a sail, or cutting one’s own hair in the
406 mirror. Whereas our everyday experience suggests that we routinely and effortlessly recalibrate skilled
407 movements, laboratory studies of implicit recalibration have highlighted how this system appears to be
408 remarkably rigid, operating within a fixed, intuitive reference frame that cannot be reconfigured when
409 the mapping changes®?%373° Here, we reconcile this apparent paradox. With prolonged practice on a new
410 mapping, implicit recalibration reversed direction to become appropriate for that mapping, generating
411 context-specific corrections and revealing a flexibility previously thought impossible for this system.

412 The prevailing characterization of implicit recalibration, built largely on center-out reaching, holds that
413 thesystemis encapsulated and insensitive to the learner's explicit knowledge of the task: it corrects errors
414  according to a default operator even when doing so is maladaptive®3”8, Consistent with this view,
415 previous studies have repeatedly found that implicit recalibration under a mirror reversal remains locked
416 to the default mapping and thus generates ‘corrective’ responses that actually increase error, a pattern

417 that persists even after a week of training® 8111617

. This raised the question of whether implicit
418 recalibration can ever be reconfigured for a novel mapping, or whether error correction for these

419 mappings must be supported by some system other than sensorimotor recalibration.

420 Our results mandate a fresh perspective on these questions. We observed a lack of flexibility for implicit
421 recalibration early in training. However, with extended and appropriate practice, implicit recalibration
422 comes to compensate properly for errors under a mirror reversal. We identified the two core
423 computations required to produce mapping-specific responses and found that both were reconfigured.
424 First, the sensory prediction came to anticipate the mirrored consequence of the movement. Second, the
425  error-correction policy came to drive the hand in a direction appropriate for the mirror-reversed
426  environment.

427  Our results also revise a common assumption about the role of online feedback control in skill learning:
428 namely, that online error correction is a key ingredient for the implicit system to learn a new error
429 correction policy. Indeed, when embarking on this project, we thought the absence of training with online
430 feedback might explain why earlier studies failed to find successful reconfiguration of implicit recalibration
431 under a mirror reversal®'®21 But this proved not to be the case. Training on a mirror reversal with center-
432 outreaching alone was sufficient to reverse implicit recalibration. In contrast, training for a similar amount
433  of time with continuous tracing alone resulted in suppression of the maladaptive response but no reversal.
434 We do note that online control became more efficient with practice in both groups (Supplementary
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435 Results 3). Thus, the capacity for online control is not the driver of the reconfiguration of implicit
436 recalibration, and instead appears to reflect the development of a separate skill.

437  Why, then, did earlier studies not observe reconfiguration of implicit recalibration®”-%4°? Our results argue
438 against the most obvious explanations. It is not simply a matter of training duration: a clear reversal
439 emerged after only four days of center-out practice in Exp 2, well within the range of previous multi-day
440 studies®”#°. Nor is it a matter of training variety, as the single, typical center-out task was sufficient.

441 We propose several possible explanations for why the past studies failed to observe the reconfiguration.
442  First, there are substantial methodological differences in how the stimuli were presented and the way the
443 responses were made between the current and previous work. We used a laptop-based system in which
444  a mouse was moved in the horizontal plane and the visual display was vertical. As such, movement space
445 and cursor space were physically dissociated. Under this condition, the mirror map inverts a mapping that
446 is non-veridical yet highly familiar, the one with which we operate a standard mouse. In previous lab-
447  based studies®”>%, the cursor was projected on a horizontal screen and arm movements were made on
448 a table/tablet that was physically aligned with the cursor under the default map. This spatial alignment
449 may promote stronger integration of visual and proprioceptive feedback that is harder to override***2,
450 such that reconfiguring implicit recalibration may require much longer training.

451 Second, the difference may lie in how implicit recalibration was probed. We assayed implicit recalibration
452  inthe current study by imposing an additional perturbation on top of the mirror map. In previous studies,
453  the implicit component was measured from baseline reaches to the target under the mirror reversal®’%,
454  We suspect that this procedure measures how participants adjust their control policy to the mirror
455  environment rather than the operation of implicit recalibration. By applying an additional perturbation in
456 the current experiments, we directly probed implicit recalibration. Third, in some of the previous studies®’,
457  implicit recalibration was inferred by having participants report their aiming direction on each trial. It is
458 possible that emphasizing an explicit aiming strategy may lead the participants to attempt to solve the
459 task through explicit cognitive substitution*®, and that this may interfere with the ability of the implicit
460 system to build a new operator.

461 Notably, the reconfiguration of implicit recalibration was not restricted to mirror reversal but was also
462 observed when the perturbation required responding to a large visuomotor rotation, one that well
463 exceeds the capacity for implicit recalibration!'?2. The reconfiguration to a new mapping associated with
464 the large rotation speaks to another puzzling phenomenon in the adaptation literature. Even when
465 participants are given an explicit aiming strategy to nullify a large rotation, they continue to adapt
466 implicitly during training, with the hand angle gradually drifting away from the target. In essence,

15,37

467 performance deteriorates with practice This maladaptive behavior arises because implicit

468 recalibration remains anchored to the default map even when that mapping is no longer appropriate.
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469 Although we observed exactly this maladaptation in the pre-test, two weeks of training with a large
470 rotation resulted in implicit recalibration becoming reconfigured to the rotated map, correcting errors in
471 an appropriate manner. In this sense, this phenomenon does not reflect a fixed property of the implicit
472  system but a situation in which the explicit and implicit systems do not coordinate in the short term®.,
473  With extended practice, the system constructed a new operator that operates directly on the rotated
474  mapping. As with mirror training, the new operator eliminated the need for the aiming strategy;
475  participants came to aim at the target itself rather than at a rotated surrogate and implicit recalibration

476 generated an appropriate response.

