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Abstract

A wide range of motor function declines with aging. Motor adaptation, which occurs when participants
learn to reach accurately to a target despite a perturbation, does not deviate from this rule. There are
currently three major hypotheses that have been put forward to explain this age-related decline in
adaptation: deterioration of internal model recalibration due to age-related cerebellar degeneration,
impairment of the cognitive component of motor adaptation, and deficit in the retention of the
learned movement. In the present study, we systematically investigated these three hypotheses in a
large sample of older women and men. We demonstrate that age-related deficits in motor adaptation
are not due to impaired internal model recalibration or impaired retention of motor memory. Rather,
we found that the cognitive component was reduced in older people. Therefore, our study suggests
the interesting possibility that cerebellar-based mechanisms do not deteriorate with age despite
cerebellar degeneration. In contrast, internal model recalibration appears to compensate for deficits

in the cognitive component of this type of learning.
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1. Introduction

The brains of healthy young adults have the ability to quickly adapt motor behaviors to changes in the
environment, even if these changes are dramatic (Shadmehr et al., 2010). In contrast, the aging brain
is slower to adapt to external perturbations in order to maintain optimal motor performance
(Fernandez-Ruiz et al., 2000; Seidler, 2006, 2007). Three hypotheses have been put forward to account
for this age-related decline in adaptation. Following the widely accepted internal model hypothesis,
deficits in motor adaptation are due to age-related degeneration of the cerebellum (Seidler, 2006,
2007; Boisgontier and Nougier, 2013; Bernard and Seidler, 2014; Boisgontier, 2015; Hulst et al., 2015;
Sugiura, 2016), whose role is crucial for internal model recalibration. Indeed, the cerebellum contains
internal models of the body and of the world and makes predictions by transforming motor commands
in sensory consequences (Wolpert et al., 1998; Imamizu et al., 2000; Shadmehr and Krakauer, 2008;
Shadmehr et al., 2010) and adapting our following movement in order to reduce the sensory prediction
error (Shadmehr and Mussa-lvaldi, 1994; Shadmehr et al., 2010). However, the cerebellum shrinks
with aging (Raz et al., 2005), predominantly in the anterior lobe of the cerebellum, involved in motor
control (Schmahmann, 2018). A second hypothesis (strategy hypothesis) states that recalibration of
the internal model is unimpaired by aging (Bock, 2005; Bock and Girgenrath, 2006; King et al., 2013)
because some signature of internal model function (Shadmehr and Mussa-lvaldi, 1994) was identical
in elderly adults compared to younger adults (Fernandez-Ruiz et al., 2000; Buch et al., 2003; Heuer and
Hegele, 2008, 2014; Hegele and Heuer, 2010; Sombric et al.,, 2017). Moreover, older adults have
difficulties acquiring and using explicit strategies to account for the perturbation (Heuer and Hegele,
2008, 2014; Hegele and Heuer, 2010; Huang et al., 2017). Finally, the third hypothesis (retention
hypothesis) posits that age-related impairments in motor adaptation stem from a deficit in short-term
retention (Bock and Schneider, 2002; Trewartha et al., 2014; Malone and Bastian, 2015), which would

lead to slower and lesser adaptation (Trewartha et al., 2014).

In the absence of a clear consensus about the mechanisms underlying age-related deficits in motor
adaptation, we performed experiments to test each of these hypotheses. To test the internal model
hypothesis, single-trial error-based learning (Marko et al., 2012), which drives internal model
recalibration, was used to quantify sensitivity to error by presenting visual perturbations of different
sizes to participants (Fine and Thoroughman, 2006; Wei and Kording, 2009; Marko et al., 2012; Kasuga
etal., 2013; Kim et al., 2018). According to the internal model hypothesis this sensitivity to error should
be reduced with aging. Internal model recalibration can also be measured via implicit adaptation in a
task-irrelevant clamped feedback task (Morehead et al., 2017). In this task, participants, but not

patients with cerebellar degeneration, implicitly adapt their reaching movement to compensate for
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visual error of constant size (Morehead et al., 2017). According to the internal model hypothesis the

implicit adaptation to clamped visual error of constant size should be reduced for older adults as well.

To test the strategy hypothesis, we measured the explicit (i.e. the strategy, which is under
cognitive/voluntary control) and the implicit components of adaptation (which remains outside the
conscious awareness) (Taylor and Ivry, 2014; Taylor et al., 2014; Haith et al., 2015; McDougle et al.,
2015). To measure these two components, we used a cued adaptation task inspired from Morehead
et al. in which color cues signaled the presence or absence of the perturbation (Morehead et al.,
2015b). The presence or absence of the cues allows participants to switch their strategy on or off
(Morehead et al.,, 2015b). Given that savings, which is the faster relearning of a perturbation, is
restricted to the explicit component of adaptation (Morehead et al., 2015a), the strategy hypothesis

predicts that both the explicit component of adaptation and savings will be impaired in older adults.

Finally, to investigate the retention hypothesis, we introduced one-minute breaks in the motor
adaptation paradigm in order to capture the dynamics of motor adaptation (Sing et al., 2009; Hadjiosif
and Smith, 2013). The retention hypothesis suggests that older adults will forget relatively more than

young adults during one-minute breaks.

2. Materials and methods

2.1. Participants
In total 151 healthy adults were recruited and participated after providing written informed consent.
In the end 143 of the 151 participants were included in the final analyses. These 143 participants
consisted of 72 young adults (between 19 and 36 years old, age: 22.8 + 2.9 years, mean * SD; 45
females) and 71 older adults (between 59 and 76 years old, age: 66.8 + 4.7 years; 35 females). Data of
three young participants were excluded before analysis because their data were not saved or because
they were not sober at the time of the experiment. Data of five older participants were excluded before
analysis because for one the data were not saved properly, one of them did not follow instructions
correctly (did not try to adapt during the first learning block) and three of them did not meet the
inclusion criteria. The Edinburgh handedness questionnaire (Oldfield, 1971) revealed that all
participants were right-handed. All participants were screened with a general health and consumption
habits questionnaire. None of them reported a history of neurological disease or were taking
psychoactive medication, however 21 older adults reported taking vasoactive medication. In older
adults general cognitive functions was assessed using the Mini-Mental State Examination (Folstein et

al., 1975). All elderly scored within normal limits (score = 26) (Heuninckx et al., 2008). The protocol was
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93  approved by the local ethical committee of KU Leuven, Belgium (project number: S58084). Participants

94  were financially compensated for participation (10 €/h).

95 2.2.  Experimental setup

96 Participants were seated in front of a table and were instructed to make center-out, horizontal

97 reaching movements with their right arm on a digitizing tablet (Intuos pro 4; Wacom). The goal of each

98 reaching movement was to slide through a target with a cursor. The targets and cursor were displayed

99 on a 27 inch, 2560 x 1440 optimal pixel resolution LCD monitor with 144 Hz refresh rate (52716DG,
100 Dell), vertically mounted in front of the participant. Age-related declines of motor adaptation are
101 observed in both horizontal (Wolpe et al., 2018) and vertical (Heuer and Hegele, 2008) montages of
102  the monitor. Therefore, it is assumed it does not have a big influence on the age effect. Visual feedback
103  was controlled with the Psychophysics toolbox under Matlab. During the reaching movements the
104  participants held a digitizing pen in their right hand as if they were writing. They were instructed to
105  always touch the surface of the tablet with the tip of this pen and to move their right arm and not only
106  their wrist. A wooden cover above the tablet prevented visual feedback from their moving hand.
107 Movement trajectories were recorded at 144 Hz. For this study, four different visuomotor rotation

108  experiments (Figure 1) were designed to investigate the three different hypotheses.
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110 Figure 1: Investigated experiments. A) Experiment 1 (E1) to assess the explicit and implicit adaptation level with cue-evoked
111 adaptation. A change in cursor color indicates presence or absence of a perturbation. Nine targets (open black circles) were
112 presented during baseline and washout trial. Three targets (filled black circles) were used during learning blocks. This
113 experiment was replicated with small modifications resulting in two versions of the experiment (E1a and E1b). The number of
114 trials of Ela are indicated in the figure, while E1b consisted of a baseline block of 18 trials, a learning block of 81 trials, a first
115 washout of 99 trials, a relearning block of 81 trials and a second washout of 81 trials. B) Experiment 2 (E2) to assess single-
116 trial error-based learning. After 40 baseline trials, participants experienced movement triplets in a random order separated
117 by one or two trials without perturbation. Triplets consisted of a 0 ° error-clamp, one perturbation size and a second 0° error-
118 clamp. In total five possible perturbation sizes were used, both in clockwise or counterclockwise direction (0 °, + 7.13 °, + 14.04
119 ° #20.56 °and * 26.57 °). A 0 ° error-clamp trial sets the participant’s visual cursor feedback to 0 ° error while the actual
120 movement direction of the hand was not necessarily 0 ° error. The change in actual movement direction of the hand reflects
121 the amount the participant learned from the error experienced in the perturbation trial. The total experiment consists of 10
122 blocks in which each rotation magnitude is repeated twice (block 1 and 2 are shown). A single target was used during all trials
123 at 0 ° position (filled black circle). C) Experiment 3 (E3) to assess retention of motor memory with one minute breaks. Nine
124 targets (open black circles) were presented during baseline and last part of the second washout. Three targets (filled black
125 circles) were used during learning blocks, first washout block and first part of the second washout. D) Experiment 4 (E4) to
126 quantify implicit adaptation with task-irrelevant clamped feedback. Nine targets (filled black circles) were used during the
127 baseline, learning and washout blocks.
128 2.3.  Assessing implicit and explicit adaptation (Experiment E1; Ela and E1b)
129 Experiment 1 (E1) was designed to test for both the internal model hypothesis and the strategy
130 hypothesis by assessing implicit and explicit adaptation. It was a visuomotor rotation experiment,
131  adapted from experiment 4 of (Morehead et al., 2015b) with a perturbation magnitude of 40 °. The
132 experiment consisted of a baseline block followed by two pairs of adaptation and washout blocks
133 (Figure 1A). During baseline and washout blocks, we used nine targets spaced 40° apart (from 20° to
134  340°). During adaptation blocks, three targets were used, spaced 120° (60°,180°,300°) (filled black
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135  targets in Figure 1A). About every 80 reaching trials a break of 60 seconds was introduced. The cursor
136  dot remained white the entire baseline and washout blocks. However, during the two adaptation
137  blocks, the cursor became a pink square (i.e. cued trial) instead of a white cursor dot. This cue indicated
138  the presence of a 40° rotation. In each adaptation block, the cursor became again a white cursor dot
139  (i.e. uncued trials) for a few trials, indicating the absence of the perturbation. The instructions were:
140  “First, the cursor will be a white dot, but sometimes the cursor will change to a pink square. At that
141 moment something special will happen but you still have to try to do the same thing, reach to the
142 target with the cursor.” The change in behavior induced by the cue was thus a measure of the explicit
143 component of adaptation as participants could use the cue to switch off any conscious strategies they

144  were applying to counteract the perturbation (Morehead et al., 2015b).

