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Abstract 1 

Successful motor performance relies on our ability to adapt to changes in the environment by 2 

learning novel mappings between motor commands and sensory outcomes. Such adaptation is 3 

thought to involve two distinct mechanisms: An implicit, error-based component linked to slow 4 

learning and an explicit, strategic component linked to fast learning and savings (i.e., faster re-5 

learning). Because behavior, at any given moment, is the resultant combination of these two 6 

processes, it has remained a challenge to parcellate their relative contributions to performance. 7 

The explicit component to visuomotor rotation (VMR) learning has recently been measured by 8 

having participants verbally report their aiming strategy used to counteract the rotation. 9 

However, this procedure has been shown to magnify the explicit component. Here we tested 10 

whether task-specific eye movements, a natural component of reach planning—but poorly 11 

studied in motor learning tasks—can provide a direct read-out of the state of the explicit 12 

component during VMR learning. We show, by placing targets on a visible ring and including a 13 

delay between target presentation and reach onset, that individual differences in gaze patterns 14 

during sensorimotor learning are linked to participants’ rates of learning and their expression of 15 

savings. Specifically, we find that participants who, during reach planning, naturally fixate an 16 

aimpoint, rotated away from the target location, show faster initial adaptation and re-adaptation 17 

24 hrs. later. Our results demonstrate that gaze behavior can not only uniquely identify 18 

individuals who implement cognitive strategies during learning, but also how their 19 

implementation is linked to differences in learning. 20 

New & Noteworthy 21 

Although it is increasingly well appreciated that sensorimotor learning is driven by two separate 22 

components—an error-based process and a strategic process—it has remained a challenge to 23 
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identify their relative contributions to performance. Here we demonstrate that task-specific eye 24 

movements provide a direct read-out of explicit strategies during sensorimotor learning in the 25 

presence of visual landmarks. We further show that individual differences in gaze behavior are 26 

linked to learning rate and savings.  27 

Keywords 28 

Reaching; eye movements; motor adaptation, motor learning, visuomotor rotation 29 

 30 
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Introduction 31 

Skilled motor behavior requires the ability to adapt to changes in the environment that alter the 32 

mapping between motor commands and their sensory consequences (Shadmehr et al. 2010; 33 

Wolpert et al. 2011). Such adaptation has been extensively investigated using reaching or 34 

throwing tasks with displacing prisms (Martin et al. 1996; Bedford 1999; Fernández-Ruiz and 35 

Díaz 1999; Redding and Wallace 2006) and reaching tasks under a visuomotor rotation (VMR), 36 

in which the viewed position of the hand (or cursor representing the hand) is rotated about the 37 

hand start location (e.g., Cunningham 1989; Krakauer et al. 2000, 2005; Wigmore et al. 2002). 38 

Traditionally, learning in such tasks was presumed to be driven by an implicit process involving 39 

the gradual updating of an internal model, which links motor commands and sensory outcomes, 40 

based on errors between predicted and viewed consequences of action (Shadmehr et al. 2010; 41 

Wolpert et al. 2011). Several studies, however, have demonstrated that learning can also be 42 

augmented by (or interfered with) the use of cognitive strategies (Redding and Wallace 1993, 43 

2002; Martin et al. 1996; Bock et al. 2003; Mazzoni and Krakauer 2006; Heuer and Hegele 44 

2008; Benson et al. 2011; Fernandez-Ruiz et al. 2011; Taylor and Ivry 2011). To dissociate the 45 

implicit and strategic components of VMR learning, Taylor and colleagues (2014) recently 46 

developed a task in which participants, prior to each reaching movement, verbally reported their 47 

aiming direction—used to counteract the rotation—via numbers placed on a circle surrounding 48 

the hand start position. They demonstrated that learning is the resultant combination of two 49 

separate processes: A fast explicit process reflecting strategic aiming, and a more gradual, 50 

implicit process reflecting updating of an internal model.  51 

 52 

More recently, this verbal reporting task has also been used to probe the mechanisms 53 

underlying savings, which refers to faster relearning of a previously forgotten (or ‘washed out’) 54 
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memory (Ebbinghaus 1913; Brashers-Krug et al. 1996; Krakauer et al. 2005). Morehead et al. 55 

(2015) showed that improvements in aiming strategy underlie the faster rate of learning 56 

observed when individuals re-encounter the VMR following washout of initial learning. This 57 

result, along with the finding that fast learning and relearning are not observed when the 58 

expression of the explicit component is mitigated by limiting preparation time (Fernandez-Ruiz 59 

et al. 2011; Haith et al. 2015; Leow et al. 2017), suggests that savings are largely driven by the 60 

recall of previously implemented strategies. However, because the declarative nature of the 61 

verbal reporting task has been shown to influence the explicit (Taylor et al. 2014) or implicit 62 

(Leow et al. 2017) contributions to learning, alternative measures may be critical to parcelling 63 

out their unique contributions to learning and how they shape individual performance.  64 

 65 

Eye movements are a fundamental component to the planning and control of visually guided 66 

actions (Land and Furneaux 1997; Johansson et al. 2001). During reach planning, gaze is 67 

naturally directed to the target before initiation of the hand movement to improve spatial 68 

localization of the target and help guide the hand to the target using visual feedback (Prablanc 69 

et al. 1979; Paillard 1982). Since the explicit component of VMR adaptation involves 70 

strategically re-aiming the hand towards an aimpoint that is rotated away from the target, it is 71 

plausible that eye movements are used to identify this aimpoint location. While there is some 72 

evidence to suggest that gaze behavior may be linked to the explicit component of learning 73 

(Rand and Rentsch 2015, 2016), this relationship has not been directly examined, nor has it 74 

been explored how the time course of gaze behavior during learning may be linked to individual 75 

differences in learning rates and the expression of savings. Here we tested the novel hypothesis 76 

that task-specific eye movements, during a VMR task in which targets are presented on a ring of 77 

visual landmarks, can provide a direct ‘readout’ of both the implementation and state of the 78 

explicit component over the time course of sensorimotor learning and relearning following 79 

washout. Specifically, we hypothesized that, during a delay period between target presentation 80 
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and reach onset, during which we assume reach planning occurs, participants will naturally 81 

direct their gaze to a location on the landmark ring corresponding to the point they intend to re-82 

aim towards.  83 

 84 
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Materials and Methods 85 

Participants 86 

A total of 56 young right-handed adults participated in one of three experiments. Twenty-one 87 

people took part in the Intermittent Report experiment (Experiment 1; 5 men and 16 women, 88 

age 18-25 years), after exclusion of two participants due to technical problems. The No Report 89 

experiment (Experiment 2) was performed by 21 different participants (8 men and 13 women, 90 

age 18-22 years). Twelve participants were recruited for the No Preview experiment 91 

(Experiment 3; 5 men and 7 women; age 19-24 years). Participants had normal or corrected-to-92 

normal vision and provided written informed consent before participation. The experiment was 93 

part of a research project that was approved by the general research ethics board from Queen’s 94 

University. 95 

Apparatus 96 

Participants were seated at a table and performed center-out reaching movements to visual 97 

targets by sliding a stylus across a digitizing tablet (Figure 1A). Stimuli were presented on a 98 

vertical LCD monitor (display size 47.5 × 26.5 cm, resolution 1920 × 1080 pixels, refresh rate 60 99 

Hz) placed ~50 cm in front of a chin and forehead rest. Vision of the tablet and hand was 100 

occluded by a rectangular piece of black styrofoam attached horizontally below the chin rest. 101 

Movement trajectories were sampled at 100 Hz by the digitizing tablet (active area 311× 216 102 

mm, Wacom Intuous). The ratio between movement of the tip of the stylus and movement of the 103 

cursor presented on the screen was set to 1:2, so that a movement of 5 cm on the tablet 104 

corresponded to a 10 cm movement of the cursor. Eye movements were tracked at 500 Hz 105 

using a video-based eye tracker (Eyelink 1000, SR Research) placed beneath the monitor.  106 
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Procedure 107 