477  Astriking feature of our results is the minimal interference between the mirror and default maps. A color
478 cue was sufficient to allow participants to switch between two operators, revealing that the implicit
479 system can maintain and select amongst parallel, context-specific operators. Similar effects have been
480 observed in many studies in which the sensorimotor map is the same but the direction of the perturbation
481 is reversed for the two cues?®%4 The concept of a neural manifold, the low-dimensional space to

482 describe the activity of neural populations*®*’

, offers one way to conceptualize this flexibility. Implicit
483 recalibration under a default mapping can be viewed as corrections within an existing manifold*. These
484  could be readily achieved without requiring any change in the control policy. In contrast, acquiring a new
485  skill might require the establishment of a new manifold, a process that requires extended training to build

49,50

486 the new operator Once a new manifold is established, the system can again exploit it for fast

487 adaptation, now appropriate to the new mapping.

488 How does the cerebellum, the structure most closely associated with implicit recalibration, fit into this
489 picture? Classic models propose that the cerebellum learns multiple paired forward (predictor) and
490 inverse (operator) models and selects the pair appropriate to the current context through a responsibility
491 signal®**1. On this account, mirror training builds a new forward—inverse pair dedicated to the mirror
492 context while leaving the default pair intact. However, recent work suggests that the cerebellum
493 contributes to the control policy itself, acting as an operator rather than a pure forward-model
494  predictor®°%#>3, On this view, the cerebellum may continue to generate corrections in default coordinates,
495  while the cortex learns the new sensory prediction and re-maps the cerebellar output so that it acts in the
496 correct direction under the new mapping. To distinguish the relative contributions of the cerebellum and
497  cortex, future behavioral or physiological work should examine whether the predictive and corrective
498 components are jointly reconfigured, or whether this process occurs with some degree of independence.
499 Answering these questions will shed light on how the reconfigured map is represented within the
500 sensorimotor hierarchy.

501 For over a century, anecdotal reports have described how the ability to move in complex environments is
502 possible after extended experience with inverted or mirror-reversed vision'2. These reports have sat
503 uneasily with laboratory evidence indicating that implicit recalibration is rigidly bound to a default
504 sensorimotor map®”#1>, Here we resolve this puzzle with clear behavioral evidence that, with sufficient
505 training, implicit recalibration can be rebuilt to serve a new mapping, whether a mirror reversal or a large

18


https://doi.org/10.64898/2026.11.02.763836
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.11.02.763836; this version posted November 3, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC-ND 4.0 International license.

506 rotation, and the resulting operators coexist and can be selected by context. The implicit system, long
507 viewed as the inflexible component of motor learning, is thus reshaped by experience, providing a
508 foundation for skills that depart from the intuitive geometry of the body.

509 Methods

510 Participants

511 Atotal of 77 participants (47 women, age: 23.4 + 4.2 yr) were recruited. All participants were right-handed
512 and possessed normal or corrected-to-normal visual acuity. The participants were financially
513 compensated for their time. The protocol was approved by the Institutional Review Board at the
514  University of California, Berkeley (approval number: 2016-02-8439). Informed consent was obtained from
515 all participants.

516 Apparatus

517 The tasks were administered on participants' personal computers. Experiments were implemented in
518 JavaScript and run in the Google Chrome browser, with data stored in Google Firebase®*. Participants were
519 instructed to sit still. The laptop was placed ~50 cm from the body midline, and a mouse pad was placed
520 to the right of the laptop. For most participants, movements were made using the right hand to move a
521 vertical mouse on the mouse pad; the exception was three participants in Exp 1, who used a digitizing pen
522 on an external tablet. Participants were instructed to replicate this setup at home, which we confirmed
523 over Zoom. A white circular cursor (radius: 0.85% of screen height) provided real-time feedback of hand
524  position. The system enforced a fixed gain, such that cursor displacement was a constant function of hand
525 displacement, independent of movement speed.

526 Behavioral tasks

527 Participants were trained to move under two types of novel mappings. In Exps 1 and 2, we imposed a
528 mirror-reversal mapping in which the vertical position of the feedback cursor was inverted across the
529 horizontal axis. Thus, an upward hand movement produced a downward cursor movement. The horizontal
530 position of the feedback cursor was unchanged. In Exp 3, we imposed a visuomotor rotation mapping in
531 which the position of the feedback cursor was rotated 90° counterclockwise about the start position
532 relative to the actual hand position (contingent feedback).