145  Two versions of experiment E1 were performed: Ela and Elb. In Ela, the first 80 trials were baseline
146  trials, the two adaptation blocks were composed of 80 trials, the first washout block was 100 trials long
147 and the final washout block 60 trials. The length of each block was similar to the length of blocks used
148 in Morehead et al., 2015. Targets were presented purely randomly. There were eight uncued trials in
149 each adaptation block. These eight uncued trials were trials 20, 33, 36, 40, 46, 52, 68 and 72 of the two
150 adaptation blocks of 80 trials. In this version of experiment E1, the presence of an uncued trial should
151 be detected by the participants themselves by carefully observing the cursor shape and color. There
152  was no sound or text to indicate the presence of the uncued trials. Finally, in E1a, the target exploded
153  after hitting it with the cursor, i.e. it became bigger and returned back to normal size together with an

154 explosion sound. No maximum waiting time was imposed between trials.

155 In Elb, five aspects of the experimental design were modified. First, the targets were presented
156  pseudo-randomly in cycles during baseline and washout with each of the nine targets presented once
157  per cycle. Before the baseline block, participants performed a short dual-task experiment that
158  consisted of a target reaching task and a cognitive reaction time task, results of the dual-task are
159  beyond the scope of the present paper. The adaptation paradigm consisted of a baseline block of two
160  cycles, a learning block, a first washout of 11 cycles, a relearning block and a second washout of nine
161  cycles. In the learning blocks, 9-trial-cycles consisted of three 3-trial-subcycles because only three
162  targets were used. In each subcycle each of the three targets was presented once. Both learning blocks
163  consisted of 9 cycles (or 27 subcycles or 81 trials). Second, we decided to reinforce the awareness of
164  cue switches (signaling a cued trial among uncued ones or an uncued trial among cued ones) with a
165  warning sound played for each cue switch and with a text that indicated the cue switch, displayed for
166  5s:'Attention! The color of the cursor has changed.' Moreover, instructions were clearer in experiment
167 Elb: “The trials with a white dot are normal reaching trials like in baseline. The trials with a pink square

168  are special trials. The cursor will often change between a white dot and a pink square.” Third, nine


https://doi.org/10.1101/292250
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/292250; this version posted December 20, 2018. 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 aCC-BY-NC-ND 4.0 International license.

169 uncued trial were presented per adaptation block (trials 7, 16, 25, 35, 45, 53, 61, 72 and 81). These
170  uncued trials were equally distributed among the three targets (three uncued trials per target). Fourth,
171 no explosions were used when hitting the target. Fifth, a maximum waiting time of 5s was
172 implemented. If participants waited longer, the next trial was initiated. With these extra changes
173 implemented in E1b, we think a better measure of implicit and explicit adaptation could be obtained

174  in Elb compared to Ela for both young and older adults.

175 2.4.  Assessing single-trial error-based learning (E2)

176 Experiment 2 (E2) was another experiment designed for testing the internal model hypothesis. In E2
177  we assessed error-based learning, therefore we adapted the experiment developed by (Marko et al.,
178  2012) (Figure 1B). Participants experienced first 40 baseline trials with continuous cursor feedback.
179  After these 40 baseline trials, single perturbations could be randomly interspersed throughout the
180  experiment. Perturbations were visual perturbations of different possible angular rotation, i.e. the
181  cursor trajectory is rotated with a given angle with respect to the hand trajectory (Figure 1B). The
182 possible angular rotations were 0 °, £ 7.13 °, £ 14.04 °, £ 20.56 ° and * 26.57 °. These angles are of
183 similar sizes as in (Marko et al., 2012). Each perturbation angle was experienced 10 times by each
184  participant in both the clockwise and the counterclockwise direction. Before and after each
185 perturbation, error-clamped trials were applied. In error-clamp trials the cursor trajectory was
186 constrained to a straight line from the starting location to the target, regardless of the direction of the
187 reaching movement the participant made (Shmuelof et al.,, 2012). Cursor distance matched the
188  distance of the hand from the start circle. At the same time, during these error-clamp trials the real
189  reaching movement and hand angles were being registered. Therefore, these error-clamped trials
190 allowed us to measure the reaction to the specific error-sizes as a change in hand angle. In total, this
191  experiment contained 493 reaching trials. The same reaching target was presented throughout the
192  experiment (Figure 1B). This target was positioned 10 cm above the central starting position (at 0 °
193  direction), away from the body of the participant. About every 80 reaching trials a break of 60 seconds

194 was introduced.

195 2.5.  Assessing stability of motor memory (E3)

196 Experiment 3 (E3) was selected for testing the retention hypothesis by assessing stability of motor
197  memory (Figure 1C). The experiment consisted of 500 trials with a baseline block of 60 trials, two
198  adaptation blocks of 80 trials separated by a washout block of 200 trials and a final washout of 80 trials.
199 Every 30-40 trials a one-minute break was applied (i.e. before trial 10, 50, 70, 100, 130, 160, 200, 240,
200 280, 330, 350, 380, 410 and 440). These one-minute breaks were used to study stability of motor
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201 memory (Hadjiosif and Smith, 2013). They allow us to separate the stable part of the motor memory

202 (remaining motor memory after the break) from the overall part (learning level before the break).

203  Three targets (60°, 180°, 300°) were used during the adaptation blocks, first washout block and first
204 half of second washout block (Figure 1C). During baseline and during the second half of the second
205  washout block nine targets spaced 40° were used. Similarly as in Ela, the target would explode,

206  accompanied with an explosion sound, after hitting it with the cursor.

207 2.6.  Direct measure of implicit adaptation (E4)

208 Experiment 4 (E4) was our third approach for testing the internal model hypothesis. In addition, the
209  breaks during the learning block of E4 allowed to test the retention hypothesis. E4 was adapted from
210 (Morehead et al.,, 2017) and aimed at assessing implicit adaptation independently of the explicit
211 component. In this task, the cursor direction of motion was made completely irrelevant by dissociating
212 it from the hand direction of motion (Figure 1D). That is, in these task-irrelevant clamped feedback
213 trials, participants were instructed to ignore the cursor that is always rotated 40 ° with respect to the
214  target direction and to try to move their hand accurately towards the target in the absence of relevant
215  visual feedback of hand position. Targets were presented in cycles of nine trials with each cycle
216  consisting of the nine targets presented randomly (Figure 1D). In total, the experiment consisted of
217 540 trials or 60 cycles: Baseline consisted of 12 cycles, task-irrelevant clamped feedback trials were
218  presented for 40 cycles and washout consisted of eight cycles. One-minute breaks were given to the
219  participants before trial 100, 200, 300 and 400. In baseline, participants could win points for accuracy.
220 However, during the adaptation block, participants were clearly informed that is was not possible to
221  win extra points, because the cursor could never reach the target during these trials. To keep
222 participants motivated during the adaptation block, the amount of remaining trials was visualized on

223 the monitor.

224 2.7. Organization of the experiments

225 The presented way of the experiments in this paper is different from the chronological way we
226  conducted the experiment. Experiments were organized in three different paradigms. In total 143
227  participants took part in one of three paradigms; each paradigm consisted of two experimental
228  sessions with a break of one week between the two sessions (Table 1). The 41 young (age: 22.4 + 1.8;
229 25 females) and 40 older adults (age: 66.7 £+ 4.9; 17 females) of paradigm 1 and paradigm 2 started
230  with the same experiment on error-based learning (E2) in their first session. The second session, one
231  week after the first one, was different for these participants. In paradigm 1, 20 young (age: 22.2 + 1.6
232 years; 10 females) and 20 older adults (age: 66.6 + 4.9 years; 11 females) performed an experiment for

233 assessing explicit and implicit learning (E1a). In paradigm 2, 21 young (age: 22.5 + 2.1 years; 14 females)
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and 20 older adults (age: 66.7 + 5.0 years; six females) performed an experiment to assess stability of
motor memory (E3). In paradigm 3, 31 young (age: 23.3 £ 3.8 years; 20 females) and 31 older adults
(age: 67.2 + 4.4 years; 18 females) started in session 1 with a short visual-spatial working memory
(WM) task. After this WM task, experiment 1b (E1b) was performed to assess explicit and implicit
adaptation. In session 2, participants started with a neuropsychological test, the Repeatable Battery
for the Assessment of Neuropsychological Status (RBANS), which quantified five cognitive measures:
language, attention and visuospatial abilities, and immediate and delayed memory (Randolph et al.,
1998; Duff et al., 2003). After this test, experiment 4 (E4) was executed to assess implicit learning with

task-irrelevant clamped feedback (Morehead et al., 2017).

Table 1: Chronological order of experiments and design of the three different paradigms. Each paradigm (P) consisted of two
experimental (E) sessions with a break of one week between the two sessions.

Nr. of Nr.of Session 1 Break  Session 2
young older length

participants participants

Experiment Rotation Experiment Rotation

(E) size (°) (E) size (°)
Paradigm 1 20 20 Error-based 0, 7, 14, 1week Explicit and 40
(P1) learning (E2) 21, 27 implicit

learning (Ela)

Paradigm 2 21 20 Error-based 0, 7, 14, 1week Short-term 40
(P2) learning (E2) 21, 27 retention (E3)
Paradigm 3 31 31 WM; Explicit 40 1week RBANS; 40
(P3) and implicit Implicit

(preregistered)

learning (Elb)

learning (E4)

In paradigm 1 and 2, the first session was a visuomotor rotation experiment with single perturbations
in both clockwise and counterclockwise directions (see Table 1 for their amplitude). In all sessions with
a 40° rotation (Ela, Elb, E3 and E4), half of the participants experienced a clockwise perturbation and
the other ones a counter-clockwise perturbation. In paradigm 3, the two sessions consisted of a
visuomotor rotation experiment with perturbation in clockwise (CW) or counterclockwise (CCW)
direction. In this paradigm, a 2x2 design was implemented across the two sessions to counter-balance
rotation direction across groups (repeated rotation: CW-CW or CCW-CCW; non-repeated rotation: CW-

CCW, CCW-CW).
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254 2.8. Preregistration

255 Paradigm 3 was preregistered online: http://aspredicted.org/blind.php?x=3dm6n6. This

256 preregistration included the main hypotheses, the key dependent variables, the amount of

257  participants, the main analyses and secondary analyses investigated with paradigm 3.

258  The main pre-registered analyses tested for significant differences between the two age groups. Three
259  separate ANOVA's were applied to analyze the difference in explicit adaptation level (E1b), implicit
260 adaptation level (E4) and the balance of explicit/implicit adaptation level with age group and rotation

261 direction as between-subject factors.