Each trial started with the participant moving the cursor (4 mm radius cyan circle) into the 108 

starting position (5 mm radius white circle) using the stylus. The cursor became visible when its 109 

center was within 2 cm of the center of the start position. After the cursor was held within the 110 

start position for 500 ms, a red target circle (5 mm radius) and 64 outlined grey ‘landmark’ 111 

circles (3 mm radius, spaced 5.625º apart) were presented on a ring with a radius of 10 cm 112 

(Figure 1B) after a 100 ms delay. The target was presented at one of eight locations, separated 113 

by 45° (0, 45, 90, 135, 180, 225, 270 and 315°), in randomized sets of eight trials. As outlined 114 

below, the subsequent trial events depended on the trial type.  115 

 116 

In no-report trials (used in Experiments 1 and 2), the target initially appeared as an outlined 117 

circle, and participants were given a target preview of 2 s before the target filled in, which 118 

served as the cue for participants to initiate their reach. In no-report, no-preview trials (used in 119 

Experiment 3), the target appeared as a filled circle and participants were instructed to initiate 120 

their reach immediately when the target appeared. In report trials (used in Experiment 1), the 121 

target was an outlined circle and the visual landmarks were numbered. Participants were 122 

required to verbally report the number of the landmark they planned to reach toward for the 123 

cursor to hit the target (as in Taylor et al. 2014) and the experimenter recorded the number 124 

using a keyboard. The target turned red two seconds after its appearance, or immediately after 125 

the experimenter recorded the response if the response took longer than two seconds, providing 126 

the go signal for the participant to initiate their reach. 127 

 128 

In all trials, participants were instructed to hit the target with their cursor by making a fast 129 

reaching movement on the tablet. They were instructed to ‘slice’ the cursor through the target to 130 

minimize online corrections during the reach. If the movement was initiated (i.e., the cursor had 131 
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moved fully out of the start circle) before the go cue, the trial was aborted and a feedback text 132 

message “Too early” appeared centrally on the screen. If the movement was initiated more than 133 

600 ms (2s in Experiment 3) after the go cue, the trial was aborted and a feedback text 134 

message “Too late” appeared on the screen. In trials with correct timing, the cursor was visible 135 

during the movement to the ring (at 10 cm distance) and then became stationary for one second 136 

when it reached the ring, providing the participant with visual feedback of their endpoint reach 137 

error. If any part of the stationary cursor overlapped with any part of the target, the target was 138 

colored green and the participant received one point. Points were displayed on the screen every 139 

80 trials in the rotation and washout blocks, followed by a 30 s break.  140 

 141 

Each testing session took about 75 minutes to complete and consisted of a baseline block with 142 

veridical cursor feedback, a rotation block in which feedback of the cursor during the reach was 143 

rotated clockwise by 45°, and a ‘washout’ block in which veridical cursor feedback was restored. 144 

Participants in Experiments 1 and 2 completed two sessions, separated by a day, whereas 145 

participants in Experiment 3 completed a single session. Participants were not informed about 146 

nature or presence of the visuomotor rotation before or during the experiment. 147 

Experiment 1: Intermittent Report 148 

In the baseline block, participants first completed 48 no-report trials followed by 8 report trials. In 149 

the rotation block, participants completed 320 trials (40 sets of 8 trials). To test whether gaze 150 

fixations prior to executing a reach movement can provide a readout of the explicit component 151 

of visuomotor adaptation, in the rotation block we randomly intermixed two report trials and six 152 

no-report trials in each set of eight trials. This intermittent reporting was introduced after an 153 

initial set of eight no-report trials. At this moment, participants were told by the experimenter that 154 

“they had probably noticed something strange is going on” and they were instructed to report 155 

the direction of their hand movement (not the cursor movement) required to hit the target when 156 
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the numbers are displayed. In the washout block following the rotation block, participants 157 

completed 120 no-report trials without a rotation. To examine savings when re-exposed to the 158 

visuomotor rotation, and its relation to gaze patterns, participants performed two identical testing 159 

sessions separated by 24 hours. 160 

Experiment 2: No Report 161 

The second experiment was designed to test the extent to which the implementation of an 162 

aiming strategy, and the occurrence of fixations at the aimpoint, is influenced by having 163 

participants report their aiming direction. This experiment was identical to the Intermittent Report 164 

experiment (Experiment 1) except that the baseline block only included 48 no-report trials, and 165 

all 320 trials in the rotation block were no-report trials. To examine savings when re-exposed to 166 

the visuomotor rotation, participants performed two identical testing sessions separated by 24 167 

hours. 168 

Experiment 3: No Preview 169 

We tested a third group of participants to examine the extent to which the implementation of an 170 

aiming strategy, and the occurrence of fixations at the aimpoint, depends on having a target 171 

preview period, as previous studies have shown strategic aiming is effortful, especially at short 172 

preparation times (Leow et al. 2017). The experiment was the same as the No Report 173 

experiment (Experiment 2) except that all of the trials in the baseline, rotation, and washout 174 

blocks were no-report, no-preview trials, and participants only performed a single testing 175 

session. Our instructions did not stress reaction time, but they emphasized that participants had 176 

to make a single, fast, uncorrected reaching movement slicing through the target. If the duration 177 

of the reach was longer than 400 ms, the trial was aborted and a text feedback message “Too 178 

slow” appeared centrally on the screen. 179 
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Data Analysis 180 

Hand movements. Trials in which the reach was initiated too early or too late (as detected 181 

online) were excluded from the offline analysis of hand and eye movements (~5% and ~6% of 182 

trials in Experiment 1 and 2, respectively). We also excluded trials in which the movement time, 183 

defined as the time between the moment the cursor had fully moved out of the start position 184 

until the cursor reached the 10 cm target distance, was longer than 400 ms (<1% of trials in 185 

Experiment 1 and 2; ~2% in Experiment 3). To assess task performance on each trial, we 186 

calculated the hand angle with respect to the target angle at the moment the cursor reached the 187 

target distance. To do this, we first linearly interpolated the position of the pen on the tablet to 188 

1000 Hz, then converted its x and y position at the moment the cursor reached 10 cm distance 189 

from the start position to an angle, and finally subtracted the target angle. The endpoint hand 190 

angles were averaged across sets of eight trials, containing one repetition of each target 191 

direction. As a measure of early learning, we averaged the hand angle across sets 2 to 10 of the 192 

rotation block, excluding the first set in which participants often showed highly variable behavior.  193 

 194 

Eye movements. For the Intermittent Report experiment (Experiment 1), we first excluded 195 

report trials from the analysis of gaze data, since in these trials participants would naturally 196 

direct their eyes to the number they want to report. For all experiments, we excluded trials in 197 

which there was missing gaze data during at least 50% of the time from the onset of the target 198 

until the cursor crossed the ring (i.e., the preview and movement phases; ~7% of trials in 199 

Experiment 1; ~8% of trials in Experiment 2; ~4% of trials in Experiment 3). This was done to 200 

obtain a complete picture of the time course of gaze fixations over the preview and movement 201 

phase. Our analysis focused on participants’ fixation locations during the preview and 202 

movement phases. For each trial, we first detected and removed blinks from the x and y gaze 203 

positions that were provided by the eye tracker. Gaze data were low-pass filtered using a 2nd 204 
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order recursive Butterworth filter with a cutoff frequency of 50 Hz. The filtered x and y gaze 205 

positions were used to calculate horizontal, vertical and resultant gaze velocity. To obtain 206 

fixations, we first identified saccades as having a resultant velocity of 20 cm/s for 5 or more 207 

consecutive samples (10 ms). Saccade onset was defined as the last of 5 samples below the 208 

threshold of 20 cm/s, and saccade offset was defined as the first of 5 samples below this 209 

threshold. Next, fixations were defined as periods of 50 or more consecutive samples (100 ms) 210 

in which a saccade with a minimal displacement of 0.5 cm did not occur. We computed the 211 

mean x and y gaze positions for each fixation, and converted this to a distance from the start 212 

position and an angle relative to the target.  213 

 214 

We used the resulting fixation locations to quantify gaze patterns (1) over the time course of a 215 

single trial, and (2) over the course of each testing session. To examine gaze patterns over the 216 

time course of a trial, we first normalized time by scaling each phase (target preview, reaction 217 

time, reach, and feedback) of each trial to the mean duration of that phase across all subjects. 218 

