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Abstract

Implicit motor recalibration allows us to flexibly move in novel and changing environments.
Conventionally, implicit recalibration is thought to be driven by errors in predicting the sen-
sory outcome of movement (i.e., sensory prediction errors). However, recent studies have
shown that implicit recalibration is also influenced by errors in achieving the movement goal
(i.e., task errors). Exactly how sensory prediction errors and task errors interact to drive
implicit recalibration and, in particular, whether task errors alone might be sufficient to drive
implicit recalibration remain unknown. To test this, we induced task errors in the absence of
sensory prediction errors by displacing the target mid-movement. We found that task errors
alone failed to induce implicit recalibration. In additional experiments, we simultaneously
varied the size of sensory prediction errors and task errors. We found that implicit recalibra-
tion driven by sensory prediction errors could be continuously modulated by task errors,
revealing an unappreciated dependency between these two sources of error. Moreover,
implicit recalibration was attenuated when the target was simply flickered in its original loca-
tion, even though this manipulation did not affect task error — an effect likely attributed to
attention being directed away from the feedback cursor. Taken as a whole, the results were
accounted for by a computational model in which sensory prediction errors and task errors,
modulated by attention, interact to determine the extent of implicit recalibration.

Author summary

What information does the brain use to maintain precise calibration of the sensorimotor
system? Using a reaching task paired with computational modeling, we find that move-
ments are implicitly recalibrated by errors in predicting both the sensory outcome of
movement (i.e., sensory prediction errors) as well as errors in achieving the movement
goal (i.e., task errors). Even though task errors alone do not elicit implicit recalibration,
they nonetheless modulate implicit recalibration when sensory prediction errors are
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Sensorimotor adaptation is an essential feature of human competence, allowing us to flexibly
move in novel and changing environments [1-4]. Multiple learning processes have been
shown to contribute to the performance changes observed in adaptation tasks, including an
aiming process which is explicit, volitional, and learns rapidly and a recalibration process
which is implicit, automatic, and learns slowly [5-10]. Recent work has focused on how these
two learning processes may be driven by distinct error signals: Whereas explicit aiming
responds to task error (TE), a signal reflecting task performance [6,11], implicit recalibration
(a.k.a. implicit adaptation) responds to sensory prediction error (SPE), an error reflecting the
difference between predicted and actual feedback [1,12-17]. Moreover, these two learning pro-
cesses are thought to rely on distinct neural modules, with explicit aiming requiring more pre-
frontal control [18-20] and implicit recalibration requiring more cerebellar control [21-26].

However, recent results from visuomotor rotation tasks have motivated a broader perspec-
tive of implicit recalibration, and in particular, led to the proposal that implicit recalibration is
sensitive not only to sensory prediction error, but also to task outcome. Empirically, the evi-
dence supporting this hypothesis comes from studies in which perturbed visual feedback (the
source of SPE) is combined with a manipulation of target size or target jumps [27-29] to create
a condition in which the visual feedback “hits” the target (Fig 1). Adaptation in such situations
is attenuated by about ~20% compared to that observed in control conditions with a similar
SPE [30,31]. The hypothesis that implicit recalibration is sensitive to both SPE and task out-
come is consistent with recent neurophysiological observations of reward-related activity in
the cerebellum [32-36].

But how exactly are SPE and task outcome combined to drive implicit recalibration? One
possibility is that behavior reflects the operation of two independent learning processes, one
sensitive to SPE and the other sensitive to task outcome [30,31]. While this dual-error model is
consistent with existing findings, it is unknown whether this reflects the operation of two
learning processes that operate independently. For example, it remains to be seen if TE-only
would be sufficient to drive adaptation, as would be predicted by such a dual-error model.

Alternatively, SPE and task outcome may interact. For example, the strength of the SPE
might be modulated by task outcome; if the displaced cursor still manages to intersect the tar-
get, a reward signal linked with task success could weaken the system’s sensitivity to SPE,
reducing the rate of recalibration [37,38]. A different form of interaction might arise from pro-
cesses tangential to recalibration. For example, displacement of the target, as is commonly
used to manipulate TE, might capture attention and weaken the salience of the SPE. In princi-
ple, the interaction between TE and SPE could also be a combination of multiple effects.