262 2.9. Additional details of the experiments
263 Each experiment consisted of a series of reaching movements to a single white circular target located
264 10cm away from the central starting position. For each trial, the participant had to rapidly move his or

265 her right hand to move a white cursor through the target.

266  The feedback cursor, which represented hand position (when there was no perturbation) was visible
267 until movement amplitude exceeded 10 cm. At this point, a white square marked the position where
268 movement amplitude reached 10 cm, providing visual feedback about the end point accuracy of the
269  reach. The white square had sides of 1.5 mm for E2 and 5 mm for all other experiments. The cursor
270  position froze at the end of each reaching movement and was visible for 1.5 s in paradigm 1 and 2
271 while it was visible for only 1 s in paradigm 3. All experiments were visuomotor rotation experiments
272 that first started with baseline trials (no perturbation) with normal cursor feedback (i.e. the cursor
273 represents the actual hand position) and continued with perturbation trials where the feedback was
274  either rotated or irrelevant. Before baseline, each participant performed at least nine and maximum
275 90 familiarization trials to make sure that they understood the instructions and that they performed

276  the task correctly.

277  There was a different number of targets used depending on the experiment (see below). In paradigms
278 1 and 2, targets were presented randomly. Therefore, the same target could be repeated several times
279 in consecutive trials. In paradigm 3, targets were presented in pseudo random order. That is, targets
280  were presented in cycles throughout the full experiment and, within each cycle, targets were shown
281 randomly but each target was shown only once per cycle. Therefore, the same target could only be

282 repeated maximum twice in consecutive trials.

283 In E2, the diameters of the starting point and the target were both 6 mm. The cursor dot had a diameter
284 of 1.5 mm and remained white the entire session. In the other experiments, the diameters of the

285 starting point and the target were both 10 mm and the cursor dot had a diameter of 5 mm.
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286  While returning to the central starting position, the cursor disappeared and only a white circle (i.e.
287  return circle) was visible. The radius of the return circle depended on the position of the pen on the
288  tablet, i.e. the radius of the circle was equal to the radial distance between the position of the hand
289  and the starting point. The center of the return circle was the central starting position. To reduce the
290 time for returning to the starting point, the cursor became visible as soon as the hand was within 3 cm
291  from the central starting position. In paradigm 1 and 2, the return circle was a complete circle. In
292 paradigm 3, an arc was used instead of a complete circle. The reach area was divided in three different
293  zones of 120 °. The arc was in the same 120° zone as where the participant’s (invisible) hand was.
294 Participants had to move their hand in the opposite direction of the arcin order to return to the starting
295 location. In the last 3 cm the cursor did not become visible again. The arc allowed participants to return
296  tothe starting position and at the same time prevented the participants from using the visual feedback

297  during the return movement to learn about the perturbation.

298 Participants were instructed to score as many points as possible by hitting the target with the cursor.
299 When hitting the target, the participant received 50 points. When hitting targets correctly on
300 consecutive trials, 10 bonus points were received for every additional trial with a correct hit (e.g. 60
301 points were received the second trial after hitting targets correctly on two consecutive trials, 70 points
302 were received the third trial after hitting targets correctly on three consecutive trials). When reaching
303 in close proximity of the target, the participant received 25 points. In E2, the zone for receiving 25
304  points was an additional 6 mm at both sides of the target. In E2, the zone for receiving 25 points was
305 an additional 5 mm at both sides of the target. The reward for near misses is implemented for keeping
306  participants motivated even when they are not achieving very high accuracies. In E2 and E3 when
307  participants moved too slow, too fast or inaccurate their overall score was reduced with 20 points.

308 Negative overall scores were not possible. In E1 and E4, the overall score could not decrease.

309 To receive points, participants were required to reach the target between 175 and 375ms after
310 movement onset. If the reaching movement was too slow, a low pitch sound was played and the target
311  color switched from white to blue. If the reaching was too fast, a high pitch sound was played and the
312  target color switched from white to red. The cumulative score of all previous trials was displayed

313  throughout the experiment.

314  The experimenter (KV) was present during the entire experiment to motivate the participants to
315 achieve the highest possible score and to make sure that the participant performed the task correctly.
316  The experimenter regularly reported that the participant was performing well, even when the score

317  was below average.
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318  Atthe end of the feedback period, the participant had to move the tip of the pen back to center of the
319 tablet and wait there between 350ms and 850ms (in steps of 50ms) in order to start the next trial. In
320 paradigm 1 and 2, no maximum waiting time existed between the different reaching movements.
321  Therefore, participants could wait, in theory, as long as they wanted to before initiating their reach to
322  the target. In paradigm 3, a maximum waiting time (5 s) was implemented. If participants waited too

323 long, the next trial was initiated.

324 2.10. Cognitive assessment

325 2.10.1. Repeatable battery for the assessment of neuropsychological status (RBANS)

326 Neurocognitive status is quantified with RBANS (Randolph et al., 1998). Index scores were obtained
327 for five domains: Immediate memory, visuospatial/constructional abilities, language, attention and
328  delayed memory. Twelve tests are used to quantify these five domains: List learning and story memory
329 forimmediate memory, figure copy and line orientation for visuospatial, picture naming and semantic
330 fluency for language, digit span and coding for attention and list recall, list recognition, story recall and
331  figure recall for delayed memory. In list learning, participants have to immediately recall a list of ten
332 words over four learning trials. In story memory, participants have to recall a story twice with 12 main
333 items. In figure copy, they have to draw a geometric figure with 10 parts with the right accuracy and
334  placement. Line orientation consists of 10 trials in which participants have to match two lines with a
335 specific orientation to an array of 13 lines. During picture naming, they have to name 10 different
336 items. In semantic fluency, participants are required to give as many items as possible for a semantic
337  category. Digit span probes the amount of numbers a participant can keep in working memory with
338 the amount increasing from two until nine numbers. The coding task requires the participant to
339 transform a code into numbers as fast as possible. Finally, list recall, list recognition, story recall and
340  figure recall tests all test performance on the list learning, story memory and figure drawing after a
341 period of delay (Randolph et al., 1998). The results of these cognitive tests allow to determine whether
342  correlations exist between individuals’ adaptation level and neurocognitive status. These correlations

343  were purely exploratory.

344  RBANS consists of 12 tests to quantify five cognitive measures. In normative populations, the raw test
345  scores decline with aging. Therefore, the raw test scores are first converted to index scores for six age-
346  groups. Each age-group includes a span of 10 years, with the exception of the first age-group, which
347 spans 20 years from age 20y until 39y. The obtained index-scores allow comparison of scores across
348 individuals independently of their age. The sum of all index-scores gives the sum-index, which is an

349  overall measure of cognitive performance (Randolph et al., 1998). RBANS index scores could not be
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350 used for comparison between the two age groups or for correlation analysis because of the age-

351 normalization, raw RBANS test scores were used instead.

352 2.10.2. Visuospatial working memory task

353 A computer-based task was used to quantify visuospatial working memory capacity (WMC). Sixteen
354  white squares (1.9 cm x 1.9 cm) were presented in a circular array (11.2 cm diameter). Three, four, five
355 or six red circles (0.8 cm diameter) were visualized for two seconds in the 16 white squares with each
356 red circle presented randomly in one of the 16 squares. Participants were asked to remember the
357  positions of the presented red circles. After these two seconds, participants fixated on a white cross
358 (0.6 cm x 0.6 cm) for three seconds. Afterwards they were asked to make a button press within three
359 seconds to indicate whether a probed location corresponded to a position that contained a red circle
360 before (McNab and Klingberg, 2008; Christou et al., 2016). After the three seconds for responding,
361 they had to fixate on a small blue cross (0.2 cm x 0.2 cm) for one second. In total, one trial had a fixed
362  time duration of nine seconds. First participants could practice the working memory task with eight
363 trials. After the practice session, each participant had to complete 40 trials. The 40 trials contained

364 three, four, five or six red circles (10 trials/condition) with all conditions randomly mixed.

365 2.11. Data analysis
366  Analyses of paradigm 1 and 2 were performed without preregistration, while analyses of paradigm 3

367 were preregistered. All data and analysis scripts can be found on Open Science Framework

368  (https://osf.io/vncce/ ).

369 2.11.1. General analysis

370  All analyses and statistical calculations were performed in MATLAB 2017b (The MathWorks). For each
371 reaching movement, the hand angle (relative to target angle) was calculated from the first data point
372  exceeding 4 cm distance from the middle of the starting point. The time for reaching 4 cm was on
373 average 172 ms in Ela, 144 ms in Elb, 167 msin E2, 173 ms in E3, 134 ms in E4. The hand angle was
374  the primary dependent variable in all of the experiments. The angular error is the angle the cursor
375  deviated from the target. Angular errors above 60 ° were due to inattentive reaches to previous target
376  directions and were assumed to be outliers. These outliers were removed before processing the data.
377  The statistically significant threshold was set at p<0.05 for the ANOVA’s. We reported effect sizes

378 (partial eta squared: r)f,) as well as F and p-values.

379 2.11.2. Analysis 1: Final adaptation level
380 To assess the final adaptation level of each participant, we averaged the hand angles of the 18 trials of
381  each learning block. These hand angles were first corrected with the average hand angles of the last

382 18 baseline trials before each learning block. Statistical comparison was performed with three separate
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383 2-way ANOVA'’s, one for each experiment. The between-participant factors were the age group (young
384  orold)and the rotation direction (clockwise or counterclockwise). Here, we only report the differences
385  for the learning blocks, the differences in relearning are reported together with the results of explicit

386  adaptation and savings.

387 2.11.3. Analysis 2: Overall adaptation learning rate

388  An exponential function (Eqg. 1) was fit to the angular errors of all the learning blocks of experiments
389 E1 and E3 (Figure 1).

390 y(n) = A-exp(—B-n) (1)

391
392  where n is the trial number in the specific learning block and A and B are two constants. The B-

393 parameter is a quantification of the overall adaptation rate. We expected an increased value of
394 learning rate for young compared to older subjects. The distribution of this parameter under the null
395 hypothesis was obtained by computing all the possible values under resampling (N = 10.000) with
396 random reassignment of the participants in two subgroups (without replacement). The p-value was
397 defined as the portion of the resampled distribution that was more extreme than the observed statistic
398 (Hesterberg et al., 2003). Mean and standard deviation of learning rate were obtained after 10.000

399 bootstraps. This analysis was preregistered as a secondary analysis for E1b.