Next, we computed, for each participant and each sample of all valid trials in the rotation block, 219 

the probability that a fixation occurred in three areas: (1) the start point area (<75% of target 220 

distance), (2) the visual target area (75-125% of target distance and within 8.4º of the target 221 

angle), and (3) a wide ‘aim area’ between the visual target area and -45º, i.e., the hand angle 222 

that would fully counteract the rotation, hereafter called the ‘hand target’. The visual target area 223 

included one landmark on each side of the target, so that the maximum width of the target area 224 

spanned ~3.4° of visual angle. Fixations at locations outside these three areas were very rare.  225 

 226 

To examine task-relevant gaze fixations over the course of the testing session, we only used 227 

fixation angles between 75 and 125% of the target distance. During the preview period on 228 

rotation trials, gaze typically shifted to the visual target briefly after its appearance, and from 229 

there gaze shifted, often over two or three saccades, towards the hand target (see Figure 2A 230 
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and B for an example). Therefore, we selected the fixation angle closest to the hand target, 231 

discarding fixations within the target area, to obtain a single measure of the putative ‘aimpoint 232 

fixation angle’ for each trial. (Note that report trials were excluded from this analysis.) The 233 

darker colored dots in the third column of Figure 3 show the fixations selected using this 234 

procedure. For group analyses, the resulting fixation angles were averaged across sets of eight 235 

trials (or six no-report trials in Experiment 1), for each set that contained at least two ‘aimpoint 236 

fixations’.  237 

 238 

Gaussian curve fitting. Our hypothesis that gaze patterns can provide a readout of the explicit 239 

component predicts that the distribution of each participant’s fixation locations should be 240 

bimodal, with a peak at the angle of the visual target, and a second peak at the participant’s 241 

putative aiming angle. A peak at the aiming angle occurred in the majority, but not all 242 

participants. To test for possible differences in learning curves between participants that did or 243 

did not exhibit aimpoint fixations, we divided our participants into subgroups of ‘aimpoint fixators’ 244 

and ‘target-only fixators’. To do this, we first created, for each participant, a histogram of all 245 

fixation angles at 75 to 125% target distance during the preview phase of the trials in the 246 

rotation block (see Figure 3), excluding the first 40 trials wherein the explicit component 247 

changes rapidly (see Figure 4; Taylor et al. 2014). The center of the histogram bins 248 

corresponded to the angles of the landmarks, and the width of the bins corresponded to the 249 

angular distance in between each two landmarks, such that each bin was 5.625º wide. We used 250 

the ‘fit’ function in the MATLAB curve fitting toolbox to perform a nonlinear least squares fit of a 251 

mixture of two Gaussian curves to the bin counts y, according to:  252 

𝑦 = 𝑎1𝑒
−(

𝑥−𝑏1
𝑐1

)
2

+ 𝑎2𝑒
−(

𝑥−𝑏2
𝑐2

)
2

 

where a1 and a2 are the amplitudes of the Gaussians, b1 and b2 are the means of the Gaussians 253 

and c1 and c2 are related to the width of the Gaussians. The lower bounds of the a, b and c 254 
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parameters were set to [0 -180 0], and the upper bounds were set to [Inf 180 Inf]. The starting 255 

value for a was set to half of the total bin count, and the starting value for c was set to 6 based 256 

on initial, unconstrained fits. We set the starting value for b1 to zero (i.e., the visual target), and 257 

for b2 we used starting values around the mean of the reported aiming direction in the 258 

Intermittent Report experiment (mean±SD: -23.3±7.6; starting values [-30, -28, -26, -24, -22, -259 

20, -18, -16]). We selected the fit with the highest variance explained by the model. Participants 260 

were categorized as ‘aimpoint-fixators’ if the fitting procedure returned two significant Gaussians 261 

(see Figure 3); that is, the 95% of the confidence interval of the means b1 and b2 did not 262 

overlap, and the confidence interval of b2 was outside of the center histogram bin. Otherwise, 263 

participants were categorized as target-only fixators, in which case a single Gaussian curve was 264 

fit to the bin counts. For three participants in Experiments 1 and 2, and one participant in 265 

Experiment 3, the confidence interval of the mean of the best fit unimodal curve for one of the 266 

days was outside of the center bin. These participants were categorized as aimpoint fixators. 267 

 268 

Estimating the explicit and implicit component. For Experiment 1 (Intermittent Report 269 

Experiment) we estimated the explicit component of visuomotor adaptation using the verbally 270 

reported aiming direction (Taylor et al. 2014). We converted the verbally reported landmark 271 

number to an angle relative to the target. The reported aiming angles were averaged across 272 

sets of eight trials. As such, each value per eight-trial set represents the average of two report 273 

trials. Subsequently, implicit adaptation was estimated for each set by subtracting the averaged 274 

explicit angle from the averaged hand angle (Taylor et al. 2014). Because, in Experiment 1, we 275 

found that the aimpoint fixation angle closely matched the explicit, verbally reported aimpoint 276 

angle (see Results), for Experiment 2 we estimated implicit adaptation for each trial set by 277 

subtracting the averaged aimpoint fixation angle from the averaged hand angle.  278 

 279 
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Statistical analyses. To assess differences in task performance between day 1 and day 2, we 280 

performed paired t-tests on the hand angles, reported aiming angles, implicit angles, and 281 

fixation angles averaged across sets of eight trials. To assess differences in adaptation between 282 

subgroups of aimpoint and target-only fixators, we performed unpaired t-tests on the hand 283 

angles averaged across sets. We computed Pearson’s correlation coefficients to assess, across 284 

participants, the relationship between variables. 285 

 286 
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Results 287 

The goal of our study was to assess whether gaze behavior, a natural component of reach 288 

planning, can be reliably used to probe both the implementation and state of cognitive strategy 289 

use during visuomotor rotation learning and relearning 24 hours later. We predicted that gaze 290 

fixations, prior to reaching on each trial, would closely track participants’ verbally reported 291 

aiming direction, as assayed on separate trials (Experiment 1). Upon establishing this link, we 292 

further predicted that gaze fixations, in the absence of any verbal reporting, would provide a 293 

unique means of identifying individuals using cognitive strategies (Experiments 2 and 3). In all 294 

three experiments, we predicted that gaze behavior would be directly related to individuals’ rate 295 

of visuomotor adaptation and expression of savings .  296 

Characterization of within-trial gaze behavior 297 

Figure 2A and B show gaze behavior in an example no-report trial in the rotation block of 298 

Experiment 1. Typical gaze behavior involved first shifting gaze from the start position to the 299 

visual target at about 200 to 300 ms following target onset. Next, gaze often shifted to a position 300 

somewhere in between the visual target and the hand target for two to three fixations. 301 

Thereafter, gaze either remained in the aimpoint area during the reach or shifted back to the 302 

visual target before the onset of the reach. This behavior is consistent with our prediction that 303 

the distribution of each participant’s fixation locations should be bimodal, with a peak at the 304 

angle of the visual target, and a second peak at the participant’s putative aiming angle. A peak 305 

at the aiming angle occurred in the majority, but not all participants. Therefore, we first divided 306 

participants into groups based on their distribution of fixation angles in the rotation block. In the 307 