533 To increase training variability, we used three tasks during the training phase: continuous tracing, point-
534  to-point reaching, and center-out reaching. These were selected to provide training with both online
535 control and feedforward planning. We probed implicit recalibration with two approaches: non-
536 contingent, task-irrelevant error clamps and random, trial-by-trial perturbations of contingent feedback.
537 Toassess the impact of training on online control, we used a target-jump task. Each task is detailed below.
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538 In describing the target position and perturbations in angular coordinates, 0° is defined as pointing east.
539 Positive angles indicate a counterclockwise rotation; negative angles indicate a clockwise rotation.

540 Center-out reaching

541 Center-out reaching emphasizes feedforward planning. Each trial began with the participant positioning
542  the cursor within the starting circle at the center of the screen and maintaining this position for 500 ms.
543  Abluecircle, the target (radius: 1.8% of screen height), appeared at a fixed radial distance of 30% of screen
544  height, with its angular position randomly selected from a uniform distribution of 60 possible locations
545 (0-354°in 6° increments). Each target location was repeated twice in a row to encourage error correction,
546 resulting in 120 trials per day. Participants were instructed to reach to the target as quickly and accurately
547  as possible, slicing through the target before returning to the start location. If movement time (defined as
548 the interval from movement onset to the time when movement amplitude reached the target distance)
549 exceeded 500 ms, the message “Too Slow” was displayed for 500 ms. The perturbed cursor (mirror-
550 reversed or rotated) was presented only during the outward reach. Once the movement amplitude
551 reached the target distance, the target and cursor disappeared and the starting circle reappeared. To aid
552 the participant in finding the center position, the cursor, veridically aligned with hand position,
553 reappeared when the hand was within 5% of screen height from the start position.

554  Continuous tracing

555  Continuous tracing emphasizes online control, and we adopted the exact design from previous work!!, At
556 the start of each trial, participants moved the cursor to the starting circle and maintained this position for
557 500 ms. The target then moved away from the center along a pseudo-random trajectory and participants
558 needed to trace it as precisely as they could. The target followed a two-dimensional path defined as a sum
559 of sinusoids along a given axis at time t: r(t) = Z; [ a; - sin( 2rewi-t + ¢; ) 1. For the x-axis, amplitude (a/pix),
560 frequency (w/min?), and phase (¢) were [100, 100, 100, 50, 50, 30, 30], [7, 16, 34, 49, 67, 91, 121], and
561 [0, m/4, /2, 3n/4, i, 51/4, 31/2], respectively. For the y-axis, these parameters were [100, 100, 50, 50,
562 50, 30, 30], [7, 19, 40, 58, 85, 109, 127], and [0, /3, 21/3, &, 4rt/3, 51/3, 2m]. Parameters were chosen so
563 that larger amplitudes and velocities occurred primarily at lower frequencies (0.1-0.65 Hz), with minimal
564 spectral overlap between axes. Participants were instructed to track the moving target as accurately as
565 possible using the cursor. The target disappeared after 1 minute of tracing, at which point the starting
566 circle reappeared with the participant instructed to return to the starting location to initiate the next trial.
567 Participants completed 5 one-min trials in each training session in Exp 1 and 12 trials in Exp 2.

568 Point-to-point reaching

569 This task was selected as a hybrid of continuous tracing and center-out reaching, requiring both
570 feedforward planning and feedback control. Each trial began with the participant moving the cursor to
571 the start location and maintaining this position for 500 ms. A target (radius: 1% of screen height) then
572 appeared 150 pixels from the start position with its angular position selected at random. The participant
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573 wasinstructed to move the cursor to the target as quickly and accurately as possible, with the requirement
574  that the cursor land on the target. Thus, corrective movements were required if the cursor missed the
575 target. Once the target was intersected, a new target immediately appeared 150 pixels from the previous
576 target with the angular position selected at random. Trials were grouped into cycles of six sequential
577 targets. Once the final target was reached, the start circle reappeared, signaling the start of the next cycle.
578 Each training session included 240 trials (40 cycles).

579 Clamp adaptation task

580 For probes with clamped feedback, we used a variant of center-out reaching’. For this perturbation, the
581 radial position of the cursor tracked the hand, but the angular position followed a fixed angular trajectory
582 relative to the target. Thus, the angular position was independent of the participant's actual movement
583 direction (non-contingent feedback). Participants were informed about the nature of the feedback and
584 instructed to ignore the cursor and reach directly to the target. As shown in many studies with a default
585 sensorimotor map, despite these instructions, participants gradually shift their reach direction in the
586 opposite direction of the clamped feedback. This response is automatic, reflecting the operation of
587 implicit recalibration attempting to nullify the visual error.