400 2.11.4. Analysis 3: Implicit adaptation with cued motor adaptation (Ela and Elb)

401  Thefirst adaptation block was corrected for baseline errors by subtracting the average error of the last
402 18 trials of baseline. The second adaptation block was corrected by subtracting the average error of
403  the last 18 trials of washout. We analyzed the data in all the uncued trials that were preceded by a
404  cued trial (eight uncued trials for E1la and nine uncued trials for E1b per learning block). The amount
405  of implicit learning was calculated per learning block as the average of the uncued trials (Morehead et
406  al., 2015b). Two separate 2-way ANOVA's were used, one for the first and one for the second learning
407  block, with the between-subject factors, age and rotation direction, and with the implicit adaptation

408  as dependent variable.

409 2.11.5. Analysis 4: Error-based learning (E2)

410  Hand angles during the error-clamps immediately before and after a trial with an induced error were
411  compared (Figure 1B). Learning was quantified for four different perturbation sizes (7.13 °, 14.04 °,
412 20.56 ° and 26.57°) and two directions (clockwise and counterclockwise) separately. Learning for 0°
413 perturbation was implemented as a control measure. A repeated measures 3-way ANOVA was used

414  with the within-subject factors, perturbation size and the rotation direction (CW and CCW), and the
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415 between-subject factor, age (young and old). The reaction to 0° error size was analyzed with a separate

416  unpaired 2-sided t-test to make the comparison between young and old.

417 In the error-based learning experiment (E2), single errors were introduced (induced errors) to the
418 participants (Figure 1B). However, on such perturbation trials participants could still make errors
419 themselves. This creates experienced errors which are slightly different from induced errors.
420  Therefore, the previous analysis was repeated with the actual errors instead of the induced errors. To
421 see more details about the error correction, we chose to double the amount of bins compared to the
422  original amount of induced error sizes. This resulted in eight bin sizes from 0° until 26.57°. Thereafter,
423  arepeated measures 2-way ANOVA was used with the within-subject factor, the experienced error
424  size bin (0° to 3.57°,3.57°t0 7.13 °, 7.13 ° t0 10.70°, 10.70° to 14.04 °, 14.04 to 17.61°, 17.61° to 20.56
425  °,20.56 °to24.13 °, 24.13 ° to 26.57 °) and the between-subject factor, age (young and old).

426 2.11.6. Analysis 5: Implicit adaptation with task-irrelevant clamped feedback (E4)

427  The amount of implicit learning was the average of the last 10 cycles of the learning block. The
428 adaptation block was first corrected for baseline errors by subtracting the average error of the two last
429 baseline cycles (18 trials). A 3-way ANOVA was used for analysis with the between-subject factors, age,
430 rotation and congruency (preregistered as a primary analysis). We could verify whether congruent
431 perturbation directions in two sessions influenced the adaptation level. Congruency defines whether

432  the perturbations in the two sessions of paradigm 3 (E1b and E4) were in the same direction or not.

433 Finally, the rate of implicit adaptation was compared between young and older adults. Therefore, we
434  fitted an exponential function (Eq. 1) to the baseline-corrected adaptation block (360 trials) and
435 performed 10.000 resamplings as described in analysis 2 (preregistered as secondary analysis). Mean

436  and standard deviation of learning rate were obtained after 10.000 bootstraps.

437  Additionally, Pearson correlations between implicit adaptation from the cued motor adaptation
438  experiment and the implicit component from the task-irrelevant clamped feedback were calculated
439  (Figure 3-1) (preregistered as secondary analysis for E1b and E4). Correlations were determined for the
440  combination of the same and opposite rotation directions, only the same rotation directions and only
441 opposite rotation directions across two sessions. This resulted in six correlations which were corrected

442  for multiple testing with false discovery rate (FDR) (Benjamini and Hochberg, 1995).

443 In addition to correlation analysis, a robust linear regression (robustfit in Matlab) was performed in
444  order to verify that correlations were not influenced by between group differences in these variables.
445  Task-irrelevant implicit adaptation (Y) was estimated using a linear combination of implicit adaptation
446  from E1b (X), a binary age vector (G) and the interaction of X and G in the regression equation with

447  intercept A and regression coefficients (B,C,D):
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448 Y=A+B:-X+C-G+D-X:G

449  Standardized beta coefficients could be obtained instead of regression coefficients when first

450  converting variables X and Y to z-scores and afterwards applying linear regression.

451 2.11.7. Analysis 6: Explicit adaptation (Ela and E1b)

452 Baseline subtraction of the two learning blocks was the same as in analysis 5. The amount of explicit
453 learning was calculated by subtracting hand direction in the uncued trials (see analysis 3) from the
454  cued trials immediately preceding those (Morehead et al., 2015b). Two separate 2-way ANOVA's were
455 used to analyze the first and second learning block with the explicit adaptation level as the dependent
456  variable and with the between-subject factors, age and rotation. The 2-way ANOVA to analyze the first
457 learning block of experiment E1b was preregistered as a primary analysis. To analyze savings of explicit
458 adaptation, a 3-way ANOVA was used with the amount of explicit learning as the dependent variable,

459  the within-subject factor, the learning block, and the between-subject factors, age and rotation.

460 2.11.8. Analysis 7: Cue-evoked savings (Ela and E1b)

461 In addition, cue-evoked savings was calculated as the difference in baseline-subtracted hand angles in
462  the first trial of the relearning block compared to the first trial of the learning block (Morehead et al.,
463 2015b). A 2-way ANOVA was used for analysis with the between-subject factors, age and rotation

464 direction, and the dependent variable, cue-evoked savings.

465 2.11.9. Analysis 8: Balance explicit/implicit adaptation (E1b and E4)

466  The balance of explicit/implicit adaptation is calculated as the amount of explicit adaptation as
467  calculated in analysis 6 divided by the amount of implicit adaptation as specified in analysis 5. A 4-way
468  ANOVA was used with the explicit/implicit adaptation balance as the dependent variable, with age,
469  rotation and congruency as between-subject factors and with learning block as within-subject factor.
470  This balance calculation is highly impacted by the variability of implicit adaptation in the denominator,
471  which induces high variability. However, it was specified in the preregistration as a primary analysis for

472 E1lb and therefore we added the results in Figure 5-1.

473 2.11.10. Analysis 9: Correlation analysis between adaptation components (Ela and Elb)
474  We calculated the correlations between different measures of the adaptation process (overall, explicit
475 and implicit adaptation) for participants from experiments Ela and Elb with Pearson correlation
476 coefficients. Because these three measures of adaptation are not fully independent when computed
477 on the same learning period, we correlated measures from the learning and relearning periods. Robust
478 outlier removal was performed according to Pernet et al (Pernet et al., 2013). The correlation analysis

479  between the explicit and implicit adaptation was preregistered as a secondary analysis for E1b.
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480 In addition to correlation analysis, a robust linear regression (robustfit in Matlab) was performed in

481  order to partial out the effect of age group on the correlations as explained in Analysis 5.

482 2.11.11.  Analysis 10: Working memory capacity (WMC)

483  The computer-based working memory task allows to determine WMC with the K-value, estimating the
484 number of items that can be stored in WM (Vogel et al., 2005), calculated as K = S(H-F) using three to
485  six items. This is similar to the original experiment (Vogel et al., 2005) but differs from what previous
486  adaptation studies (Christou et al., 2016) have used where the K-value (i.e. K56) was obtained from
487  the trials with five and six items only. We chose to measure WMC with all items because it was not
488 possible to replicate the correlation between WMC and explicit adaptation for young participants as
489 mentioned in (Christou et al., 2016) with the WMC measure with only five and six items. This
490 correlation with WMC measured with all items and overall adaptation was also significant in the study
491 of Christou (personal communication from Dr. Galea). Two separate 1-way ANOVA’s with between-
492 subject factor, age, were executed to assess age differences for the K and K56 values (preregistered as

493  asecondary analysis for E1b and E4).

494 2.11.12. Analysis 11: Neuropsychological status

495 For each of the 12 individual cognitive RBANS tests each participant receives a score. A repeated
496  measures 2-way ANOVA was executed with between-subject factor, age, and 12 repeated measures,
497  one for each RBANS raw test score. This analysis was preregistered as a secondary analysis for E1b and

498  E4.

499 2.11.13. Analysis 12: Correlation analysis with cognitive measures

500 Spearman correlation analyses were performed between individual’s explicit adaptation levels (E1b)
501 andthe K-value, and between individual’s explicit adaptation levels (E1b) and the RBANS cognitive raw
502  test scores. Outlier removal proceeded according to analysis 9. This analysis was preregistered as a

503  secondary analysis for E1b and E4.

504  The two working memory capacities (K and K56) were related to two explicit adaptation components
505  which resulted in four correlations. In the correlation analysis, we corrected for multiple comparisons

506 by calculating the adjusted p-values with FDR.

507 Five cognitive measures (figure copy, digit span, coding total, figure recall and line orientation) were
508 related to two explicit adaptation components which resulted in 10 correlations. In the correlation
509 analysis, we corrected for multiple testing by calculating the adjusted p-values with FDR. In

510  preregistration, the RBANS correlation analysis also mentioned correlations with immediate and
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511 delayed memory index scores. However, these correlations are only given in supplementary Figure 5-

512 1 because it made no sense to use age-normalized index scores.

513 In addition to correlation analysis, a robust linear regression (robustfit in Matlab) was performed in

514  order to partial out the effect of age group on the correlations as explained in Analysis 5.

515 2.11.14. Analysis 13: Short-term relative retention of motor memory

516 Retention of motor adaptation was quantified with a visuomotor rotation experiment (E3) with three
517  breaks of one minute in each learning block. The stable components of adaptation (xs¢4p1e) are the
518 hand angles after the breaks in the two learning blocks (Trials 11, 41 and 71 after the onset of
519  perturbation). To estimate the level of overall adaptation before the breaks, we averaged the level of
520  adaptation of one bin (10 trials) before the breaks (x,yerqi;, cOMputed for trials 1-10, 31-40 and 61-70
521 after the onset of perturbation). The stable components were expressed as percentages of the overall

522 components of motor adaptation. This percentage indicates the relative retention of motor memory

523  with the formula: Retention (%) = ~stable 2)

Xoverall

524  Asthree breaks were present in each adaptation block, six values for relative retention were calculated
525  for each participant. A repeated measures 4-way ANOVA was used with between-subject factors, age
526 and rotation direction, and with within-subject factors, the two learning blocks and the three breaks
527  in each learning block. The dependent variable was the retention of motor adaptation.

528

529 In addition, the relative retention (%) of motor adaptation was quantified for the task-irrelevant
530 clamped feedback experiment (E4) with formula (2). Three breaks were applied in the adaptation block
531  of experiment E4 (trial 200, 300 and 400). The overall (X,yerqu;) and stable (xstqp1e) COMponents of
532  adaptation were calculated for each of these three breaks by averaging the hand angles of one
533  complete cycle of nine targets, respectively before and after the breaks. Given that the trials
534  immediately before and after the breaks were not directed to the same target, we selected a complete
535  cycle before and after the break. A repeated measures 3-way ANOVA was used with between-subject
536  factors, age and rotation direction, and with within-subject factor, the break number in the adaptation

537  block. The dependent variable was the retention of motor adaptation.