To examine how SPE and TE collectively shape implicit recalibration, we performed a series
of visuomotor experiments that systematically varied the size of these two errors. We also com-
pared participants’ performance to a series of computational models designed to catalogue
potential ways in which SPE and TE may interact. To control the size of SPE (i.e., operationa-
lized as the difference between the cursor feedback and the original target location), we used
clamped visual feedback [13], in which the timing and extent of cursor motion is linked to
hand motion, but the cursor trajectory is offset by a fixed angle relative to the target, and thus
independent of the hand trajectory. To control the size of TE (i.e., operationalized as the
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Fig 1. Implicit recalibration elicited by SPE + TE and SPE-only. (a) Illustration of experimental apparatus. (b-c)
Task outcome was manipulated by either varying the size of the target (Kim et al, 2019) or varying the size of the target
jump (Leow et al, 2018). Both SPE and TE are present when the cursor feedback straddles or misses the target, and
only SPE is present when the cursor “hits” the target. (d-e) Implicit recalibration, as measured by the asymptote of
hand angle in a clamped feedback design in Kim et al 2019 or during no-feedback aftereffect trials in a standard
visuomotor rotation design, was reduced when TE was removed.

https://doi.org/10.1371/journal.pcbi.1010005.g001

difference between the cursor feedback and the new target location), we jumped the target by a
variable amount soon after movement initiation. In all cases, these manipulations were cou-
pled with instructions to ignore the visual feedback and always reach straight towards the orig-
inal target—an approach which has been shown to reliably elicit implicit recalibration without
contamination from explicit strategies [30,39]. These experiments, coupled with computa-
tional models, allow us to precisely characterize the effects of SPE and TE on implicit
recalibration.

Results
TE alone is not sufficient to drive implicit adaptation

We first examined whether TE-only perturbations would elicit implicit recalibration in Exp
1A (N = 12). The perturbation block was divided into four mini-blocks, each comprised of 201
trials with the same type of perturbation: SPE + TE, in which the cursor feedback was clamped
between +16° while the target remained stationary, or TE-only, in which the cursor feedback
always moved through the original target (0° clamp) while the target jumped between +16°
away from its original position upon movement initiation. For SPE + TE trials, we expected
the participant’s movement would be shifted in the opposite direction of the cursor. For exam-
ple, a leftward clamped cursor would elicit a rightward change in hand angle on the subse-
quent trial (Fig 2A). If TE alone is sufficient to elicit implicit recalibration, the participant’s
movement would be expected to shift in the direction of the jumped target on the subsequent
trial. For example, a rightward target jump would be expected to elicit a rightward change in
hand angle on the subsequent trial (Fig 2B).
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Fig 2. Task error alone does not elicit implicit recalibration (Exp 1). Using clamped visual feedback for testing
implicit responses to: (a) SPE + TE, induced by offsetting the cursor trajectory at a fixed angle relative to the target
(independent of the participant’s heading angle), and (b) task error (TE) only, induced by jumping the target
immediately after movement initiation, with the cursor clamped to 0° (the original target location; Exp 1A) or with no
cursor feedback provided (Exp 1B). Note that for ease of exposition, we illustrated trial n + 1 as a TE-only trial (0°
clamp paired with a 0° target jump); however, trial n + 1 could be another trial type (e.g., 4° clamped feedback paired
with a 0° target jump). (c)-(d) Participants tested in the lab (Exp 1A) experienced alternating blocks of target jumps
and clamped feedback (201 trials/block). The perturbation sizes within a given block were randomized to prevent
accumulated learning. Adaptation was quantified by measuring how much the hand angle changed on trialn + 1 in
response to the perturbation on trial n. (e)-(f) Participants tested online (Exp 1B) experienced a fully randomized
schedule of target jumps and clamped feedback trials. Dots connected with thick line represent the across participant
average; thin lines represent individual data. Due to the large number of participants in Exp 1B (N = 87), individual
participants are not shown for ease of viewing.

https://doi.org/10.1371/journal.pchi.1010005.g002

In trials when both SPE and TE were present, all participants exhibited robust changes in
hand angle to (partially) counter the imposed error, a key signature of implicit recalibration
(Fig 2C; Mean slope + SEM: 8= —0.120.0; F(; 215) = 136.0, p = 1.3x107>*, 7° = 0.2). The change
in hand angle as a function of error size appeared to be sublinear, composed of a linear zone
for smaller perturbations (0°- 4°) and a saturated region for larger perturbations (4°- 16°),
consistent with previous reports of saturated learning across a wide range of error sizes
[12,13,40-42)].