Intermittent Report experiment, 18 out of 21 participants showed a bimodal distribution of 308 

fixations that was well fit by a mixture of two Gaussians (see Figure 3 for an example), and were 309 
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therefore classified as ‘aimpoint fixators’. In the No Report experiment, 11 out of 21 participants 310 

were classified as ‘aimpoint fixators’. In the No Preview experiment, 5 out of 12 participants 311 

were ‘aimpoint fixators’. Here, we will first describe the within-trial gaze behavior of these 312 

subgroups of participants.  313 

 314 

Figure 2C shows how gaze behavior unfolds over the time course of a single trial in terms of the 315 

probability of fixation in the start point area, visual target area, and the area in between the 316 

visual target and the hand target at -45º (‘aim area’), averaged across aimpoint fixators. To 317 

examine how gaze behavior changed over the course of learning, we computed the probabilities 318 

separately for the first and second half of the rotation block on day 1 and day 2. In all of these 319 

intervals, there was initially a high probability of fixation in the start area when the target 320 

appeared, which was followed by a quick increase in probability of fixation at the visual target. 321 

Next, fixations occurred in the visual target or aim area, with a decrease in probability in the 322 

target area and an increase of probability in the aim area between the first and second half of 323 

the rotation block on day 1. On average, fixations in the aim area occurred in 73±5% and 324 

88±4% of the correct no-report trials in the rotation block on the first and second day, 325 

respectively, in the subgroup of aimpoint fixators. During the reach, we observed a slightly 326 

higher probability of fixation in the aimpoint area compared to the target area, which leveled out 327 

in the second half of the rotation block on day 2. The individual data revealed that, during the 328 

reach, 12 out of the 18 aimpoint fixators fixated in the aim area in a portion of trials and in the 329 

target area in another portion of trials, five aimpoint fixators predominantly fixated the aimpoint, 330 

and one aimpoint fixator predominantly fixated the target. Figure 2D shows the timing of the 331 

onset of fixations at the visual target, for trials in which the target fixation was preceded by a 332 

fixation in the aim area. As can been seen in this graph, participants showed two patterns of 333 

gaze behavior. They either shifted their gaze to the visual target right before the onset of the 334 

reach, likely to use visual feedback during the reach, or they shifted their gaze to the visual 335 
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target after the offset of the reach, likely to obtain visual feedback about the error. They tended 336 

not to shift their gaze to the target during the reach, explaining the dip in fixation onset 337 

frequency around the offset of the reach. As shown in the inset, the occurrence of these two 338 

patterns varied across participants but many participants exhibited both patterns.  339 

 340 

One plausible explanation of the Experiment 1 findings is that, because we asked participants to 341 

verbally report (and thus, presumably fixate) their aimpoint on a minority (25%) of trials, this may 342 

have biased their gaze patterns on the remaining majority (75%) of trials. To assess whether the 343 

nature of the verbal reporting task biased the resulting eye movement patterns, a second group 344 

of participants performed the same two sessions of the visuomotor rotation task but without the 345 

requirement to report their aiming direction. Here, 11 out of our 21 participants were classified 346 

as aimpoint fixators based on the fitted Gaussian curves. The time course of the probability of 347 

fixation in the start, target and aim area, averaged across the first and second half of the 348 

rotation blocks (data not shown), appeared strikingly similar to that shown for Experiment 1 (see 349 

Figure 2C). Aimpoint fixations occurred in 71±4% and 81±5% of correct trials in the rotation 350 

block on the first and second day, respectively. Thus, although the proportion of aimpoint 351 

fixators was affected by the task of verbal reporting, the gaze behavior of aimpoint fixators was 352 

highly consistent across experiments.  353 

 354 

To assess whether a brief (2 s) preview period of the target is necessary for aimpoint fixations to 355 

occur, we performed a third experiment. This No Preview experiment was identical to the No 356 

Report experiment (Experiment 2), with the exception that, on each trial, participants were 357 

instructed to initiate a reach movement upon appearance of the target (i.e., no preview period), 358 

and participants performed only a single session of the visuomotor rotation task. Despite the 359 

lack of a target preview period, five out of twelve participants still showed fixations in the area 360 

between the visual target and the hand target during of the rotation block, resulting in a bimodal 361 
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distribution of fixation angles. Figure 2E shows the probability of fixation in the start point area, 362 

visual target area, and aim area in the first and second half of the rotation block. In contrast to 363 

the first and second experiment, aimpoint fixations did generally not persist throughout the 364 

rotation block, resulting in a lower probability of fixation in the aim area and a higher probability 365 

of fixation in the target area in the second compared to the first half of the rotation block. Figure 366 

2F shows the timing of target fixations in trials with aimpoint fixations. As in Experiment 1, 367 

participants shifted their gaze to the target before or after the reach, with a low frequency of 368 

target fixation onset around the offset of the reach. In most trials, participants fixated the visual 369 

target after the reach, as shown by the low proportion ‘before’ in the inset, suggesting that in 370 

trials with a fixation in the aim area, this fixation occurred during the reach.  371 

Experiment 1: Intermittent Report 372 

The first experiment contained two separate sessions, separated by 24 hours, of baseline 373 

reaches with veridical cursor feedback, adaptation to a 45º visuomotor rotation of the cursor 374 

feedback, and washout with veridical feedback. During the rotation block, in 25% of trials, 375 

participants were asked to report the number of the landmark they planned to aim their hand to 376 

for the cursor to hit the target. We extracted patterns of gaze fixations in the remaining 75% of 377 

trials. Figure 3 shows, for an example participant, the raw endpoint hand angles, reported 378 

aiming angles, and the angles of all fixations during the target preview period of non-reporting 379 

trials. The participant shows rapid adaptation of the endpoint hand angle from 0º to -45º, with 380 

quicker adaptation on the second day compared to the first day (i.e., savings). Further, their 381 

verbally reported aiming angle shows a similarly fast change towards -45º in the beginning of 382 

the rotation block, and then very slowly drifts back towards about -20º by the end of the rotation 383 

block. This participant shows gaze fixations both at the visual target and at an angle in between 384 

the visual target and the hand target. The tail of the distribution, denoted by the darker colored 385 

purple dots that show the selected fixation angle closest to the hand target at -45º in each trial, 386 
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very closely mimics the temporal evolution of verbally reported aiming angles during the task. 387 

Notably, during the washout block, this participant seems to fixate an additional ‘aimpoint’ 388 

location at the diametrically opposite side of the target, as if the rotation were reversed rather 389 

than turned off. Many participants exhibited this same behavior, suggesting that reversion to 390 

baseline during washout involves the implementation of a reverse strategy. Specifically, 16 391 

aimpoint fixators showed fixations at the opposite side of the target during washout, although 3 392 

of these participants only showed this behavior on one of the days. The right column of Figure 393 

3A shows that the histogram of fixation angles during the rotation block for this participant was 394 

well fit by a mixture of two Gaussian curves. When we applied this same approach to the 395 

histogram of fixation angles of each participant (see Materials and Methods), we found that for 396 

18 out of our 21 participants the histogram was better fit by a mixture of two Gaussian curves 397 

than one Gaussian curve, and we thus classified these individuals as ‘aimpoint fixators’. Only 398 

two participants showed fixations almost exclusively at the visual target location in the rotation 399 

block (i.e., were poorly fit by a mixture of two Gaussian curves), thus classifying these 400 

individuals as ‘target-only fixators’. Notably, both of these target-only fixators reported non-zero 401 

values and showed rather fast changes in the hand angle suggesting that they did implement an 402 

explicit strategy. The one, remaining participant switched from a unimodal distribution of fixation 403 

angles on day 1 to a bimodal distribution on the second day. To verify our approach of 404 

describing the time course of aimpoint fixations by selecting, on each trial, the fixation angle 405 

closest to the hand angle, we performed a linear regression between the mean of the selected 406 

fixation angles and the mean of the Gaussian curve in the aimpoint area. This analysis revealed 407 

a linear relationship across aimpoint fixators, with a slope close to one on day 1 (slope=1.19, 408 