538 2.11.15. Analysis 14: Relative change in reaction time and other reaching variables
539  To assess the relative change in reaction time during motor adaptation, we averaged the reaction time
540  of the last 18 trials of each learning block. These were normalized for each participant by subtraction

541 of the average reaction times of the last 18 baseline trials before each learning block. Statistical
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542  comparison was performed with seven separate 1-way ANOVA’s, one for each experiment and one for
543  each learning block, the between-subject factor was the age group.

544

545 Nine unpaired 2-sided t-tests were executed for each experiment to compare young and older
546 participants for eight dependent variables of the experiments. The dependent variables were trial time
547 duration (in s), reaching time (in s), maximum displacement, surface displacement, number of too fast
548 trials, number of too slow trials, total score, inter-trial interval (in s) and total duration of experiment
549  (ins). Trial time duration is the time from the start of the reaching movement to the end of it. Reaching
550 time was calculated as the time point when participants exceeded 4 cm distance. The inter-trial interval
551 is the time between the end of the reaching and the start of the next reaching movement. Maximum
552  displacement and surface displacement are both indicating how curved the reaching movements were.
553  To obtain these variables for one reaching trial, a straight line was drawn between the start and end
554 point of the reaching movement. The maximum displacement is the maximum distance from the
555 reaching movement to the straight line and the surface displacement is the surface between the
556 reaching movement and the straight line (preregistered as secondary analysis for E1b and E4). These

557  variables were selected because they give a good overview of the parameters that are affected by age.

558 3. Results

559 3.1. Aging affects final adaptation level and the adaptation rate

560 Young (N = 72, age = 22.75 y + 2.85 SD) and older (N = 71, age = 66.88 y + 4.65 SD) participants
561 performed reaching movements under visuomotor rotation. In three experiments (Figure 1, Ela, Elb
562  and E3), we investigated the difference in adaptation between young and old participants which
563  typically declines with aging (Seidler, 2006, 2007; Heuer and Hegele, 2008). In these three experiments,
564  we confirmed that older adults adapted less than younger adults (Figure2A-C) although the extent of
565  this decline was quite variable across experiments. To quantify the effect of age on motor adaptation,
566  we measured its extent by looking at hand angles over the last 18 trials of the first learning block
567  (analysis 1). The effect of age on the second (relearning) block will be evaluated in a later section (see

568  below).
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570 Figure 2: Final adaptation level is decreased in two out of three adaptation experiments for older (in orange) compared to
571 younger adults (in blue). Learning curves for A) experiment Ela, B) experiment E1b and C) experiment E3. Final adaptation
572 level decreased for older compared to younger participants (learning block) for two out of three experiments: D) experiment

573 Ela, E) experiment E1b (non-significant decrease), F) experiment E3.

574 In experiments Ela and E3, we observed that the final adaptation level was significantly lower for older
575  adults (analysis 1) (Ela (Figure 2A): F(1,37)=22.9, p < 1x10°, 7712,= 0.38; E3 (Figure 2C): F(1,38)=8.7, p =
576  0.005, n=0.19) but not in experiment E1b (E1b (Figure 2B): F(1,58)= 2.49, p =0.1, n3=0.7).

577 Beyond the final adaptation level, some studies also suggest that the rate of motor adaptation is
578  decreased for older adults compared to younger ones (Fernandez-Ruiz et al., 2000; Anguera et al.,
579  2011). To compare the learning rates, we fitted exponential functions to the angular errors during
580 learning blocks and performed a permutation test (n = 10.000) for each comparison (analysis 2). In line
581  with these previous studies and with the observation of the affected final adaptation level, we found
582  an affected learning rate for older adults compared to younger ones in two motor adaptation
583  experiments (analysis 2)[Ela: p < 0.0001; E3: p = 0.0009](E1la; mean * std: young: 0.033 + 0.006, old:
584  0.008 +0.001; E3; mean * std: young: 0.031 + 0.004, old: 0.016 + 0.002). Also in line with the result of
585 the final adaptation level, the learning rate was not affected for older adults in experiment Elb
586  (analysis 2) [Elb: p = 0.5](E1lb; mean + std: young: 0.018 + 0.003, old: 0.015 + 0.002). Overall, aging

587  affected final adaptation and learning rate.

588 3.2. Internal model recalibration does not deteriorate with age

589  While the overall adaptation was sometimes decreased in elderly people, this does not reveal which
590 component of adaptation is affected. Therefore, we tested whether this deterioration of performance

591  was due to their inability to recalibrate their internal model (implicit adaptation). Such recalibration of
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592 internal models can be measured via its measure during motor adaptation ((Morehead et al., 2015b);
593 Figure 3A-D), via single-trial learning ((Marko et al., 2012); Figure 3E-F) or via the drift elicited by
594  sensory prediction errors ((Morehead et al., 2017); Figure 3G-H). The impact of aging on each of these

595 measures is reported below.
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597 Figure 3: Internal model recalibration does not deteriorate with age. Results of cued motor adaptation (E1): A) Decreased
598 overall cue-evoked adaptation for older adults, as measured with E1a. During uncued trials implicit adaptation was measured,
599 visualized with red (older adults) and black (younger adults) dots. B) Same implicit data as fig 3A. Visualization of individual
600 data points for implicit adaptation. C) Overall cue-evoked adaptation for older adults, as measured with E1b. During uncued
601 trials implicit adaptation was measured, visualized with red (older adults) and black (younger adults) dots. D) Same implicit
602 data as fig 3C. Visualization of individual data points for implicit adaptation. Results of single-trial error-based learning (E2):
603 E) On average older adults react more to specific single induced error sizes. These data were obtained with E2, described in
604 fig 1B. The inset shows that older adults react more to experienced errors as well. F) Same data as fig 3E, but now the Individual
605 data points for reaction to error are shown after averaging reaction to error for error sizes (7.13 °, 14.04°, 20.56° and 26.57°).

606 Results of task-irrelevant clamped feedback experiment (E4): G) On average older adults adapt more implicitly, as measured
607 with E4, described in fig 1D. Implicit adaptation for repeated perturbation is higher than for non-repeated perturbation both
608 for young and older adults. H) Same data as fig 3G, but now individual implicit adaptation levels are shown. See also Figure

609  3-1.

610 Implicit adaptation was quantified in experiment 1, a cued motor adaptation experiment (Figure 1A,
611 E1), in which color cues allowed participants to voluntarily switch their explicit aiming on or off. In the
612 firstlearning block of Ela, we observed no difference in implicit adaptation across age (analysis 3) (Ela
613 (Figure 3A-B): F(1,36) =1.9,p=0.2, 7712;= 0.05; E1b (Figure 3C-D): F(1,58) = 1.65, p=0.2, 1712,= 0.028). In
614  the second learning block, we observed a significant increase in implicit adaptation level for older
615  adults in the first experiment (analysis 4) (E1a (Figure 3A-B): F(1,36) =19, p = 0.0001, 77;29= 0.35) but not
616  in the second experiment (E1b (Figure 3C-D): F(1,58)= 0.02, p = 0.9, 7712,= 3.4x10%). For both learning

617 blocks, no interaction between age and rotation direction was observed for the first and second
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618  experiment. Even though the statistical results differ across experiments, both indicate that the

619  implicit adaptation of elderly participants was at least as good as that of younger participants.

620 Single-trial learning was quantified in experiment 2 (E2) by looking at how participants changed their
621 behavior after a single perturbation trial (Figure 3E-F). To do so, we compared the behavior in trials
622 before and after the participants experienced a visuomotor rotation of one of five possible angles on
623  a single trial. As illustrated in Figure 3E and 3F, change in movement direction was increased with
624 increasing perturbation sizes (analysis 4) [main effect of perturbation size: F(3,237) = 18.8, p < 109
625  and for older compared to younger adults [F(1,79) = 5.45, p= 0.02, n,z,: 0.77]. In addition, the rotation
626  correction for the control perturbation size of 0° was not different for young and old [t(79) =-0.98, p =
627  0.33] which shows that the bias of reaching without a perturbation was similar across groups. Rotation
628 direction had no effect on reaction to single error sizes [F(1,79) = 0.15, p = 0.7] and no significant
629 interactions between age and the other factors were present [age x error size: F(3,237) =1.5, p=0.2;
630  age x rotation: F(1,79) = 0.02, p = 0.9; age x error size x rotation: F(3,237) = 1.2, p = 0.3]. When the
631  change in hand angle was analyzed using the experienced error sizes instead of the induced error sizes,
632  the age-effect of increased reaction to error is still present (analysis 4; inset in Figure 3E) [F(1,79)=
633 294.3, p <107, n22,= 0.79]. In summary, these results show that older adults react more to errors than

634  young adults.

635 During the task-irrelevant clamped feedback experiment (Figure 1D; E4) participants experienced a
636 constant visual error that was irrespective of their movement, which induced a drift in the direction
637  opposite to the cursor motion (Figure 3G). This change in movement direction was larger for older
638  compared to younger adults (Figure 3H; F(1,54) = 15.6, p =2 x 104, nf,=0.22) (analysis 5). The direction
639  of the perturbation did influence the adaptation as change in movement direction was higher for a
640  clockwise than for a counter clockwise 40 ° perturbation [F(1,54) = 9.8, p = 3 x 1073]. In addition, we
641  analyzedthe influence of the retrograde interference between the two sessions (E1b and E4, separated
642 by one week) on our results. Participants who received the same perturbation direction (i.e. repeated
643  direction) in both sessions reached a higher level of implicit adaptation in E4 than those who received
644  two opposite perturbations (i.e. non-repeated) (analysis 5, Figure 3G) (main effect of congruency,
645 F(1,54) = 6.8, p=0.01). However, this carry-over effect does not affect our conclusion as the effect was
646  similar for congruent and incongruent condition (see Figure 3G), Indeed, we found no significant
647 interactions between age and congruency [age x rotation: F(1,54) = 0.8, p = 0.4; age x congruency:
648 F(1,54) = 0.1, p = 0.8; age x rotation x congruency: F(1,54) = 0.2, p = 0.7]. The implicit component from
649  the cued adaptation experiment (E1b) was correlated with the implicit adaptation in cursor-irrelevant
650 clamped feedback experiment (E4) (Figure 3-1; analysis 5). However, a significant positive correlation

651 only existed when the perturbation direction was congruent across the two experimental sessions.
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Finally, the rate of implicit adaptation in E4 was different between young and older adults (p =
0.002)(mean * std; young: 8.2 x 10*+ 1.4x 10*, old: 16.9 x 10 + 2.6 x 10*) (analysis 5). In summary,
this experiment provides evidence that implicit adaptation does not decrease with age and might even
be increased in some conditions in older people. Further interpretation of these results is presented in

the discussion section.