A very different picture was observed in the TE-only blocks. Here participants exhibited no
reliable change in hand angle in response to the TE (Fig 2D; f = 0.0+0.0; £512) = 0.6, p = 0.69,
D =0.1). Critically, there was a striking interaction between perturbation size and perturbation
type (8 =1.240.1; F(1 212y = 61.1, p = 2.5x107"3, n* = 0.2), where robust implicit recalibration
was observed when both SPE + TE were present, but not when TE-only was provided.

We tested the generality of this dissociation in two additional experiments. In Exp 1B we
tested if the absence of recalibration on TE-only trials might be due to the presence of the
clamp that moved directly to the target (i.e., 0° clamped feedback). Perhaps this salient visual
signal might have distracted attention from the target jump or negated an error signal associ-
ated with the target jump. To address this, we conducted an online experiment in which no
cursor feedback was provided on the TE-only trials (Exp 1B). As such, there was no visual SPE.
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Table 1. Summary of experiments.

Exp 1

Exp 2

Exp 3

Exp 4

N

12

87

40

100

210

Setting

In-Person

Online

In-Person

Online

Online

https://doi.org/10.1371/journal.pchi.1010005.t001

The only visual information in the display was the target which was displaced at movement
onset on target jump trials. Because the experiment was conducted online, we were able to
increase the sample size (N = 87). Once again, we observed a dissociation in which SPE + TE
trials elicited robust sign-dependent changes in hand angle (Fig 2E), whereas TE-only trials
resulted in no detectable changes in hand angle (Fig 2F). Statistically, there was an interaction
between perturbation size and perturbation type (8 = —0.1+0.0; F(; 435) = 92.4, p<0.001, n =
0.2), reflecting a negative slope in the SPE + TE function (Mean slope + SEM: = —0.1+0.0;
F(1.438) = 160.4, p<0.001, n* = 0.1), and no slope in the TE-only function (Mean slope + SEM:
B=0.00.0; F(; 438y = 0.9, p = 0.35, 17” = 0.0). We note that the slope of the TE-only function
remained indistinguishable with 0 even when we restricted our analysis to target jumps
between +4°, see S2 Table.

We next considered whether the failure to show recalibration on TE-only trials might be
due to the mini-block structure used in Exp 1A. In Exp 2, SPE + TE and TE-only trials were
presented in a random, interleaved manner over the entire experiment (see Table 1; N = 40).
The key measure of implicit recalibration was again the change in hand angle from trial n to
trial n + 1 as a function of the error experienced on trial n. Robust sign-dependent changes in
hand angle were observed for all participants in the SPE + TE condition (Set A: 8 = —0.4+0.0;
F1106) = 138.7, p = 1.5x107%%, 7° = 0.2; Set B: B= —0.420.0; F(; 106) = 128.9, p = 2.8x107%, ° =
0.1; Fig 3A and 3B). In contrast, TE-only trials again failed to elicit any sign-dependent
changes in hand angle (Set A: 8= 0.0%0.1; t(196) = 0.5, p = 0.62, D = 0.1; Set B: f = 0.0£0.1; t(196)
=-0.4, p=0.72, D = 0.1; Fig 3C and 3D). The interaction between perturbation type and size
was replicated showing robust implicit recalibration when both SPE + TE were present, but
not when TE-only was provided (Set A: 8 = 0.4+0.0; F(; 196) = 67.5, p = 2.9%x107" n* = 0.2; Set
B: 8= 0.4+0.0; F(; 106) = 93.3, p = 2.7x107"%, > = 0.3),

Together, the results of Experiments 1 and 2 indicate that TE alone is not sufficient to drive
implicit recalibration. This stands in contrast to SPE, which leads to implicit recalibration
whether or not TE is present [30,31,43]. Moreover, these results challenge the hypothesis that
SPE and TE operate strictly in an independent manner.