95% CI=[1.02 1.36], intercept=8.82, 95% CI=[5.06, 12.58]) and day 2 of testing (slope=0.99, 409 

95% CI=[0.84 1.13], intercept=2.13, 95% CI=[-1.62 5.86]). 410 

 411 
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Figure 4A shows the endpoint hand angles, reported aiming angles, implicit adaptation angles 412 

obtained by subtraction of the reported aiming angles from the hand angles, and fixation angles 413 

closest to the hand target during the target preview period. All angles are averaged across sets 414 

of eight trials and across subjects classified as aimpoint fixators (i.e., 18 out of 21 participants). 415 

The time course of gaze fixations closely overlapped with that of the reported aiming angle, 416 

confirming our initial hypothesis that gaze fixations would closely track participants’ verbally 417 

reported aiming direction. To directly assess the relationship between these two variables, we 418 

computed correlation coefficients on the reported aiming angles and the fixation angles on each 419 

day, averaged across the trial sets in the second half of the rotation block (i.e., sets 21-40) 420 

where the explicit component is fairly stable. We observed a strong linear relationship between 421 

mean reported aiming angles and mean fixation angles on both days (Figure 4B). 422 

 423 

As a descriptive analysis of differences between testing days, we performed paired t-tests 424 

between each of the data points on day 1 and 2 (uncorrected for multiple comparisons). 425 

Consistent with prior work (Krakauer et al. 2005; Morehead et al. 2015), we found faster 426 

adaptation of the hand angle in the rotation block and washout block of day 2 compared with 427 

day 1 (i.e., savings). Notably, faster changes in hand angle following the onset of the rotation on 428 

day 2 were accompanied by a larger (i.e., more negative) reported aiming angle, as well as a 429 

larger fixation angle, without significant differences in the implicit angle. This suggests that 430 

savings were mainly driven by recall of an aiming strategy, possibly facilitated by gaze fixations. 431 

[Note that fixation angle differed significantly between days in several bins of the rotation block, 432 

however, there was no clear pattern in these differences with the exception that they generally 433 

reflected the tendency for aimpoint fixations to be magnified on day 2.] If aimpoint fixations 434 

reflect an explicit strategy, greater fixation angles should correspond to faster learning in the 435 

beginning of the rotation block, where the contribution of the implicit component is small. To 436 

directly assess the relationship between learning and fixation angle during early learning, we 437 
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computed a correlation, across participants, between the mean hand angle and mean fixation 438 

angle in trial sets 2-10 of the rotation block on both days. As shown in Figure 4C, this revealed a 439 

positive linear relationship on day 1, but not on day 2. We suspect that the lack of a correlation 440 

on day 2 might reflect the fact that, due to day 1 learning, the variability across subjects in hand 441 

angles was much smaller on day 2 than on day 1.  442 

 443 

Taken together, the main results of this Intermittent Report experiment are that (1) the vast 444 

majority of participants fixated an internal aimpoint, used to counteract the rotation, prior to 445 

executing the reach movement, (2) the magnitude and time course of these ‘aimpoint fixations’ 446 

closely overlapped with that of the verbally reported aiming angle, and (3) a greater aimpoint 447 

fixation angle during early learning on day 1 was related to greater changes in hand angle.  448 

Experiment 2: No Report 449 

To assess whether the nature of the verbal reporting task biased the resulting eye movement 450 

patterns, in the No Report experiment participants performed two sessions of the visuomotor 451 

rotation task without the requirement to report their aiming direction. Here, we found that two 452 

subgroups of participants clearly emerged. Eleven out of our 21 participants were now classified 453 

as aimpoint fixators based on the fitted Gaussian curves. As in Experiment 1, we again 454 

observed a strong linear relationship between the mean of the Gaussian curve in the aimpoint 455 

area and the mean selected fixation angle (day 1: r=0.82, p=.002; day 2: r=0.93, p<.001). 456 

Notably, the proportion of aimpoint fixators in this experiment was significantly less than in 457 

Experiment 1 (Pearson Chi-Square(1)=5.27, p=0.022). In addition, we now found that eight 458 

participants exhibited fixations only around the visual target (target-only fixators), and two 459 

participants switched from only fixating the target on day 1 to fixating both the target and an 460 

aimpoint on day 2 (excluded from the analysis). In the washout block, all of the aimpoint fixators 461 

showed fixations to the opposite side of the target as in the learning block, as judged by eye, 462 
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although one participant only showed this behavior on the second day. None of the target-only 463 

fixators showed fixations to the opposite side of the target in the washout block. 464 

 465 

Figure 5A shows the endpoint hand angles, fixation angles and the implicit angles estimated by 466 

subtracting the fixation angles from the hand angles, averaged across the subgroup of 11 467 

aimpoint fixators, as well as the hand angles averaged across the subgroup of 8 target-only 468 

fixators. Whereas the subgroup of aimpoint fixators exhibited adaptation rates that were very 469 

similar to those of the aimpoint fixators in Experiment 1 (see Comparison between Experiments 470 

1 and 2 below), adaptation rates in the subgroup of target-only fixations were considerably 471 

slower, with significant between-group differences in hand angles in several sets of trials in the 472 

rotation block and early in the washout block. Moreover, whereas the subgroup of aimpoint 473 

fixators showed savings, as indicated by significantly faster adaptation on day 2 compared to 474 

day 1 in the first trial set of the rotation (t(10)=4.33, uncorrected p=.002) and washout blocks 475 

(t(10)=-3.48, uncorrected p=.006), the subgroup of target-only fixators failed to show significant 476 

savings (first set in rotation block: t(7)=1.87, uncorrected p=0.104; first set in washout block: 477 

t(7)=-1.76, uncorrected p=.122). This suggests that learning in the target-only fixators group was 478 

largely implicit and did not involve an aiming strategy. To test our prediction that gaze behavior 479 

is directly related to individuals’ performance during early learning, we computed a correlation, 480 

across participants, on the mean hand angle and mean fixation angle during early learning (i.e., 481 

sets 2-10 of the rotation block). We observed a strong positive correlation on day 1, and a 482 

moderate, marginally significant correlation on day 2 (Figure 5B). 483 

 484 

Taken together, the results from this second experiment suggests that (1) the use of verbal 485 

reporting measures increases the proportion of participants that implement cognitive strategies, 486 

and (2) participants who naturally exhibit aimpoint fixations in this task show fast adaptation and 487 
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savings whereas those participants who only ever exhibit target fixations show comparably slow 488 

adaptation, with no evidence for savings. 489 

Comparison between Experiments 1 and 2 490 

Across the first two experiments, we found that a significantly larger proportion of participants 491 

fixated an aimpoint prior to reaching under a visuomotor rotation when the task involved verbally 492 

reporting the aiming direction on a subset of trials. When we compared the hand angle of all 493 

subjects in the Intermittent Report experiment (Experiment 1) to the hand angle of all subjects in 494 

the No Report experiment (Experiment 2; data not shown), we found significant differences in a 495 

large part of the rotation block, especially on the first day of testing. On average, participants in 496 

the Intermittent Reporting experiment showed faster adaptation and de-adaptation and a greater 497 

asymptotic adaptation level than participants in the No Report experiment. However, when we 498 

compared the subgroups of aimpoint fixators in both experiments (18 participants in Experiment 499 

1 and 11 participants in Experiment 2), there were no significant differences in hand angle, 500 

except in two out of the 55 bins across the entirety of the rotation and washout blocks of each 501 

day. These results suggest that the declarative nature of verbal reporting increases the 502 

proportion of participants that implement an aiming strategy, resulting in faster learning, but 503 

does not affect the magnitude of the explicit component. 504 

Experiment 3: No Preview 505 

To assess the influence of a brief (2 s) target preview on gaze behavior and learning, in the No 506 