3.3.  Explicit strategy is decreased with aging

Besides implicit recalibration, explicit strategy is another component that contributes to the overall
adaptation (Mazzoni and Krakauer, 2006; Taylor et al., 2010; Morehead et al., 2015b). Here, explicit

strategy was quantified with the cued motor adaptation experiment (Figure 1A; Ela and b) as the

explicit adaptation level in each of the learning blocks.
Experiment E1a Experiment E1b Experiment E1a Experiment E1b
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Figure 4: Decreased explicit strategy with aging. A) Significant decrease of explicit adaptation measured with Ela. B) Non-
significant decrease of explicit adaptation with E1b. C) Ela: Significant decrease of cue-evoked savings for older compared to
younger adults. D) E1b: Non-significant decrease of cue-evoked savings for older compared to younger adults.

In the first learning block, explicit adaptation level was significantly decreased for older compared to
younger in experiment Ela, but not in experiment E1b (analysis 6) [Figure 4A-B; Ela: F(1,36) =39.2, p
<10°%, n§= 0.52; E1b: F(1,58)=1.5,p=0.2, r)12,= 0.025]. In the second learning block, explicit adaptation
level was significantly decreased for older compared to younger in Ela but not in E1b (analysis 6)
[Figure 4A-B; Ela: F(1,36) = 64.6, p < 10%, n5= 0.64; E1lb: F(1,58) = 2.3, p = 0.1, nj= 0.039]. For both

learning blocks, no interaction between age and rotation direction was observed for Ela and Elb.

In addition, we quantified savings as it has been linked to the retrieval of the explicit strategy
(Morehead et al., 2015b). Therefore, we reasoned that savings should be smaller in old compared to
young participants. Savings is quantified via the explicit adaptation level in the second learning block

(Fig. 4A-B) and via cue-evoked savings (Figure 4C-D).

Savings can be quantified as the increase of explicit adaptation from the first towards the second
learning block (analysis 6). An effect of learning block did not exist in Ela [Ela: F(1,38) = 1.9, p =0.2]
but the increase of explicit adaptation from first to second learning block was lower for older adults

[Ela: interaction age*learning block: F(1,38) = 6.3, p = 0.02]. However, in Elb an effect of learning
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680 block existed [E1lb: F(1,60) = 21.1, p < 10*] but the increase of explicit adaptation from first to second
681 learning block was not different between young and older adults [E1b: interaction age*learning block:

682 F(1,60) = 0.5, p = 0.5].

683  Cue-evoked savings, which is the difference in adaptation level between the first trial of the relearning
684  block and the first trial of the learning block, was significantly decreased for older compared to younger
685 adults in Ela (analysis 7) [Figure 4C; Ela: F(1,35) =4.25, p =0.047, nﬁz 0.108], but not for E1b [Figure
686  4D; Elb: F(1,58) =2.06, p=0.2, 1712,:0.034].

687  All measures of explicit strategy were significantly decreased for the group of older participants in Ela,
688  while in E1b this decrease was not significant. It might be tempting to explain this as questionable
689  evidence for decline of explicit strategy with aging because E1b was the improved version of Ela and
690 in E1lb we didn’t observe a significant decline. However, after carefully observing the levels of explicit
691 strategy (Figure 4A-B), it is clear that the main difference is the level of strategy-use of the younger
692 participant which was lower in E1b compared to Ela. The level of explicit strategy of the older ones
693 almost didn’t change. This different level of explicit strategy for younger participants in Ela and Elb
694 can simply arise from natural sampling variability. Furthermore, also the overall adaptation level of
695 younger adults (Figure 2A-B) was lower in E1b compared to Ela. As a consequence, overall adaptation
696  was significantly decreased with aging in Ela, while in E1b overall adaptation was not significantly
697  decreased. Altogether, these results show that explicit adaptation is decreased with aging, at least if
698  overall adaptation is decreased as well. This suggests that differences in adaptation between young
699  and old, if any, are due to the explicit component of adaptation. Therefore, we can predict that the

700 amount of explicit component will be positively correlated with the amount of overall adaptation.

701 3.4. Overall adaptation is associated positively with explicit adaptation but
702 negatively with implicit adaptation

703  Such positive correlation (Figure 5A-B; analysis 9) was indeed observed between overall adaptation
704  and explicit adaptation while there was no or a negative correlation (Figure 5C-D) between overall and
705 implicit adaptation. This suggests that the implicit component cannot be responsible for the decline of
706  overall adaptation in elderly. The negative correlation between implicit and explicit adaptation (Figure
707  5E-F) may even suggest that the implicit component compensates for declines of explicit adaptation in
708 elderly. We quantified the correlations by comparing components from different learning blocks in
709 order to make sure that the measurements were independent from one another. Robust linear
710 regression was used to verify that associations were resistant to age-effects (Fig. 5A-F), which seems
711 indeed the case as beta values for adaptation components were significant for all associations except

712  for one (Fig 5C).
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713 In addition, all participants’ visuospatial working memory capacities (WMC) and neuropsychological
714  status were quantified (analysis 10 and 11). From these measures it could be explored which broader
715  cognitive domains are linked to the deficits in explicit strategy. WMC was declined in our older
716  compared to our younger group (WMC-K: F(1,59) = 13.33, p = 0.0006; WMC-K56: F(1,59) = 9.95, p =
717  0.0025). In general, the younger group performed better than the older group for the RBANS cognitive
718  assessment (F(1,60)=37.6, p < 107). Explicit strategy correlated positively with visuospatial WMC when
719 combining data from young and older participants (Figure 5G-J; analysis 12) but we found no
720 correlation between WMC-K56 and explicit adaptation for young participants (Figure 5-1). RBANS task
721 scores that might be related to explicit adaptation were selected and several scores correlated
722 positively with explicit adaptation measures (Table 2; Figure 5-2; analysis 12) when combining data
723 from young and old of the cued motor adaptation experiment (E1b). Correlations existed between
724  explicit strategy and three RBANS cognitive scores (digit span, figure recall and line orientation test
725 scores). Robust linear regression indicated that the correlations between explicit strategy and WMC-K
726  and between explicit strategy and line orientation were not due to between-group differences.
727  Together, this suggests that explicit strategy is positively associated with visuospatial abilities
728  (visuospatial WMC and line orientation) in both younger and older adults. Finally, the balance between
729  explicit and implicit adaptation was quantified (Figure 5-3, analysis 8) but was not altered with aging.
730 However, this measurement was highly impacted by the variability of implicit adaptation in the

731 denominator.
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733 Figure 5: Explicit adaptation correlates positively with overall adaptation. Implicit adaptation correlates not or negatively with
734 overall adaptation. Data were obtained with Ela and E1b with 102 young and elderly combined. A-B) Positive correlations
735 between explicit adaptation and overall adaptation in learning and relearning blocks. C-D) No or negative correlations
736 between implicit and overall adaptation in learning and relearning blocks. E-F) Negative correlations between implicit and
737 explicit adaptation in learning and relearning blocks. G-H) Positive significant correlations between explicit strategy (y-axes)
738 and visuospatial working memory capacity (K) (x-axes). I-J) Positive correlations (only 1 significant) between explicit strategy
739 (y-axes) and visuospatial working memory capacity (K56) (x-axes). Pearson correlations were applied in A-F and Spearman
740 correlations in G-J. All p-values of correlations are adjusted p-values with FDR. Beta values of linear regression are reported
741 as well. See also Figure 5-1, 5-2 and 5-3.
742 Table 2: Results of correlation analyses between adaptation components and working memory capacity or cognitive measures.
743 Significant Spearman correlations existed between the explicit component (learning or relearning) and WMC-K and between
744 the explicit component and three cognitive measures (i.e. digit span, figure recall and line orientation). Robust linear
745 regression reveals that the correlations between explicit adaptation in relearning block and figure recall and between explicit
746 adaptation and line orientation score are resistant to age-effects.
Cognitive Difference Spearman correlation Robust  linear  regression (beta-
measure young-old coefficient and p-value for cognitive and
(Mean + age factors)
StdErr)
Explicit learning Explicit relearning Explicit learning Explicit relearning
WMC-K 0.70+0.23; R =0.36; T(59) = 2.95, R =0.35; T(59) = 2.87, Betawmc = 0.63; P = 1e-04; Betawmc = 0.44; P = 0.01;
p =0.004 P=0.01 P=0.01 Betaace =-0.17; p=0.5 Betaace =-0.16; p = 0.6
WMC-K56 0.98 + 0.30; R =0.26; T(59) = 2.09, R=0.22; T(59) =1.72, Betawmc = 0.40; P = 0.05; Betawmc = 0.27; P =0.2;
p =0.002 P =0.05 P =0.09 Betaace =-0.14; p=0.6 Betaace =-0.22; p=0.5
Figure copy  -0.03 £0.39, R=0.14; T(60)=1.05, R=0.24; T(60)=1.87, Betarcc = 0.11; P = 0.6; Betarec=0.22;P=0.3;
p=0.9 p=0.3; (padj=0.4) p =0.07; (p adj =0.13) Betaase =-0.33; p=0.2 Betaase =-0.40; p=0.1
Digit span 1.39+0.59, R=0.35; T(60)=2.87, R=0.27; T(60)=2.18, Betanc = 0.03; P = 0.9; Betanc=0.07;P=0.7;
p =0.02 p<0.01; (padj=0.03) p=0.03;(padj=0.09)  Betaase =-0.20;p =0.5 Betaace = -0.27; p = 0.3
Coding 10.94+1.95  R=0.13; T(59)=1.04, R=0.17; T(60)=1.29, Betacop = 0.37; P = 0.08; Betacoo = 0.41; P = 0.06;
total p < 1x10°% p=0.3; (padj=0.4) p=0.2; (padj=0.3) Betance =-0.23; p =0.5 Betaace = -0.38; p= 0.3
Figure -0.03 £0.39, R=0.15; T(59)=1.13, R=0.38; T(60)=3.17, Betarcr = 0.07; P = 0.8; Betarer=0.32;P=0.2;
recall p=0.01 p=0.3; (padj=0.4) p<0.01; (padj =0.02) Betaace=-0.30;p=0.3 Betaase = -0.21; p=0.5
Line 0.23+0.42, R=0.33; T(55)=2.67, R=0.60; T(56)=5.70, Betaio = 0.34; P =0.06; Betaio = 0.48; P = 0.003;
orientation p=0.6 p<0.01;(padj=0.03) p < 10% (p adj < Betaase=-0.32;p=0.2 Betaase =-0.31; p=0.2
0.0001)
747 3.5. Short-term relative retention of motor adaptation memory is not affected
748  In the retention hypothesis, a decreased trial-to-trial retention of motor adaptation is thought to
749  account for a reduced amount of adaptation with aging (Trewartha et al., 2014; Malone and Bastian,
750  2015). To investigate the age-effect on retention of motor memory, we introduced one-minute breaks
751  as these short breaks are known to capture the dynamics of motor adaptation well because most of
752  the decay of motor adaptation occurs in this short timescale (Hadjiosif and Smith, 2013). Short-term
753 relative retention was assessed with a regular visuomotor rotation experiment with three breaks of
754  one minute in each learning block (E3; Figure 1C) and with three breaks of one minute in the task-
755 irrelevant clamped feedback experiment (E4; Figure 1D). Results are shown in Figure 6.
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756  Short-term relative retention was not significantly different for older compared to younger adults
757 (analysis 13) [E3: F(1,35)=2.2, p=0.14, nf,: 0.06; E4: F(1,58)=0.1,p=0.7, 1712,: 0.002]. The visuomotor
758  rotation experiment (E3) consisted of two learning blocks. Relative retention was not different for the
759  two learning blocks [F(1,35) = 0.26, p = 0.6]. Each learning block consisted of three one-minute breaks.
760  The relative retention was not significantly different for the different breaks in experiment E3 and E4
761 [E3: F(2,70)=2.7, p=0.07; E4: F(2,116) = 1.3, p = 0.3]. Given that the data for the first breaks in E3 are
762  extremely noisy, we redid the analyses on the last two breaks only. These analyses confirmed that
763 there were no differences in relative retention between the two age groups [F(1,35)=2.6, p=0.11, 1712,:
764 0.07]. Finally, no interactions between age and other factors were observed. Therefore, we can