Perturbation Conditions

Set Clamp size (°) Target jump (°) Figure

A 0, +4, £16 0 2¢
0 0, +4, £16 2d

B 0, +4, £16 0 2e
No Feedback 0, +4, +16 2f

A -4 0, -4, -8 3a, 5a
+4 0, +4, +8
0 0, 4 3c

B +4 0, £8 3b, 5a
0 0, £8 3d, 5a
+3 +3, 0, 0jump.in place 5b

B +7 +3,0, Ojump-in place 5¢

A +3 -10, -3, 0,+3,+7,+10,+17 6b
-3 +10, +3, 0, -3, -7, -10, -17

B +7 -10, -3, 0, +3, +7, +10, +17
-7 +10, +3,0, -3, -7, -10, -17

C +3 +0, £10, £17, £30

D +7 +0, £10, £17, £30
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Fig 3. Task error alone does not elicit implicit recalibration (Exp 2). (a)-(b) Participants experienced a fully
randomized (mixed) schedule of clamped feedback trials (Set A and Set B were both with +4° SPE + TE perturbations)
and (c)-(d) target jumps (Set A with +4° TE-only perturbations and Set B with +8° TE-only perturbations). Dots
connected with thick line represent the across participant average; thin lines represent individual data.

https://doi.org/10.1371/journal.pchi.1010005.g003

Modeling the potential ways in which TE and SPE may interact to drive
implicit recalibration

Although TE alone may not induce recalibration, previous work has shown that the presence
or absence of TE will modulate the response to SPE [30,31,43]. To understand the potential
ways in which SPE and TE may interact to drive learning, we considered several models that
encapsulated a variety of possible mechanisms. Fig 4 shows these models with their predicted
responses to a fixed clamp size (i.e., fixed SPE) and varying TE size.

We first consider two simple base models, both of which cannot account for previously
established results (including Experiment 1) but will serve as a foundation and a contrast for
more elaborated models. The first model is one in which TE does not contribute to implicit
recalibration. By this Invariant SPE model, we would expect recalibration to be invariant to
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the size of target jumps and thus the size of TE (Fig 4A). As noted above, this model is insuffi-
cient given the demonstrations in the literature where the response to feedback involving only
SPE is attenuated compared to feedback in which there is both SPE and TE (Fig 1).

The second base model is one in which TE and SPE make independent contributions to
implicit recalibration (Dual-Error model), with their respective contributions simply being
summed. Consequently, jumping the target in the same signed direction as the clamped cursor
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Fig 4. Modeling the influence of target jumps on adaptation to TE and SPE. Given a constant SPE magnitude, SPE
may be (a) impervious to target jumps (c) attenuated when the cursor “hits” the (jumped) target (modulated by
intrinsic reward), or (e) attenuated due to the motion of the jumping target diverting attention away from computing a
SPE. The attenuation is assumed to be driven by the mere presence of a target jump (fixed cost-an effect isolated by
flickering the target, also known as the jump-in-place condition) and varied with target jump size (variable cost). Right
column (b), (d), (f): Adaptation may also be driven by a TE-based learning process, assumed here to be a linear
function of the distance between the feedback and new position of the target. Note that TE is 0 at the clamped cursor
location. The red indicates expected behavior, which is the composite of the SPE process (grey) and TE-based process
(black).

https://doi.org/10.1371/journal.pcbi.1010005.9004
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(e.g., clockwise target jump and clockwise clamp) will decrease the absolute magnitude of TE.
This ought to decrease recalibration since SPE and TE make opposing contributions to the
behavioral change. Conversely, jumping the target away from the cursor will increase TE, and
thus increase recalibration (Fig 4B). This model, however, cannot account for the failure of
TE-only to elicit recalibration (see Figs 2D and 2F; 3C and 3D).

Building on the failure of these base models, we considered potential ways in which task
outcome might influence recalibration to SPE in an interactive manner. One possible way is
based on the hypothesis that recalibration is attenuated by a scalar intrinsic reward signal that
simply indicates whether or not the movement goal was achieved (i.e., whether or not the cur-
sor “hits” the target) [31,44-48]. The intrinsic reward signal can be interpreted as a gain con-
troller, similar to previous efforts to model the effect of explicit rewards and punishments on
recalibration [44]. That is, when the movement goal is achieved, the drive to recalibrate the
motor system is reduced. This Rewarded SPE model predicts a transient drop in recalibration
only for a narrow range of target jumps corresponding to the cursor hitting the target (Fig 4C).