588 For each clamp session under mirror reversal, three targets were used. For one set of targets, the locations
589 were 45° 135°, and 180°; for the other set, the locations were 315°, 225°, and 0°. To limit generalization
590 from exposure to the clamps, the two target sets were employed in separate sessions, and participants
591 performed both in pre- and post-test assessments. By varying the direction of the clamped feedback, we
592 created two scenarios (see Fig 2a). Scenario 1 used clamps that would result in responses that would differ
593 indirection if implicit recalibration operated on the default or mirror map. For this scenario, the 45° and
594  225° targets were paired with a 30° clamp, and the 315° and 135° targets with a —=30° clamp. Scenario 2
595 used clamps that would result in responses in the same direction, regardless of whether implicit
596 recalibration operated on the default or mirror map. Here the 45° and 225° targets were paired with a
597 -30° clamp, and the 315° and 135° targets with a 30° clamp. We also included two targets on the mirror
598 axis (180° and 0°) and always associated them with a 30° clamp. However, we do not report the results
599 for these targets as they do not require learning a new map and it is unclear how to define the proper
600 error correction policy. Each clamp session consisted of 5 cycles with contingent feedback (3 targets per
601 cycle), followed by 15 baseline cycles without feedback, 30 cycles with clamped feedback, and 20 cycles
602 without feedback. The first set of no-feedback cycles was included to establish baseline performance, and
603 the last set of no-feedback cycles provided a probe of washout from the clamped feedback.

604 As a pre-training baseline, we measured implicit recalibration under the mirror reversal before extended
605 training. Before this pre-test assessment, we provided explicit instructions to describe the mirror-reversed
606 mapping and provided a verbal aiming strategy (e.g., aim at —-45° to reach a target presented at +45°).
607 Participants then completed a brief training block (5 trials per target) to confirm that they understood the
608 perturbation and could successfully implement an appropriate aiming strategy. We then described the
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609 clamped feedback and instructed participants to ignore the cursor and simply aim their reaches according
610 to the mirror rule. This same procedure for the clamped feedback probe was administered after each
611 week of training.

612 To examine whether implicit recalibration can flexibly switch across mappings, targets were arranged in
613 pairs positioned symmetrically relative to the mirror axis (Fig S5). By using symmetric targets, the same
614 motor command for a given target was shared across the two mappings. For these participants, eight
615 targets were used, forming four mirror-symmetric pairs, all positioned off the mirror axis (112°/248°,
616 116°/244°,124°/236°, and 128°/232°); no target lay on the axis. The relevant mapping on each trial was
617 signified by the background color; a black background indicated the mirror mapping and a gray
618 background the default mapping. Each target appeared in both backgrounds, and the sign of the clamp
619 offset reversed between them. Under the mirror mapping, the clamp was +30° for targets above the
620 mirroraxis(112°,116°,124°,128°) and -15° for targets below it (232°, 236°, 244°, 248°). Under the default
621 mapping, every sign was reversed (Fig 4b). As such, the adapted response would be in opposite directions
622 for the mirror and default maps. Each session began with a block of no-feedback baseline trials (80 trials)
623 followed by a block of clamped-feedback trials (480 trials), and ended with another no-feedback washout
624 (80 trials). Within each block, trial order was randomized in successive cycles of 16 trials (8 targets x 2
625 mappings).

626 Random perturbation

627 We also used a second probe of implicit recalibration, one that involved contingent cursor feedback. For
628 this probe, the cursor was rotated on each trial by a random angle relative to the participant's movement
629 direction®. The direction (CW or CCW) and magnitude of the rotation (+5°, +10°, or +15°) varied randomly
630 across trials. Participants were told that the feedback would change unpredictably and instructed to reach
631 directly to the target, ignoring the feedback (similar to the instructions for the clamped feedback probe).
632 Trials were organized into sets of seven that shared a common target, with a new target used for each
633  set. The first six trials of a set presented each of the six perturbation conditions (+5°, +10°, and £15°) once,
634 in random order; the seventh trial was unperturbed (0°) and provided veridical endpoint feedback. Each
635 participant completed 90 sets (630 trials), with target directions randomly sampled from 0° to 357° in 3°
636 steps.

637 Target-jump task

638 We used a target-jump task to examine how training impacted online control®®. The basic task was similar
639 to the center-out task, with the participant instructed to reach quickly and accurately to a target.
640 Approximately 100 ms after movement onset, the target was shifted to a new location on two-thirds of
641 the trials, displaced by either +30° or -30°. On the other third of the trials, the target position was
642 unchanged; thus, both the presence and direction of the displacement were unpredictable. The trial
643 ended on no-jump trials when the cursor exceeded the target distance. For jump trials, the trial concluded
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644  once the cursor entered a circular zone (radius: 2% of screen height) centered on the new target location.
645 The target appeared at one of six possible locations (0°, +60°, £120°, and 180°). The experiment began
646  with a 36-trial warm-up with contingent online feedback and no target jumps, followed by 270 intermixed
647 trials in which each target was presented 45 times (15 trials each for the +30° jump, —30° jump, and no-
648 jump conditions), with their order randomized in cycles of 18 trials (6 targets x 3 jump types).

649

650 Training procedure

651 Experiment 1: Long-term mirror-reversal training

652 To examine whether implicit recalibration can be reconfigured to a novel sensorimotor map, participants
653 (n = 12) were trained on a mirror-reversal task for approximately one month. We describe the general
654 experimental design here (Fig 1h), although individual participants followed slightly different training
655 schedules (see Supplementary Methods).

656 Prior to training, we obtained baseline measures on the training tasks under a default visuomotor
657 mapping (veridical feedback), as well as assessed pre-training behavior in response to clamped feedback
658 under a mirror-reversed mapping. The latter consisted of two blocks, one with the scenario 1 clamps and
659 one with the scenario 2 clamps.