765  conclude that short-term relative retention was not affected with aging.

Short-term relative retention of motor memory (E3)
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767 Figure 6: Relative retention of motor adaptation. A) Decreased overall adaptation in older vs younger adults in E3. Blue and
768 orange lines represent the average learning curves for young and older adults respectively. The blue and orange dots represent
769 the overall adaptation level before the three breaks in each adaptation block. The blue and orange unfilled dots represent the
770 remaining adaptation level after a one-minute break, i.e. stable component of adaptation. B) Relative retention of motor

771 adaptation memory was not different for young and old in E3 for each of the three breaks in both learning blocks. C) Increased
772 adaptation for older vs younger adults during task-irrelevant clamped feedback (E4). D) Relative retention of motor adaptation
773 memory was not different for young and old in E4 for each of the three breaks during the task-irrelevant clamped feedback.
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774 3.6. Reaction time not a good indicator for explicit strategy in older adults

775 In young adults higher reaction times are associated with more explicit strategy (Fernandez-ruiz et al.,
776 2011; Taylor and Mcdougle, 2016). However, across groups this relation was not present in our data
777  because we found a relative increase in reaction times (RT) despite a reduced explicit strategy for older
778  adults instead of a decrease of RT for older adults compared to younger ones (Figure 7) (analysis 14)
779  (Ela: learning: p = 0.1; relearning: p = 0.02; E1b: learning: p = 0.05; relearning: p = 0.3; E3: learning: p
780  =0.02; relearning: p =0.01; E4: p = 0.02).
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782 Figure 7: Reaction time (RT) during the different adaptation experiments. During learning blocks RT always increased.
783 However, older adults increased their RT more than younger adults during adaptation. A) RT during cued adaptation
784 experiment (Ela), B) Relative RT increase during learning blocks of the cued motor adaptation experiment (E1a), C) RT during
785 cued adaptation experiment (E1b). D) Relative RT increase during learning blocks of the cued motor adaptation experiment
786 (E1b), E) RT during retention experiment (E3), F) Relative RT increase during learning blocks of the short-term retention
787 experiment (E3), G) RT during task-irrelevant clamped feedback adaptation (E4). H) Relative RT increase during task-irrelevant
788 clamped feedback adaptation (E4).

789 In addition to the effect of age on reaction time, other experimental variables were investigated with
790  respect to age such as reaching time, movement curvature, etc. In general, older adults were reaching
791  slower towards the targets and they took more time between the different reaching trials than young
792  adults. In addition, their reaching movements were more curved and they obtained lower scores. For
793  completeness, we presented the different variables in Table 3. We do not think that these variables
794 influenced our adaptation results because they could not account for the fact that some components
795  of adaptation are improved or unimpaired in older participants (e.g. Implicit component and relative
796  retention) while others are affected (e.g. explicit component, overall adaptation). In addition, for every
797  reaching trial the adaptation level was measured before any visual feedback adjustments could be
798  applied by the participant which implies that increased reaching times for elderly will not impact our

799  measures of adaptation components.
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Table 3: Secondary analyses of reaching behavior with nine variables, comparison between young and older adults.

Ela Elb E2
Mean difference + Statistics Mean Statistics Mean difference + Statistics
SEM difference SEM
(young-old) SEM (young-old)
(young-old)
Trial time duration | -0.66 + 0.20 P =0.002; -0.37+0.11 P =0.00098; -0.195 £ 0.068 P =0.0055;
(s) T(38) =-3.33 t(60) = -3.47 t(79) = -2.85
Reaching time (s) -0.046 + 0.018 P =0.016; -0.010+0.003 P =0.00046; -0.038 £ 0.009 P =1.26e-04;
T(38)= -2.52 t(60) =-3.71 t(79) =-4.03
Max displacement | -0.8+ 0.2 P =1.54e-04; -0.6+0.2 P =0.003; -0.36+0.011 P =0.0014;
(mm) T(38)=-4.20 t(60) =-3.13 t(79) =-3.30
Surface -0.0034 + 0.0010 P =0.002; -0.005+ 0.001 P =0.0002; -0.0020+0.0007 P = 6.45e-05;
displacement (dm?) T(38)=-3.38 t(60) = -3.92 t(60) =-4.29
Number of too fast | -9.15 + 4.33 P =0.041; 1.387+4.041 P =0.008; 0.274+0.690 P =0.69;
trials T(38)= -2.11 t(60) =-2.76 t(79) =0.40
Number of too slow | -23.0+6.8 P =0.002; -27.5+5.8 P =1.23e-05; -25.75.2 P = 4.85e-06;
trials T(38)= -3.40 t(60) =-4.77 t(79) =-4.91
Total score 5941.3 +815.0 P =1.00e-08; 3279.7+903.1 P =0.00058; 2033.6+429.3 P =9.39e-06;
T(38)=7.29 t(60) =3.63 t(79) =4.74
Inter-trial  interval | -0.691+0.204 P =0.002; -0.378 +0.116 P =0.0019; -0.172+0.078 P =0.03;
(s) T(38)=-3.38 t(60) =-3.25 t(79) =-2.20
Experiment -372.75+103.35 P =8.89e-04; -290+69 P =9.74e-05; -106.85+40.96 P=0.01;
duration (s) T(38)= -3.61 t(60) =-4.18 t(79) =-2.61
E3 E4
Mean Statistics Mean Statistics
difference + difference +
SEM SEM
(young-old) (young-old)
Trial time duration (s) -0.717 £ 0.204 P =0.001; t(39) =-3.51 -0.39£0.09 P =7.99e-05; t(60) = -4.23
Reaching time (s) -0.073 £0.019 P =5.55e-4; t(39) =-3.76 -0.015 + 0.004 P =4.63e-04; t(60) = -3.70
Max displacement (mm) -0.006 + 0.002 P =0.003; t(39) =-3.16 -0.006 + 0.001 P =7.05e-07; t(60) = -5.54
Surface displacement (dm?) | -0.004+ 0.001 P =0.01; t(39)=-2.77 -0.0030+ 0.0006 P =1.67e-05; t(60) = -5.06
Number of too fast trials -13.69 £5.51 P=0.017; t(39) =-2.49 -0.226 +4.331 P =0.96; t(60) = -0.05
Number of too slow trials -22.7+7.7 P =0.005; t(39) =-2.95 -16.32+5.44 P =0.004; t(60) = -3.00
Total score 8494.4 +2205.5 P =4.26e-04; t(39) =3.85 2161.6 £697.99 P =0.003; t(60) = 3.10
Inter-trial interval (s) -0.778 £ 0.227 P =0.002; t(39) =-3.42 -0.393 £+ 0.095 P =0.0001; t(60) = -4.12
Experiment duration (s) -7.97+£2.25 P =0.001; t(39) =-3.54 -229+53 P =5.23e-05; t(60) = -4.36
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801 4. Discussion

802 In this paper, we tested three different hypotheses that could account for the observed age-related
803  deficits in motor adaptation tasks in several experiments over large groups of participants. First, we
804  found that implicit adaptation was intact or even increased in older adults compared to younger ones.
805  This is inconsistent with the internal model hypothesis. Second, our data are consistent with the
806  strategy hypothesis as we found a lower explicit component during motor adaptation in older people.
807  Third, we did not find any support for the retention hypothesis, as short-term retention of motor
808 memory was indistinguishable between young and old participants. Together, these results suggest
809 that, despite age-related cerebellar degeneration, internal model function remains intact with aging

810  and could even compensate for deficits in the explicit component.

811 4.1. Internal model recalibration is intact or even increased in older people

812  While previous studies assumed that age-related degeneration of the cerebellum was responsible for
813  the decline of motor adaptation with aging (Seidler, 2006, 2007), our data are at odds with this view.
814  Indeed, across four experiments (Figure 3), we found that internal model recalibration was intact or
815  even increased with aging. Rather, this is consistent with the fact that several studies did not observe
816  differences in after-effect between young and old people (Fernandez-Ruiz et al., 2000; Buch et al.,
817 2003; Heuer and Hegele, 2008, 2014; Hegele and Heuer, 2010; Sombric et al., 2017). Yet, our data
818 support the possibility that internal model function could be increased in older people as we found
819  that both error-sensitivity and implicit adaptation increased with aging. If this function is increased, it
820  could demonstrate the interplay between different brain regions, where one brain area (here the
821  cerebellum) might compensate for deficits in another brain region. This is consistent with brain imaging
822  studies where the cerebellum is increasingly activated by motor tasks in old but not in young people
823 (Mattay et al., 2002; Heuninckx et al., 2005, 2008) and with the fact that cerebellar volume is shrinking
824  relatively less with age compared to other brain regions such as lateral prefrontal cortex (Raz et al.,
825 2005). In addition, we observed intact internal model function despite the known age-related changes
826  in cerebellar structure. While we don’t currently have data on our participants about the extent of
827  cerebellar degeneration, decrease in cerebellar volumes between 30 and 70 years old appears to be
828  consistent across individuals (Walhovd et al., 2011). If so, our study suggests an important dissociation
829 between structure and function of the anterior part of the cerebellum responsible for motor control
830 (Schmahmann, 2018) and raises the question of how much volume of the anterior lobe can be lost
831 without affecting internal model recalibration. Indeed, it is known that extensive loss of cerebellar
832  volumes in patients with cerebellar degeneration affects internal model function (Smith and
833 Shadmehr, 2005; Morton and Bastian, 2006; Taylor et al., 2010; Gibo et al., 2013; Morehead et al.,

834  2017; Criscimagna-hemminger et al., 2018). In our sample, age-related changes of the cerebellum, if
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835  any, had no impact on internal model recalibration during visuomotor adaptation. Below, we outlined

836  three possible explanations for these observations.