An alternative model is that the target jump might be a distracting event, and this could
result in an attenuated recalibration. Distraction could weaken the salience of the feedback sig-
nal [49,50] or increase visual uncertainty of the feedback signal [51-53], effects that have been
hypothesized to weaken the error signal (but see: [51]). The target jump may also decrease the
availability of the sensory prediction, a signal conveyed, at least in part, by the original target
location [6]. Regardless of the exact mechanism, this Distracted SPE model is grounded in a
rich history of visual psychophysics revealing worse accuracy at detecting, discriminating, and
processing visual stimuli (feedback or target) in unattended regions of visual space [54,55].
Here, we simply assumed that displacing the target distracts attention away from the feedback
cursor, and thus decreases the efficacy of recalibration. As a first approximation, we model this
as a Gaussian gain function in which the attentional cost increases with the magnitude of the
target jump (variable cost depicted in Fig 4E), an assumption we will test in Experiment 4.

This attentional hypothesis highlights that jumping the target has two effects: in addition to
modifying the size of a putative TE signal, the standard motivation for this manipulation
[30,43], it is a source of attentional distraction. One way to separate these factors is to tran-
siently turn off the target while keeping its position fixed. Assuming the flicker serves to dis-
tract attention, this “jump-in-place” condition would identify an attentional cost that is
independent of the change in TE, an assumption we will test in Experiment 3. This attenuating
effect is shown in Fig 4F as a fixed attentional cost, that is, implicit recalibration when the tar-
get flickers in the same place during the trial (jump-in-place) would be attenuated compared
to a condition when the target remains stationary and visible throughout the trial (no-jump).
This fixed cost rides on top of a variable attentional cost that is dependent on the distance of
the target displacement.

The Rewarded SPE (Fig 4C) and Distracted SPE (Fig 4E) models consider the modulatory
effects of intrinsic reward and attention on a base model in which TE does not directly influ-
ence implicit recalibration (the Invariant SPE model). We also considered how the modulatory
effects of reward and attention might influence implicit recalibration if both SPE and TE drive
learning (Dual-Error model). The predictions of these hybrid, dual-error models are presented
in Fig 4D (Rewarded SPE+TE) and 4F (Distracted SPE + TE), both of which predict an asym-
metrical effect of target jumps.

TE modulates implicit recalibration in the presence of SPE

To empirically examine the interactions between SPE and TE, and evaluate the models
described above, we performed a second experiment in which we varied the size of target
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jumps in the context of an SPE, induced by non-zero clamped feedback (see Table 1; N = 40).
To vary the size of TE, we jumped the target between +8° away from the original target loca-
tion. For the non-zero SPE, we clamped the cursor at +4° from the original target, randomiz-
ing the direction of the feedback cursor from trial to trial.

In response to a stationary target (i.e., no jump), participants adapted 1.5° in response to a
4° clamp (Fig 5A). When the target jumped towards the cursor, implicit recalibration was
reduced in a roughly stepwise, linear manner (Table 2): Jump-to (i.e., target jumps to the cur-
sor) reduced implicit recalibration by 13% and jump-past (i.e., target jumps in the direction of
and beyond the cursor) reduced implicit recalibration by 33%. The fact that jumping the target
influenced behavior argues against the Invariant SPE model; task outcome indeed influences
behavior in the presence of SPE. The graded effect is also not compatible with the Rewarded
SPE models (Fig 4C and 4D), as these models predict a modulating effect of target jumps only
when the target intersects the cursor feedback, providing a putative intrinsic reward.

Implicit recalibration was greater when the target jumped away from the cursor compared
to when it jumped past (0.3%0.1; t;7) = 2.6, p = 0.01, D = 0.8) (Fig 5A; Table 2). This pattern is
most consistent with the unique, asymmetrical function predicted by the Distracted SPE + TE
model (Fig 4E) and refutes the symmetrical function predicted by the Distracted SPE-only
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Fig 5. Implicit recalibration is modulated by TE in the presence of SPE (Exp 2-3). (a)-(c) Participants experienced
a randomized zero-mean perturbation schedule where both clamp size (Exp 2, in-person: +4° clamp; Exp 3, online:
+3° or +7°) and target jump size (Exp 2 range: -8 to 8; Exp 3 range: -3 to 3) were varied. A positive change in hand
angle signified recalibration in the expected direction, by flipping the sign of hand angles in response to
counterclockwise (+) clamped feedback and clockwise (-) target jumps. Dots represent mean and vertical lines
represent SEM.

https://doi.org/10.1371/journal.pchi.1010005.g005
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Table 2. Summary of model-free results.