660 For mirror training, each daily session included 5 continuous tracing trials, 240 point-to-point reaching
661 trials, and 120 center-out reaching trials. These three tasks took approximately 20—-30 minutes to
662 complete. Participants trained for five consecutive days each week. On the sixth day, implicit recalibration
663 was assessed using the clamp adaptation task (scenario 1 only). No testing was performed on the seventh
664 day.

665 During the first three weeks, participants trained exclusively under the mirror-reversal mapping. A clamp
666 test (scenario 1 only) was applied after each of the first two weeks of training, and the complete
667 assessment protocol was administered after week 3 (post-test assessment). This took place over three
668 consecutive days: clamp adaptation using scenarios 1 and 2 (day 1); random perturbation and the target-
669 jump task (day 2); and a clamp test under the default map (day 3) to examine if the original operator was
670 preserved.

671 In the fourth week, we introduced the task-switching manipulation (mixed test) to assess flexibility and
672 context-dependent generalization. Participants completed all three training tasks as before, but the
673 mapping (default or mirrored) was randomly selected on each trial. A clamped feedback probe was
674 administered on days 3 and 6 of this week, with the mapping also randomized with a cycle of 16 trials (see
675 Fig S5a for details). All assessment sessions, and the first training session of weeks 1 and 4, were
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676 conducted in the laboratory under the experimenter’s supervision. The remaining training sessions were
677 completed at home.

678 Two naive control groups were tested for comparison with the training group in Exp 1. The first control
679 group (n = 17) was included to examine untrained performance on the random-perturbation probe.
680 Targets were drawn from only four locations (45°, 135°, 225°, and 315°) to ensure that participants could
681 produce reasonable baseline behavior with only brief training. To familiarize participants with the mirror
682 mapping, the group completed 40 trials with feedback based on the mirror reversal. This was followed by
683 20 no-feedback trials and then a 630-trial block with the random perturbations.

684 The second control group (n = 12) was tested to determine whether a purely visual context cue can, on its
685 own, separate two opposing operators of implicit recalibration. Participants performed movements under
686 the default mapping. We used a target set and trial order matched to the mixed test (see Fig S5b).
687 Importantly, we associated the 15° clamp with a black background and the -15° clamp with a gray
688 background.

689

690 Experiment 2: Feedforward planning versus feedback control

691 Exp 2 was designed to determine which aspect or aspects of the training procedure were critical for
692 inducing the reconfiguration of implicit recalibration observed in Exp 1. Participants were randomly
693  assigned to one of two training groups. One group (n = 12) was only trained in the mirrored environment
694  with the center-out reaching task, performing three 120-trial blocks each day (360 total trials/day). The
695 other group (n = 12) was only trained with the continuous tracing task (12 trials per day, with a 5-min
696 break after the first six trials). Time on task was roughly matched across the two groups, approximately
697 20 minutes per day, and the participants trained for seven consecutive days. Assessments with clamped
698 feedback were administered at pre-test, and after training on days 4 and 7. We only used scenario 1, given
699 that it yields opposite-direction predictions for responses to these clamps under the default and mirror
700 maps.

701 We also assessed generalization across tasks at the end of session 7. The continuous tracing group was
702 tested on the center-out reaching task, and the center-out reaching group was tested on the continuous
703  tracing task. All participants also completed the target-jump task.

704

705  Experiment 3: Visuomotor rotation

706 To examine whether implicit recalibration can also be reconfigured for mappings other than the mirror
707 reversal, we trained a group of participants (n = 12) on a 90° counterclockwise rotation. For a pre-test
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708 assessment, participants performed movements to three targets (135°, 225°, and 315°). They were
709 explicitly informed about the nature of the perturbation and instructed to use an explicit aiming strategy,
710 aiming at 45°, 135°, and 225°, respectively, for the three targets. Participants completed a short practice
711  with rotated feedback (5 trials per target), followed by a no-feedback block (15 trials per target). The
712  clamped feedback probe was then administered with the clamp fixed at -45° for all targets. Pilot testing
713 indicated that generating a rotational operator across the whole workspace (0-360°) was highly
714  challenging. We therefore restricted training to a single quadrant, with targets randomly sampled from
715 115°to 155°in 5° increments.

716  Participants then completed a two-week training phase with the 90° counterclockwise rotation mapping
717 (6 days per week). Post-test assessments were administered after training on days 6 and 12. Targets were
718 again limited to the 9 locations falling within a wedge spanning 115°-155°, with the -45° clamp applied
719 to the selected target location. To compare the pre-test and post-test assessments, we focused on the
720 135° target since this lies within the post-test target range. We ended the post-test assessment session
721  with a -45° clamp task under the default map. Participants were informed that the rotational mapping
722  had been removed and were instructed to reach directly to the target. We applied the same targets and
723  clamp as in the assessment under the rotational map.

724

725 Data analysis

726  All preprocessing and analyses were performed in MATLAB R2024b. For each trial, the cursor position was
727 sampled every frame and converted to polar coordinates (radial distance and angular direction), using the
728 start location as the reference point.