Preview experiment participants were instructed to initiate a reach movement directly upon 507 

appearance of the target. Participants performed only a single session of the visuomotor 508 

rotation task. Despite the lack of a target preview period, five out of twelve participants still 509 

showed fixations in the area between the visual target and the hand target during of the rotation 510 
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block, resulting in a bimodal distribution of fixation angles. Figure 6A and B show the raw hand 511 

angles, fixation angles, and hand reaction times of two example participants. The participant in 512 

Figure 6A appeared to implement an aiming strategy about half way through the rotation block, 513 

as judged by the sudden change in hand angle and a brief period of aimpoint fixations. Although 514 

this participant was classified as a target-only fixator based on the distribution of fixation angles, 515 

we manually classified this participant as a switcher. Figure 6B shows an example aimpoint 516 

fixator. As for this example participant, aimpoint fixations generally did not persist throughout the 517 

entire rotation block, unlike in the first two experiments. Rather, aimpoint fixations were only 518 

expressed at what appears to be the start of the implementation of a aiming strategy, as judged 519 

from corresponding fast changes in hand angle. Note that the lack of persistence of aimpoint 520 

fixations does not imply that the explicit component has reduced back to zero (see Discussion). 521 

As can be seen in the third column of Figure 6A and B, fixating an aimpoint came at the cost of 522 

a higher reaction time. The right column of Figure 6A and B show the relation between the 523 

selected fixation angle and the hand reaction time for both participants. On average, the 524 

aimpoint fixators showed a significant negative relationship between selected fixation angle and 525 

reaction time of the hand movement (mean±SEM r=-0.29±0.07, one-sample t-test against zero 526 

t(4)=-4.18 p=.014). 527 

 528 

To summarize, we found that even without a brief, instructed preview period of the visual target, 529 

nearly half the participants still fixated an internal aimpoint location, which, while resulting in 530 

faster adaptation, came at the cost of longer reaction times. Notably, in these aimpoint fixators, 531 

fixations further away from the visual target (i.e., a greater aiming angle) were associated with 532 

longer hand reaction times, consistent with the idea that explicit aiming may involve the mental 533 

rotation of a movement endpoint or trajectory (Anguera et al. 2010; Fernandez-Ruiz et al. 2011; 534 

McDougle and Taylor 2016). This experiment reinforces the findings from the first two 535 
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experiments that trial-to-trial gaze behavior during adaptation is linked to the implementation of 536 

a cognitive strategy.  537 

 538 
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Discussion 539 

Here we explored the idea that task-specific gaze fixations over the time course of sensorimotor 540 

adaptation and re-adaptation 24 hours later can provide a covert means of identifying 541 

individuals who use explicit strategies during learning, as well as how the contribution of the 542 

explicit component to learning evolves over time. We show, across three experiments, that gaze 543 

behavior during visuomotor rotation learning parcellates the explicit and implicit components to 544 

learning, is linked to individual differences in learning rates, and can predict the expression of 545 

savings.  546 

 547 

Previous research has examined free gaze behavior during adaptation to a visuomotor rotation 548 

in the presence of visual landmarks. Rand and Rentsch (2016) investigated gaze location at the 549 

time of reach onset during adaptation to 30, 75 and 150° rotations without online cursor 550 

feedback and without a delay period. They showed that, for the 30 and 75° rotations, 551 

participants fixated the visual target during early learning but, in subsequent trials, often fixated 552 

the ‘hand target’ (i.e., the location of the hand when the cursor was on the visual target). In their 553 

task, learning appeared to be almost entirely explicit, as limited after-effects were observed, and 554 

therefore the hand target was effectively the aimpoint. Thus, this previous study provided 555 

evidence that gaze behavior can reflect the explicit component of learning (Rand and Rentsch 556 

2016). The current study both supports and extends this previous work. First, by using a 557 

paradigm in which, both within and across days, the relative contributions of the implicit and 558 

explicit components vary markedly, we could show that changes in the explicit component were 559 

matched by changes in gaze behavior. Second, because the hand target and the aimpoint were 560 

clearly dissociated in our paradigm, we could unequivocally show that gaze is frequently directly 561 

to the aimpoint. Third, we provide additional evidence, based on individual differences, for the 562 
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close mapping between gaze behavior and the explicit component of learning. Finally, the fact 563 

that we observed a similar correspondence between gaze behavior and reach performance in 564 

Experiments 1 and 2 indicates that the magnitude of the explicit component, per se, is not 565 

influenced by requiring participants to provide verbal reports of their aiming direction. Our 566 

results, in combination with the previous work of Rand and Rentsch (2016), indicate that gaze 567 

behavior can provide a useful tool for assessing the explicit component of visuomotor 568 

adaptation across a range of paradigms. 569 

 570 

Gaze behavior as a substitute to verbal reporting 571 

The large participant groups tested in the current study allowed us to divide individuals into two 572 

main subgroups: (1) a group that only fixated the visual target (i.e., target-only fixators) and, (2) 573 

a group that fixated both the visual target and a separate aimpoint (i.e., aimpoint fixators). When 574 

not being probed about their aiming strategy, we found that target-only fixators adapted more 575 

gradually, and did not exhibit savings, indicative of implicit processes governing their learning 576 

and relearning of the visuomotor rotation (Morehead et al. 2015). By contrast, aimpoint fixators 577 

exhibited fast adaptation and savings, indicating the use of explicit strategies. Previous research 578 

had already shown a relationship between the use of explicit strategies and learning (Werner 579 

and Bock 2007; Heuer and Hegele 2008; Taylor et al. 2014), here we show that this relation is 580 

also present when we use gaze behavior to assess strategy use. Our results indicate that group 581 

membership is affected by verbal reporting, such that the requirement to declare aiming 582 

direction on a subset of trials increases the number of aimpoint fixators rather than the 583 

magnitude of the explicit component, as previously assumed (Taylor et al. 2014; Leow et al. 584 

2017). We further noticed that several participants were quite rigid in their verbal reporting; that 585 

is, they consistently tended to report, across trials, a fixed number of landmarks 586 

counterclockwise to the visual target as their aimpoint. The declarative nature and rigidness of 587 

reporting suggests an advantage to using gaze to assess the contribution of explicit processes 588 
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to learning. First, the lack of aimpoint fixations may identify participants who, in the absence of 589 

being prompted by verbal reporting, would not spontaneously implement an aiming strategy. 590 

Second, in participants who do implement such strategies, gaze can provide a covert, yet 591 

sensitive measure of the magnitude of the explicit component.  592 

 593 

We recognize, however, that there may also be some shortcomings in using gaze fixations to 594 

assess the explicit component. First, the absence of aimpoint fixations does not preclude the 595 

possibility that explicit strategies are still being implemented. However, the gradual nature of 596 

learning and absence of savings in non-aimpoint fixators in the No Report experiment suggests 597 

that their learning is largely implicit (Morehead et al. 2015). Second, adding landmarks to the 598 

visual scene is an essential modification to elicit aimpoint fixations in participants who naturally 599 

implement a cognitive strategy. Without providing this scaffolding, it is highly likely that gaze 600 

would solely be attracted by the saliency of the visual target, as gaze is not frequently, nor 601 

reliably, directed towards blank spaces. Indeed, it is for this very reason that we added 602 

landmarks to the visual scene. Third, we showed that providing a brief target preview is helpful 603 

in eliciting a robust pattern of aimpoint fixations. Of course, the occurrence of aimpoint fixations 604 

will also depend on other factors, and will likely become more robust in conditions in which the 605 

explicit component is large (e.g., Rand and Rentsch 2016). Nevertheless, given that the primary 606 

method used for assessing the time course of explicit and implicit components to learning 607 

involves declarative reporting (Taylor et al. 2014), which itself enhances the probability that 608 

cognitive strategies are implemented and which also necessitates the use of landmarks and 609 

increases reaction times, we believe that the use of gaze behavior has inherent advantages. 610 