Exp 2A-B Exp 3A Exp 3B
(-4° Clamp) (-3° Clamp) (-7° Clamp)

Fixed Effects Past To No Jump | Away To Jump-in-place | No Jump | Away Near | Jump-in-place | No Jump | Away
Target Jump Size -8° -4° 0° +8° -3° 0° 0° +3° -3° 0° 0° +3°

Mean (SEM) | 1.1(0.1) | 1.3(0.1) | 1.5(0.1) | 1.4(0.1) | 0.1(0.2) 0.6 (0.2) 1.0(0.2) | 1.1(0.2) | 0.5(0.2) 1.1 (0.2) 1.5(02) | 1.5(0.2)
Mean - No Jump | -0.5 (0.1) | -0.2 (0.1) 20.1(0.1) | -1.0(02) | -0.4(0.2) 0.0(0.2) | -1.0(02) | -0.4(0.2) 0.0 (0.2)

(SEM)

D -1.0 -0.4 -0.2 -0.8 -0.3 0.0 0.3 0.2 0.1
P <0.001 0.14 0.42 <0.001 0.02 0.88 <0.001 0.02 0.88

https://doi.org/10.1371/journal.pcbi.1010005.t002

model (Fig 4F). That is, implicit recalibration may be dependent on both SPE and TE (condi-
tioned on the presence of SPE), although the act of manipulating TE via target jumps may
have a distracting effect that reduces sensitivity to SPE.

Target jumps vary the size of TE but also attenuate implicit recalibration

Exp 3 was designed to provide a strong test of the assumption that jumping the target distracts
attention: Namely we predict that recalibration in response to an SPE will be attenuated by dis-
traction, even if the distracting event does not influence TE (or SPE). To test this prediction,
we introduced a condition in which the target was perturbed without changing locations, dis-
appearing upon movement initiation and then reappearing in its original location on the next
screen refresh (jump-in-place; i.e., flickering the target). The difference between implicit recal-
ibration for no-jump (i.e., stationary target) and jump-in-place should indicate the effect of
distraction. By varying the size of the SPE, we can ask if the magnitude of the distraction effect
is independent of SPE magnitude. To test this prediction, we used two clamp sizes (+3° and
+7°). This experiment was conducted online, making it readily amenable for inclusion of a
large sample size (N = 100).

On average, participants adapted 1.1° and 1.5° in response to 3° and 7° clamps, respectively
(no jump; Fig 5B and 5C; Table 2). Strikingly, the response was attenuated in the jump-in-
place conditions even though the SPE and TE were identical to those experienced in the corre-
sponding no-jump conditions. Moreover, the magnitude of this effect, which represents the
fixed attentional cost on recalibration, was similar for the two clamp sizes, ~40% (no interac-
tion: = 0.4+0.0; F(3 594y = 0.1, p = 0.96, n* = 0). In addition to the fixed attentional cost due to
the flicker of the target, we observed an approximately linear effect of TE on implicit recalibra-
tion. For instance, in Exp 3A recalibration was larger by approximately 0.5° in the jump-in-
place condition compared to the jump-to condition, and increased by another 0.5° in the
jump-away condition (Table 2). This linear effect of TE is uniquely predicted by the Distracted
SPE + TE model.

In summary, the results indicate that perturbing the target yields 1) an asymmetrical hand
angle function, 2) a fixed cost evident in the jump-in-place condition, and 3) a linear effect of
TE after accounting for this fixed attentional cost. Based on these three effects, we can infer
that implicit recalibration is impacted by the strength of TE, which itself is a function of the
size of the target jump (Distracted SPE + TE model). Notably, these results were replicated in
both the lab and online settings.

Mean estimates (SEM) from the linear mixed effect model for each target jump condition.
Changes in hand angle in response to counterclockwise (+) clamped feedback were flipped to
clockwise (-), such that a positive change in hand angle always signify adaptation in the
expected direction (i.e., away from the clamped feedback). Contrasts between no jump and
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other target jump conditions are also shown, with Cohens’ D and P values provided. Signifi-
cant contrasts (P < 0.05) are highlighted in a shaded light-grey box.