729 For the center-out reaching task, reach error was defined as the angular difference between the hand
730 angle and the target angle, wrapped to the interval [-180°, 180°]. Trials with a movement time longer
731 than 500 ms or an absolute reach error larger than 45° (wrong-way movements) were excluded, after
732  which residual outliers of each measure (values more than 2.5 SD from the median) were removed.
733  Training performance was summarized on the non-perturbed trials by the mean absolute reach error and
734  the mean reaction time within each session. For the point-to-point reaching task, performance was
735 quantified by the movement duration, defined as the sum of the reaction and movement times averaged
736  across the six reaches of the cycle.

737  For the continuous tracing task!?, each 60-s trajectory was reconstructed from the recorded cursor path,
738 resampled onto a uniform grid in time, and transformed with a discrete Fourier transform separately along
739 the horizontal (non-perturbed) and vertical (mirror-reversed) axes. Tracing coherence was quantified, for
740 each axis, as the Pearson correlation between the cursor’s amplitude spectrum and a design vector equal
741 to the target’s stimulus amplitudes at the stimulus frequencies and zero at all other frequencies
742  (horizontal axis: frequencies [7, 16, 34, 49, 67, 91, 121] and amplitudes [100, 100, 100, 50, 50, 30, 30];
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743  vertical axis: frequencies [7, 19, 40, 58, 85, 109, 127] and amplitudes [100, 100, 50, 50, 50, 30, 30],
744  expressed in cycles per 60-s trial). A higher coherence indicates a cursor whose frequency content more
745 closely matches that of the target.

746  For the clamped feedback assessment, we express adaptation in terms of a mirror-appropriate response
747 (i.e., positive values are changes in hand angle that would be appropriate given the observed error). Hand
748 angles were sign-aligned across the targets of a block. The learning function for each participant was
749  baseline-subtracted using the no-feedback cycles that preceded the clamp phase and corrected for slow
750 drift with a separately measured no-clamp baseline. The magnitude of implicit recalibration was
751 summarized as the mean hand angle over the second half of the clamp phase.

752  For random-perturbation blocks33, implicit recalibration was measured as the trial-to-trial change in hand
753 angle 46 = 0,4 - 6, grouped by the perturbation applied on trial n (£5°, £+10°, £15°). The strength of
754  adaptive correction was summarized as the difference between 468 at the positive perturbations (+5°,
755 +10°, +15°) and that at the negative perturbations (-5°, -10°, -15°), with positive values again
756  corresponding to corrections in the mirror-appropriate direction.

757 For the target-jump analysis'®, trajectories were rotated so the original target lay at 0°. Single-trial
758 trajectories were low-pass filtered (fifth-order Butterworth filter, 20-Hz cutoff, 1-kHz sampling rate), then
759 averaged separately for jump-left and jump-right conditions. The correction function was the signed
760 difference in y-position between these two averages, time-locked to movement onset (right—left for the
761  default map; left-right for the mirror map). Latency was estimated in two steps. First, we identified the
762 earliest time (t*) at which |Ay(t)| exceeded an absolute threshold of 10 pixels. Second, we backtracked
763  to the earliest prior sample in which the instantaneous slope | d4y/dt | first exceeded 0.01 pixels/s in
764  the corrective direction. This sample was taken as the onset of the online error correction.

765 Improvement across the training phase was assessed using linear mixed-effects models, with log-
766 transformed training day as a fixed effect (capturing the saturating learning curve) and by-participant
767 random intercepts and slopes. One-sample t-tests were used to test whether a measure differed from
768 zero, and paired-sample t-tests to compare measures between the pre-test and post-test assessments.
769  For independent-samples comparisons, Welch’s t-tests were used when the two samples had unequal
770 variances. For the linear mixed-effects models, we reported the fixed-effect slope (B), z value, and p value;
771 for every t-test, we reported the test statistic, its degrees of freedom, the two-tailed p value, the partial
772  n? effect size, and the Bayes factor in favor of the alternative hypothesis (BF:o). The significance level was
773  set at two-tailed p < 0.05.

774
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899 Supplementary Material

900 Supplementary Methods

901 The twelve Exp 1 participants were tested in three groups, collected at different times as the paradigm
902 wasrefined, and the groups followed somewhat different training schedules. The principal difference was
903 the duration of training. One group (n = 3) trained under the mirror reversal for four weeks (20 daily
904 sessions). The other two groups each trained for three weeks (15 daily sessions) before completing the
905 additional task-switching week (the mixed test). The groups also differed in the clamp used to probe
906 implicit recalibration: one group (n = 4) used a +15° clamp, whereas the other two groups (n = 8) used a
907 30° clamp. All other aspects of the training and assessment protocol were common to the three groups.
908 Because every measure was referenced to each participant’s own pre-training baseline, these scheduling
909 differences do not affect the within-participant comparisons reported in the main text.