837 A first explanation for the observation of increased error-sensitivity and implicit adaptation is an
838 altered sensory integration with aging and an intact internal model recalibration. If visual acuity is
839  similar for both young and older participants and if arm proprioception is reduced in older participants
840  (Goble et al., 2009), then the weighting of visual compared to proprioceptive feedback might be
841 increased in older participants following Bayesian sensorimotor integration(Ernst and Banks, 2002; Van
842 Beers et al., 2002; Kording and Wolpert, 2004). The up weighted visual feedback would create an
843 increased sensory-prediction error for older versus younger adults and as such result in an increased
844  reaction to error in the single trial error learning experiment (E2) and a higher level of asymptote in
845  the task-irrelevant feedback experiment (E4). Hence, this first explanation is consistent with a change

846 in the input to the internal model with aging and requires intact internal model function.

847  The second explanation is an increased weighting of the predicted sensory feedback from the internal
848  model with respect to the sensory feedback because of the age-related reduction in proprioceptive
849  acuity. Indeed, it is known that state estimation results from a weighted average between sensory
850 information and “prior” predictions in function of their reliability (Kérding and Wolpert, 2004). Changes
851 in reliability of one of those two signals could therefore impact motor control by altering the weighting
852 of these two signals. Recently, such an increased reliance on sensorimotor prediction in proportion to
853 reduced proprioceptive sensitivity was observed with aging for a force matching task (Wolpe et al.,
854  2016). Therefore, we proposed here that internal models are recalibrated similarly in young and elderly
855 people. However, because of the age-related decrease in the reliability of the proprioceptive
856  information, the output of the internal model has more weight in the reliability weighted integration

857  between internal model output and proprioceptive information.

858 A third explanation that could account for the observed increased error-sensitivity and implicit
859  adaptation in elderly people is an actual increase of internal model recalibration with aging. An
860 increased internal model recalibration means that older adults react more to sensory prediction errors
861  of the same amplitude compared to younger people. This explanation would be compatible with the
862 push-pull mechanism between explicit and implicit adaptation proposed by several authors (Taylor
863 and Ivry, 2011; Heuer and Hegele, 2014; Christou et al., 2016). In these studies, the authors suggest
864  that the decrease in explicit adaptation elicit the increase in implicit adaptation (i.e. internal model
865 recalibration) in order to compensate for it. This is also compatible with our data as we observed a
866 negative correlation between explicit and implicit adaptation components (Figure 51-J). However, this

867 explanation can only hold when both an explicit and implicit component of motor adaptation are

31


https://doi.org/10.1101/292250
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/292250; this version posted December 20, 2018. 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 aCC-BY-NC-ND 4.0 International license.

868  present like in the cued motor adaptation experiment (E1). Yet, we also observed increased implicit
869  adaptation in the absence of this impaired explicit component in the single-trial learning task (E1) and
870 in the task-irrelevant clamped feedback task (E4). Therefore, our data suggest that increased internal
871 model recalibration is independent of the deficit in the explicit component of adaptation, at least in
872  some situations. In sum, the third explanation suggests that the same input results in an increased

873  output by increased internal model recalibration.

874  These different explanations are compatible with each other, as such they might all be valid. In
875  addition, they all rely on the assumption that internal model function is not deteriorated by aging.
876 Future experiments should be designed to test each of them separately. By doing so, we can eventually

877  build a model for sensorimotor integration that is valid across age.

878 Finally, it is worth noting that our measure of implicit adaptation could be slightly overestimated in the
879  cued motor adaptation. Indeed, it has been shown in such experiments that the adaptation generalizes
880  around the aiming direction (Day et al., 2016; McDougle et al., 2017). Given that older adults changed
881 their aiming direction less, generalization of implicit adaptation occurs closer to the probed target and
882 might yield a spurious increase in our estimation of the implicit component. However, it cannot explain

883  theincreased error-sensitivity (E2) and implicit adaptation (E4).

884 4.2.  The cognitive component of adaptation is reduced in elderly people

885  We observed a difference in overall motor adaptation with aging when there was an age-related deficit
886  in explicit adaptation (Figure 4A-B). In contrast, when the explicit component was unimpaired, so was
887  the overall motor adaptation, as observed in experiment Elb. This observation provides additional
888  evidence for the strategy hypothesis which states that explicit adaptation is affected with aging and is
889  causing the decline of overall motor adaptation (Bock, 2005; Heuer and Hegele, 2008; Hegele and
890 Heuer, 2010). In addition to a decline in explicit adaptation, we found a reduction of savings with aging.
891 First, the increase of explicit adaptation level from the first to the second learning block was lower in
892  older adults. This finding is in contrast with previous studies that reported no difference in savings with
893  aging (Seidler, 2007). Second, cue-evoked savings (Morehead et al., 2015b), during which participants
894  adapted within a single trial on the basis of a contextual cue, was lower in older adults (Figure 4C and

895 D). Across these measures of adaptation, we found a deficit in explicit component with age.

896 It is currently unknown which brain area is critical for the explicit component of motor adaptation. Yet,
897 it has been suggested that the cerebellum might play a role in the formation of an explicit strategy
898 (Butcher et al., 2018) independently of it role in internal model recalibration. Indeed, cerebellar
899  patients with posterior lobe lesions develop cognitive deficits (cerebellar cognitive affective

900 syndrome), while anterior lobe lesions result in motor deficits (Schmahmann, 2018). Therefore,
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901 cerebellar degeneration might still be involved in decline of motor adaptation with aging because it is
902 linked to deficits in explicit strategy and not because the cerebellum is crucial for internal model
903 recalibration (internal model hypothesis). Future neuro-imaging studies should investigate the link

904  between anterior and posterior cerebellar volume and age-related deficits in motor adaptation.

905 4.3. Short-term retention of motor memories is intact in elderly people

906 We observed no age-related decrease of relative retention of motor adaptation. This implies that the
907 rate of retention is not affected with aging and that the retention hypothesis is not correct. Our
908 observation of no short-term retention deficit after a one minute break is in contrast with previous
909  work that shows retention deficits of motor adaptation after breaks of five minutes (Malone and
910 Bastian, 2015) or that shows retention deficits with an indirect modeling approach (Trewartha et al.,
911 2014). An explanation for this contradiction is the difference between the different paradigms (length
912  of breaks, walking adaptation vs reaching adaptation, the indirect versus direct approach). Further

913 research is required to explain these differences.

914 5. Conclusion and outlook

915  Our results show that neither internal model recalibration nor short-term retention of motor
916  adaptation are reduced with aging. Rather, we demonstrate that cognitive processes involved in motor
917 adaptation are impaired in older participants. Therefore, our data provides support for the “strategy
918 hypothesis”, which states that age-related decline in motor adaptation is due to cognitive deficits. This
919  study is the largest study so far investigating the impact of aging on motor adaptation processes. Yet,
920 it leaves us with two important puzzles for the future. First, we expect a remarkable dissociation
921 between age-related degeneration of the cerebellum and the intact or even improved function of this
922 brain region (i.e. internal model function). Future studies should investigate the link between
923  cerebellar volume and implicit motor adaptation. In addition, this study focuses on an older population
924  between 60 and 75 years old, which is still relatively young. It remains to be investigated whether
925  further reduction in cerebellar volume through aging elicit an impairment in internal model function
926  for people above 80 years old. Second, possible explanation of the increased internal model
927  recalibration observed are linked to proprioceptive acuity. Therefore, future studies should
928 systematically investigate the link between implicit motor adaptation and error-sensitivity and
929 proprioceptive acuity (Ostry et al., 2010; Wong et al., 2012). Finally, this study only covers some aspects
930 of motor adaptation. It remains to be seen whether other processes underlying motor adaptation such
931 as reinforcement learning (Huang et al., 2011; Izawa and Shadmehr, 2011; Orban de Xivry and Lefévre,

932 2015) are affected by aging and whether the quality of motor memories, as probed by motor memory
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933 interference studies (Shadmehr and Holcomb, 1997; Krakauer et al., 2005; Nozaki et al., 2006, 2016),

934 s similar in young and old participants.

935 Our study suggests that local structural brain changes might not always directly affect function and
936  that neuroscience requires intelligent analyses and behavioral approaches in order to better
937 understand how the brain works (Jonas and Kording, 2017; Krakauer et al., 2017; Herzfeld and
938  Shadmehr, 2018). By following such an approach, we can eventually build models for sensorimotor
939  functioning that are valid across age. Such models could help us to design smarter rehabilitation
940  strategies for older adults with neurological disease or to delay deterioration of motor functioning with

941 aging.
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Extended Data

Correlation between cued implicit adaptation (E1lb) and task-irrelevant clamped

feedback adaptation (E4)
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Figure 3-1: Correlation between cued implicit adaptation (E1b) and task-irrelevant clamped feedback adaptation (E4)
(preregistered secondary analysis) (analysis 5). P-values adjusted with FDR. Beta values are obtained with robust linear

regression.
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Figure 5-2: Explicit strategy positively associated with RBANS scores. Spearman correlations between raw RBANS test scores
and explicit components of motor adaptation. Significant correlations (adjusted p-values with FDR) existed between the
explicit component and three cognitive measures (i.e. digit span, figure recall and line orientation). Beta values of robust linear
regression are reported as well, beta value for line orientation score remained significant.
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1149  Balance between explicit and implicit adaptation unaltered with aging
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1151 Figure 5-3: Balance between explicit and implicit adaptation unaltered with aging. Balance of explicit over implicit adaptation
1152 is not different in older compared to younger adults with the explicit component from the second cued motor adaptation

1153 experiment (E1b) and the implicit component from the task irrelevant-feedback experiment (E4) [ F(1,53) = 1.6, p = 0.2, n=
1154 0.03 after removal of one outlier] (analysis 8). Congruency of rotation and rotation direction did not affect the balance
1155 [congruency effect: F(1,53)= 0.83, p = 0.4; rotation effect: F(1,53) = 1.4, p = 0.2]. The balance was increased in relearning
1156 compared to learning [F(1,53) = 5.3, p = 0.02]. No significant interactions between age and the other factors were observed.
1157 Contrary to expectations, no significant balance difference existed between young and older adults. The balance variable
1158 consisted of a division by the implicit adaptation which induced high variability. Due to the high variability the power of the
1159 experiment was probably too low to detect a significant difference.
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