Implicit recalibration reflects the joint contribution of TE, SPE, and the
distractive effects of target jumps

To further probe how the distracting effect of target jumps interacts with the magnitude of TE,
we sampled a wide range of target jump sizes in Experiment 4 (Fig 6A; N = 210). As shown in
Fig 4F, we assume that the attenuating effect of distraction will increase with the size of the tar-
get jump due to attention being further displaced from the feedback cursor. As such, the inclu-
sion of a larger range of target jumps should produce a marked asymmetrical function.

This prediction was confirmed (Fig 6B): Implicit recalibration decreased when the target
jumped towards the cursor and remained relatively invariant when the target jumped away
from the cursor, even as far as 30° (jump-away). This phenomenon could be attributed to the
contribution of a TE process that offsets the attentional costs of target jumps on a SPE-based
implicit recalibration process.

a.
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Fig 6. Implicit recalibration reflects the contribution of learning from task error and sensory prediction error,
with the latter sensitive to distraction from target jumps (Exp 4). . (a)-(b) Participants experienced a randomized
zero-mean perturbation schedule with clamp sizes (-3° shown in orange; -7° shown in blue) x target jumps (x axis,
-30° through 30°). The Distracted SPE + TE model was the winning model.

https://doi.org/10.1371/journal.pchi.1010005.9006
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Table 3. Summary of models.

Table 3
Invariant SPE

Rewarded SPE

Distracted SPE

SPE Only SPE + TE

Uspr = U()]:(l Utotat = Ut + Uspg
Urg = Bre(0:~6))
U = Uy — 7,

=

0% / 952
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Parameters could either be free (red) or fixed (black, based on empirical data in Exp 4).

https://doi.org/10.1371/journal.pcbi.1010005.t003

Table 4. Summary of model-based results.

SPE Only

# of free param
Invariant SPE 0
Rewarded SPE 2
Distracted SPE 2

https://doi.org/10.1371/journal.pcbi.1010005.1004

Sampling a wider range of target jumps also allowed us to fit our candidate models to the
data (see formalization in Table 3 of the Materials and Methods section). In doing so, we could
quantitatively evaluate how well our six candidate models fit the data while considering model
complexity. Consistent with the qualitative assessments described above, the Distracted SPE
+ TE model provided the best fit, having the highest R* and lowest AIC (Table 4).

The modeling work also allowed us to evaluate the best fitting parameters of the Distracted
SPE + TE model. The parameter values suggest that TE may contribute to learning. Given the
estimated slope (f7) of the TE function was 0.02+0.003, we can infer that, of the 0.5° change
in hand angle observed for the 3° no-jump condition (where both SPE and TE are present),
12.0% * 1.8% of the change came from TE. Similarly, when the error increased to 7° in a no-
jump condition, 15.5% + 2.8% of the 0.9° change in hand angle came from TE. Importantly,
these results indicate that SPE has a much larger impact on implicit recalibration than TE.

The Distracted SPE + TE model has two parameters to capture the effects of perturbing the
target. First there is a fixed effect arising from the transient changes that occur when the target
is perturbed. The estimate of this parameter (C)) in the best fitting model was 0.84+0.13. Thus,
the mere perturbation of the target, even if it was not spatially displaced reduced recalibration
by 16.4% + 13.0%. Second there is a variable cost (63) due to SPE-based learning being attenu-
ated as the target jump distance increased. The estimate of this parameter was 11.8+2.3. From
this value, SPE would no longer be effective in driving implicit recalibration for target jumps
greater than 35.5° + 6.8 (i.e., 307).

Discussion

Although it is widely recognized that implicit sensorimotor recalibration serves to minimize
motor execution errors, the error signals that drive this learning process remain the subject of
considerable debate [1-3]. In particular, the idea that sensory prediction error (SPE), the mis-
match between the expected and actual feedback, is the sole learning signal has been chal-
lenged by recent evidence demonstrating that task error (TE), the mismatch between the
target location and feedback may also impact implicit recalibration [30,31,56,57]. Whether
these two types of error drive implicit recalibration independently or interactively remains
unknown.