 611 

The role of aimpoint fixations during visuomotor learning 612 

During a trial, aimpoint fixators typically shifted their gaze from the start position to the visual 613 

target shortly after its appearance, and then shifted their gaze (in one or a series of saccades) 614 
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to the aimpoint. Presumably, aimpoint fixations assist participants in performing a mental 615 

rotation of the motor goal location or movement direction (McDougle and Taylor 2016). This 616 

suggestion is supported by our observation that in the No Preview experiment, aimpoint fixators’ 617 

hand reaction times were correlated with the magnitude of their fixation angles. This relationship 618 

between rotation magnitude and reaction time bears strong similarity to previous observations in 619 

studies of visually guided reaching and object rotation (Shepard and Metzler 1971; Pellizzer and 620 

Georgopoulos 1993; see also Fernandez-Ruiz et al. 2011). However, aimpoint fixations are not 621 

necessary in applying an aiming strategy. In the No Preview experiment, most aimpoint fixators 622 

stopped fixating an aimpoint during the rotation block but this did not result in a sudden increase 623 

in hand error. Furthermore, in the Intermittent Report experiment, the two participants who did 624 

not show aimpoint fixations nevertheless reported aiming in the direction to counter the rotation, 625 

and showed fast learning, suggesting that they implemented an aiming strategy. Finally, as 626 

discussed above, it is unlikely that participants would fixate an aimpoint when visual landmarks 627 

are not present, yet they can still implement a strategy. Nevertheless, the majority of 628 

participants showed a robust pattern of aimpoint fixations in the experiments that used a brief 629 

target preview. When participants were not asked to report their aiming direction, their fixation 630 

pattern could distinguish between faster learners that implemented an aiming strategy and 631 

slower, more implicit learners. 632 

 633 

When reaching under normal visual feedback conditions, humans naturally direct their gaze to 634 

the reach target before moving their hand (e.g., Prablanc et al. 1979; Neggers and Bekkering 635 

2000). In the current study, we observed that participants who showed aimpoint fixations 636 

exhibited two dominant fixation patterns around the time of the reach when reaching under a 637 

visuomotor rotation. They either shifted their gaze from the aim area to the visual target before 638 

the reach and kept their gaze on the target during the reach, or they fixated in the aim area 639 

during the reach, which was often followed by a gaze shift to the visual target after completing 640 
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the reach. Fixating the visual target during the reach optimizes the use of peripheral visual 641 

feedback in automatically correcting for errors in the reach trajectory (e.g., Carlton 1981; 642 

Paillard 1996; Land et al. 1999; Saunders and Knill 2003; de Brouwer et al. 2017). Although in 643 

the current study participants were instructed to make ballistic, uncorrected reaching 644 

movements, it is unlikely that participants fully ignored peripheral visual information of the 645 

cursor, which provides an important reason for fixating the target. Surprisingly, however, 646 

aimpoint fixators were slightly more likely to fixate in the aim area than at the visual target during 647 

the execution of the reach (0.5 vs. 0.4 probability, respectively, when averaged over rotation 648 

blocks). In fact, several participants almost exclusively fixated the aimpoint during the reach. 649 

These aimpoint fixations were often followed by a gaze shift to the visual target after the offset 650 

of the reach, likely to obtain visual feedback about the target error. One explanation for fixating 651 

the aimpoint during the reach is that this could improve reach accuracy through the use of 652 

extraretinal signals; that is, proprioceptive signals or an efference copy of oculomotor 653 

commands (e.g., Prablanc et al. 1986). However, in the setup used in the current study, this 654 

would also require a transformation from the vertical plane, in which the eye movements were 655 

made, to the horizontal plane, in which the hand movements were made. Furthermore, it is 656 

important to recognize that participants did not actually direct their gaze to the hand target 657 

(which would, in principle, provide the most spatially accurate extraretinal information to hit the 658 

target), but rather a strategic location to counteract the rotation that could change from trial to 659 

trial. One intriguing possibility, which may explain why gaze often remained at this location, is 660 

that the trial-by-trial state of the implicit component during learning is directly built into the 661 

transformation from gaze proprioceptive coordinates to the hand movement. Although previous 662 

work has examined reference frame transformations from gaze-centered to hand-centered 663 

coordinates (Crawford et al. 2004; Buneo and Andersen 2006), it has not directly explored how 664 

this mapping might be affected by implicit learning. 665 

 666 
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Gaze behavior during washout 667 

Strikingly, we observed that almost all participants who fixated an aimpoint during the rotation 668 

block also appeared to fixate an aimpoint, in the opposite direction, in the de-adaptation 669 

(washout) blocks on both days. That is, even though veridical visual feedback was restored 670 

during washout, the distribution of gaze angles appeared to be bimodal with a second peak in 671 

between the visual target and +45°, as if the rotation were reversed rather than extinguished. 672 

This indicates that de-adaptation itself also involves an explicit component and not just the 673 

gradual reduction of the implicit component, for which it is commonly used (Krakauer et al. 674 

2005). This finding is consistent with recent work showing that de-adapting to an 675 

instantaneously removed rotation, A, results in savings when subsequently experiencing 676 

rotation -A (Herzfeld et al. 2014). The idea that de-adaptation involves an explicit component 677 

appears to contradict recent findings from Morehead and colleagues (2015) who asked 678 

participants to verbally report their aiming direction during de-adaptation and found that 679 

participants aimed towards the target rather than an opposite aimpoint. This discrepancy might 680 

be due to differences in the magnitude of the implicit component at the time the rotation was 681 

removed. Namely, when the implicit component at the end of the rotation block is small, as in 682 

the Morehead study (~10°), extinguishing the rotation will produce only a small error between 683 

the target and the cursor position, which is less likely to drive an aiming strategy (Bond and 684 

Taylor 2015). Notably, for many participants in our study, gaze remained at an ‘opposite’ 685 

aimpoint throughout the full 120 trials of de-adaptation, suggesting that the implicit component 686 

was not, in fact, washed out (as explicit aiming was being used to counteract it). Further 687 

research is needed to carefully unravel the complete time course of the explicit and implicit 688 

components to de-adaptation. 689 

 690 

Brain mechanisms linking gaze and explicit processes 691 
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Whereas there is extensive evidence that implicit, error-based sensorimotor adaptation is reliant 692 

on cerebellar mechanisms (Smith and Shadmehr 2005; Morton and Bastian 2006; Tseng et al. 693 

2007), the neural systems associated with the explicit component of learning remain largely 694 

unknown. The verbal reporting task employed by Taylor and colleagues (2014) showed that the 695 

use of explicit strategies in VMR learning can be declarative. Although Experiment 2 did not 696 

involve verbal reporting, we suspect that aimpoint fixators, if queried, would similarly 697 

acknowledge use of such strategies. Perhaps not surprisingly, evidence from neuroimaging, 698 

aging, and lesion studies, has implicated prefrontal cortex in explicit strategies (Taylor and Ivry 699 

2014). Several studies have implicated dorsolateral prefrontal cortex, in particular, in 700 

contributing to sensorimotor adaptation and savings (Shadmehr and Holcomb 1997; Della-701 

Maggiore 2004; Floyer-Lea and Matthews 2004), likely through its known role in working 702 

memory processes (Curtis and D’Esposito 2003; Seidler et al. 2012) and mental rotation (Cohen 703 

et al. 1996). With respect to the current results, we expect the frontal eye fields, located in 704 

prefrontal cortex and a key hub in the oculomotor network associated with target selection 705 

(Thompson and Bichot 2005), to be involved in the selection of aimpoints as saccade targets. 706 