910

911 Supplementary Results 1: Implicit recalibration generates trial-by-trial adaptation under mirror reversal

912 We used clamped feedback in our initial demonstration that implicit recalibration can adapt to a novel
913 sensorimotor map following extended training. As a second test, we examined a subset of the Exp 1
914 participants (n = 9) with a set of different perturbations that randomly varied in size and direction from
915 trial to trial. Although the participants had control over cursor position, they were informed that the
916 perturbations were random and instructed not to re-aim since “correcting” for these errors would not
917 improve performance. As shown in previous studies, when perturbations vary randomly from trial to trial,
918 participants do not explicitly re-aim under such conditions whereas implicit recalibration continues to
919 respond automatically from trial to trial®*®>. Importantly, the predicted change in hand angle is quite
920 different depending on whether this system operates on the default map or the mirror map. If implicit
921 recalibration remains anchored to the default map, the SPE, the discrepancy between the hand and cursor
922 positions, would be relatively constant (Fig S2a, left). In principle, this would drive a gradual, accumulated
923  drift away from the target®” (see Fig 2c). By randomizing the direction of the perturbation, we focused on
924  the trial-by-trial corrections, predicting that they would be negligible across perturbation sizes if the
925 implicit recalibration system operates on the default map. In contrast, if the implicit system operates
926 under the mirror map, the SPE will reflect the target error, since the sensory prediction now aligns with
927 the target. As such, the corrections will be correlated in sign and magnitude with the perturbation.

928 The results clearly showed that after extended training, implicit recalibration was responsive to the
929 perturbations, suggesting that it had now become reconfigured to the mirrored sensorimotor map (Fig
930 S2c, t(8) = 8.1, p < 0.001, np? = 0.89, BF,o = 597). The corrections were sign-dependent, shifting in the
931 same direction as the perturbation, a response that would appropriately compensate for the error.
932 Moreover, the magnitude of the response scaled with the size of the perturbation. To confirm that these
933 findings were the result of the prolonged training, we tested a separate naive control group (n = 17) with
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934 the same random perturbations. The single-trial corrections for this control group showed no dependency
935 on the direction or size of the perturbation (t(16) = 1.6, p = 0.14, np? = 0.13, BFc = 0.70), indicating that
936 for these participants, implicit recalibration was based on the default map. A direct comparison of the two
937 groups showed that the magnitude of the average correction was much larger in the trained group than
938 in the untrained group (Fig S2d, Welch’s t(14.2) = 6.0, p < 0.001, np? = 0.72, BFyo = 3.4x10%). The finding
939 that RT was uncorrelated with perturbation size (Fig S2b) is consistent with the hypothesis that the
940 perturbation-scaled correction in the trained group was not due to an explicit re-aiming strategy?®.

941

942 Supplementary Results 2: Online error correction becomes automatized through extended training

943 Beyond generating the correct feedforward command, another hallmark of skilled performance is the
944  ability to rapidly make online adjustments to an ongoing movement. We assessed this ability before and
945  after training with a task in which the target unexpectedly changes position mid-movement (Fig S3a).
946  Approximately 100 ms after movement onset, the target jumped 30° clockwise or counterclockwise, or
947 remained stationary. We administered this probe when the feedback was mirrored in the pre-test and
948 post-test phases of Exp 1, as well as in a baseline condition in which the feedback was veridical (default
949 map).

950 Under the default map, corrective responses were initiated rapidly, with a single lateral shift in the
951 trajectory that started around 200 ms after the target jumped (Fig S3b—c). In the pre-test under the mirror
952 reversal, participants showed a biphasic deviation in the trajectory®. The first response was in the
953 opposite direction of the jump, a maladaptive response for a mirror environment, with a similar onset
954 compared to the response under a default mapping. This early response was then overwritten by a
955 correction in the opposite direction, steering the cursor back toward the target. This replicates the pattern
956 described previously.

957  After extended training in the mirrored environment, this biphasic response collapsed into a single, rapid
958 correction in the appropriate direction. This correction began much earlier than the adaptive, secondary
959 response observed prior to training (t(11) = 3.6, p = 0.004, np? = 0.54, BFo = 12), yet was still slower than
960 the correction to a target jump observed at baseline under the default map (t(11) = 4.9, p < 0.001, np? =
961 0.69, BF = 80). This intermediate latency suggests that the proper correction is initially slow and
962 cognitively mediated but becomes progressively automatized with practice. Together with the implicit-
963 recalibration results, extended mirror training appears to reconfigure both the implicit recalibration
964 system and the online-correction process.

965
966
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967 Supplementary Results 3: Generalization of training on the center-out and tracing tasks

968 To understand the training consequences of continuous tracing and center-out reaching, we compared
969 the two training groups in Exp 2 on three different tasks after training, comparing their performance to
970 that observed in Exp 1 on the first day of training in the mirrored environment.

971 Onthe center-out reaching task, both groups improved substantially relative to the comparison group (Fig
972 S4a), an unsurprising result given that continuous tracing also requires feedforward planning. As
973 expected, the center-out training group performed better at post-test, as evident in throughput, a
974 composite measure accounting for the speed—accuracy trade-off (t(21.2) = 3.0, p = 0.006, np? = 0.31, BFqo
975 =7.7). For the continuous tracing task, the center-out group was markedly poorer on both axes (Y: t(21.8)
976 =4.3, p<0.001, np?=0.47, BFio = 95; X: t(17.7) = 3.0, p = 0.008, np? = 0.33, BF;, = 6.8), indicating that
977 tracing imposes demands not captured by center-out reaching.