The role of declarative processes in strategic re-aiming further suggests that regions in the 707 

medial temporal lobe (MTL) might also be partly responsible for the reported oculomotor 708 

behavior. MTL regions appear integral to guiding gaze to strategic locations in a visual scene 709 

(Meister and Buffalo 2016) and the neuroanatomical connectivity of the MTL makes it well 710 

poised to interface with oculomotor regions in prefrontal cortex (Shen et al. 2016). 711 
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Figure Legends 848 

Figure 1. Experimental setup and procedures. A. Experimental Setup. Participants 849 
performed fast reaching movements by sliding a pen across a digitizing tablet, without vision of 850 
the hand. Visual stimuli and the cursor representing the hand position were presented on a 851 
monitor. B. Task. A target was presented in one of eight locations, and flanked by a ring of 852 
landmark circles. Veridical cursor feedback was provided in the baseline and washout blocks. In 853 
the rotation block, participants were exposed to a 45° rotation of the cursor feedback. C. Trial 854 
types. In No Report trials participants were given a 2 s preview of the target and landmarks 855 
before the response was cued. In Report trials participants reported their aiming direction via 856 
the numbered visual landmarks.  857 
 858 
Figure 2. Gaze behavior in rotation trials. A. Typical behavior in a No Report trial in the 859 
rotation block. This participant first moved their gaze to the visual target, then in the direction of 860 
the hand target, and back to the visual target before executing the reach movement. B. Time 861 
course of fixations (75-125% of target distance; purple), and hand movement (blue) during the 862 
target preview, hand reaction time (RT) and reach for the trial shown in A. C. Probability of 863 
fixation in the start area (<75% of target distance; gray trace), target area (75-125% of target 864 
distance and <8.4° of the visual target; yellow trace), and aim area (75-125% of target distance 865 
and -8.4° to -45° from the visual target; orange trace) as a function of normalized within trial 866 
timing, averaged across the subgroup of aimpoint fixators in Experiment 1 (n=18). Shaded 867 
areas represent standard error of the mean. Separate graphs are shown for the first (left) and 868 
second (right) half of the rotation block on day 1 (top) and day 2 (bottom). D. Timing of fixation 869 
in the visual target area, following a fixation in the aimpoint area, in the rotation block of 870 
Experiment 1 (51% of correct no-report trials). The blue area indicates the mean duration of the 871 
reach. The inset displays the proportion of trials in which a fixation at the visual target started 872 
before the offset of the reach (blue dashed line), relative to the total number of selected trials. 873 
The dots indicate this proportion for each aimpoint fixator; the boxplot indicates the median and 874 
interquartile range across subjects. E. Probability plots averaged across aimpoint fixators (n=5) 875 
in Experiment 3, organized and computed the same as in C. F. As D, containing 21% of rotation 876 
trials, averaged across aimpoint fixators in Experiment 3.  877 
 878 
Figure 3. Raw data and experimental approach of classifying participants. Raw endpoint 879 
hand angles (blue), reported aim angles (orange) and fixation angles (purple) during the 2 s 880 
target preview period in No Report trials of a representative participant in the Intermittent Report 881 
Experiment on day 1 (top) and day 2 (bottom). The grey background indicates when a 45° 882 
rotation was applied to the cursor feedback. Vertical dotted lines indicate the timing of 30 s 883 
breaks during the experiment. The darker purple dots show, for each trial, the selected fixation 884 
angle closest to the hand target, used to compute the group average ‘aimpoint fixation’ angle. 885 
The rightmost column shows a histogram of all fixation angles in the rotation block. This 886 
participant was classified as an ‘aimpoint fixator’ because their gaze distribution was well fit by a 887 
mixture of two Gaussian curves. 888 
 889 
Figure 4. Results Intermittent Report Experiment. A. Endpoint hand angles (blue), reported 890 
aim angles (orange), implicit angles (green), and selected fixation angles (purple) on day 1 (top) 891 
and day 2 (bottom), averaged across aimpoint fixators (n=18) in Experiment 1. Each data point 892 
represents the average of a set of eight trials, with error bars showing ±1 SEM across subjects. 893 
Purple bars at the top of each graph depict the number of participants contributing to the 894 
average selected fixation angle in each trial set. The grey background indicates when the 45° 895 
rotation was applied to the cursor feedback. Vertical dotted lines indicate the timing of 30 s 896 
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breaks during the experiment. The rows of dots in between the top and bottom graphs show the 897 
results of uncorrected paired t-tests between each of the data points on day 1 and 2, with the 898 
color saturation indicating the significance level. B. Relation between the reported aim angle 899 
and the selected fixation angle, averaged across the second half of the rotation block of day 1 900 
and day 2. Dashed line indicates the unity line. C. Relation between hand angle and selected 901 
fixation angle during early adaptation (trial sets 2-10 of the rotation block). R and p values in B 902 
and C show Pearson’s correlation coefficient and its significance value, respectively. 903 
 904 
Figure 5. Results No Report Experiment. A. Endpoint hand angles, implicit angles (estimated 905 
through subtraction of fixation angles from hand angles), and selected fixation angles, averaged 906 
across aimpoint fixators (Aim-Fix, n=11), as well as endpoint hand angles averaged across 907 
target-only fixators (TO-Fix, n=8) in Experiment 2. Each data point represents the average of a 908 
set of eight trials, with error bars showing ±1 SEM across subjects. Purple bars at the top of 909 
each graph show the number of aimpoint fixators contributing to the average selected fixation 910 
angle. The grey background indicates when the 45° rotation was applied to the cursor feedback. 911 
Vertical dotted lines indicate the timing of 30 s breaks during the experiment. The row of dots at 912 
the bottom of each graph shows the result of unpaired t-tests between the aimpoint fixators and 913 
the target-only fixators. The rows of dots in between the top and bottom graphs show the results 914 
of uncorrected paired t-tests between each of the data points on day 1 and 2, with the color 915 
saturation indicating the significance level. B. Relation between hand angle and selected 916 
fixation angle across aimpoint fixators during early adaptation (trial sets 2-10 of the rotation 917 
block). R and p values show Pearson’s correlation coefficient and its significance value, 918 
respectively. 919 
 920 
Figure 6. Results No Preview Experiment. A-B. Raw endpoint hand angles (blue), fixation 921 
angles during the hand reaction time interval (RT; purple), and hand reaction times (black) of 922 
two example participants in Experiment 3. The grey background indicates when a 45° rotation 923 
was applied to the cursor feedback. Vertical dotted lines indicate the timing of 30 s breaks 924 
during the experiment. The darker purple dots show, for each trial, the selected fixation angle 925 
closest to the hand target. The rightmost column shows the relation between selected fixation 926 
angles and hand reaction time. R and p values show Pearson’s correlation coefficient and its 927 
significance value, respectively. C. Endpoint hand angles, implicit angles (estimated through 928 
subtraction of fixation angles from hand angles), and selected fixation angles, averaged across 929 
aimpoint fixators (Aim-Fix, n=5), as well as endpoint hand angles averaged across target-only 930 
fixators (TO-Fix, n=6) in Experiment 3. Each data point represents the average of a set of 8 931 
trials, with error bars showing ±1 SEM across subjects. Purple bars at the top of each graph 932 
show the number of aimpoint fixators contributing to the average selected fixation angle. The 933 
row of dots at the bottom of the graph shows the result of unpaired t-tests between the aimpoint 934 
fixators and the target-only fixators. Figure 6C shows the endpoint hand angles averaged 935 
across the subgroup of five aimpoint fixators and six target-only fixators. The participant shown 936 
in Figure 6A was excluded from the group average because of the sudden change in hand 937 
angle. As in Experiment 2, adaptation and washout were faster for the aimpoint fixators than for 938 
the target-only fixators. 939 
 940 

 941 

 942 
 943 

 944 
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