978 The critical comparison is the target-jump task, which is performed in a center-out configuration but
979 requires rapid feedback-based correction. We note that the two groups showed similar levels of
980 improvement in terms of correction latency (Fig S4c, d; t(21.8) =0.21, p = 0.84, np? = 0.0020, BF;, = 0.38),
981 with both correcting ~105 ms earlier than the slow response in the pre-test (center-out: t(17.6) =3.5, p =
982 0.003, np?=0.40, BFio = 13; tracing: t(17.9) = 3.1, p = 0.007, np? = 0.34, BFy, = 6.9). Thus, on this measure,
983 center-out training enhanced feedback-based control and learning acquired through tracing transfers to
984 the discrete center-out configuration. Critically, despite this equivalent online-correction ability, the two
985 groups showed distinct patterns of implicit recalibration at post-test. This dissociation indicates that
986 mirror-appropriate online correction is neither required for, nor the driver of, reconfiguration of implicit
987 recalibration.

988
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991 Figure S1. Implicit recalibration is gradually reconfigured during mirror training in Experiment 1.

992 We used the scenario 1 perturbation to probe implicit recalibration after each week. After one week of
993  training, the inappropriate response based on the default map was suppressed. The appropriate response

994  based on the mirrored map became more pronounced over subsequent weeks.
995
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996

997  Figure S2. Implicit recalibration corrects errors in a trial-by-trial manner after prolonged training.

998 (a) Probe operation of implicit recalibration in response to hand-contingent perturbations that vary in size

999 anddirection. The target position was held constant for seven consecutive trials before switching to a new
1000 location. For a given target, each of the six nonzero perturbations (+5°, +10°, or +15°) was applied once in
1001 random order, followed by an unperturbed (0°) trial. The dashed yellow line indicates the unperturbed
1002 cursor trajectory (assuming reach has zero error) and dashed gray lines depict two perturbations (+15°).
1003 Left: if the implicit system operates under the default map, the two perturbations would be perceived as
1004 similar error signals, resulting in similar corrections. Right: if the implicit system operates under the mirror
1005 map, the two perturbations generate error signals with opposite signs and would result in corrections of
1006 opposite directions.

1007 (b) Normalized reaction time as a function of perturbation size on the previous trial. RT did not increase
1008 with perturbation size.

1009 (c) Single-trial error correction as a function of the size of the random perturbation. Left: Predicted
1010 behavior under the default and mirror maps. For the former, the perceived error is relatively constant.
1011  For the mirror map, error correction should be sign-dependent and scale with error size. Right: Error
1012  correction functions in the extended-training group (Exp 1) and the naive control group. The results match
1013 the predictions of the mirror and default mappings, respectively.

1014 (d) Mean error correction per trial. Positive values indicate corrections aligned with the mirror-reversal
1015 mapping.
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1018 Figure S3. Online correction speeds up after mirror training.

1019 (a) Movement trajectories following a target jump under the default and mirror mappings. Trajectories
1020 are grouped by jump direction, with the original target aligned to the x-axis.

1021 (b) Time course of online correction, computed as the difference in y-position between jump-left and
1022 jump-right trajectories. Positive values indicate a correction in the appropriate direction. In the mirror-
1023 reversal pre-test, there was a biphasic pattern composed of an inappropriate initial response followed by
1024 a correction in the proper direction. In the default mapping and the mirror post-test, only a single
1025 correction was observed, one that brought the cursor back toward the target. Arrows mark the detectable
1026  correction onset for each condition.

1027 (c) Correction onsets by condition. The latency of this response (mirror-reversed mapping) remained
1028 slower than that observed at baseline (default mapping) in both pre- and post-test assessments.

1029
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1032  Figure S4. Generalization of learning across tasks in Experiment 2.

1033 (a) Performance on a center-out reaching task for the tracing and center-out training groups on measures
1034 of reaction time, absolute error, and throughput (a composite measure accounting for the speed—

1035 accuracy trade-off).

1036 (b) Performance on a continuous tracing task, quantified as target—hand coherence (see Methods) along
1037 the x-axis (non-perturbed) and y-axis (mirror-reversed).

1038 (c) Lateral deviation of the hand in response to a target jump. (d) Onset latency of this deviation for the

1039 three groups.
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1042  Figure S5. Target configuration for the mixed test.

1041

1043 (a) To ensure that reaching directions largely overlapped between the mirror and default maps, we used
1044 two sets of targets that were symmetric across the mirror axis. Because the control policy may not be
1045 perfect and participants' movement directions may be slightly off from the mirrored target in the mirror
1046 condition, we jittered the targets within a 16° range. The histogram shows that the distributions largely
1047 overlap for baseline reaching directions for the mirror (blue) and default (red) mappings.

1048 (b) As a control task, we trained participants on a dual-adaptation paradigm using CW and CCW rotational
1049 perturbations. The CCW targets were identical to those used in panel a. For the CW condition, we rotated
1050 all targets by 5° to introduce a small mismatch between the mean reaching/aiming directions for CW and
1051 CCW conditions. This was done to compensate for the mismatch between the reaching distributions for
1052 the default and mirrored mapping conditions shown in panel a.
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