SPE + TE
R? AIC # of free param R? AIC
-0.54 | -18 1 -0.54 -18
0.15 | -28 3 0.53 -37
0.33 | -33 3 0.72 -47
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In traditional sensorimotor adaptation tasks, SPE and TE are confounded. Displacing the
hand in a force field or perturbing the feedback in a visuomotor rotation task introduces both
SPE and TE. To unconfound these signals, researchers have developed methods that selectively
influence one signal or the other. For example, by making the angular trajectory of the feed-
back cursor independent of the movement, an SPE of a fixed size may either be accompanied
by TE (when the target is small, and the cursor misses the target) or occur without TE (when
the target is large, and the cursor hits the target). Conversely, displacing the target (i.e., target
jump) selectively modulates TE given the assumption that the expected location of the feed-
back remains at the original target location.

Building on these methodological advances, we designed a series of experiments to system-
atically manipulate SPE and TE and used the data to test a set of computational models. We
first considered a model in which these two types of error make independent contributions to
implicit recalibration, with the resultant behavior being the composite operation of two dis-
tinct learning processes (Fig 4A and 4B). This idea takes inspiration from the work of Mazzoni
and Krakauer (2006) who showed that implicit recalibration continued to operate even in the
absence of task error, a result that suggests SPE-dependent learning is modular. A natural
extension of this modular, dual-error model would posit that TE alone should also be sufficient
to drive implicit recalibration. In four experiments, we failed to find support for this hypothe-
sis. When the clamped feedback moved directly to the original target location (no SPE), hand
angle remained unchanged in response to target jumps. That is, TE in the absence of SPE failed
to induce implicit recalibration, arguing against models in which SPE-dependent and TE-
dependent learning processes operate in a strictly independent manner.

Given the failure of this simple model and the dependency of TE on SPE, we considered dif-
ferent ways in which SPE-dependent and TE-dependent processes might interact. We varied
task outcome in a continuous manner by jumping the target, either away from the perturbed
cursor (increasing TE), towards the perturbed cursor (reducing TE), or to the location of the
perturbed cursor (nullifying TE; i.e., SPE only). Whereas TE in the absence of SPE failed to
elicit implicit recalibration, SPE in the absence of TE reliably elicited implicit recalibration.
These observations obtained here using a trial-by-trial design are consistent with previous
studies that have used a blocked design, in which SPE-only trials [30,31] or TE-only trials
[58,59] remained invariant for an entire block.

By modulating TE in a fine-grained, continuous manner, we revealed an unexpected, asym-
metrical effect on implicit recalibration: Implicit recalibration decreased when TE decreased
yet remained largely unaffected when TE increased. These results are at odds with the hypothe-
sis that task outcome provides a binary reward signal (Fig 4C and 4D), with TE being present
when the cursor misses the target and TE being absent when the cursor hits the target [31,44-
47]. This asymmetrical function is also at odds with the hypothesis where SPE-learning, the
sole process driving implicit recalibration, is attenuated by a generic symmetric distractor
effect of displacing the target (Fig 4E).

Instead, the pattern of results supports a hybrid model, where implicit recalibration is driven by
both TE and SPE, with each error signal having a modulatory effect on the other error signal (Fig
4F). Implicit recalibration scales with the size of TE, but only when SPE is also present. Implicit
recalibration also scales with the size of SPE but is attenuated when the target is perturbed. We
hypothesize that the modulation of SPE-based learning occurs because attention is directed away
from the feedback cursor and towards the (displaced) target, an effect that increases with the size
of the displacement. Taken together, this hybrid perspective underscores the rich, dynamic inter-
play between two distinct error signals that drive implicit recalibration in an interactive manner.

We recognize that at this stage of development, the models are largely descriptive, intended
to provide a qualitative sense of the behavioral changes that would be expected given different
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ways in which sensory prediction error and task error might interact. Future work will be
required to develop stronger theoretical foundations and more rigorous experimental tests for
the different assumptions underlying the models; for example, to ask if the signals follow nor-
mative principles such as optimal integration [52,60] or relevance estimation [40].

While implicit recalibration seems to scale with TE in the presence of SPE, it remains
unclear why TE alone fails to elicit recalibration. We consider here two, non-mutually exclu-
sive possibilities. First, SPE may serve as a gating signal, with recalibration only engaged in the
presence of SPE; when the gate is open the adaptation system responds to all sources of error
information. Second, the lack of an SPE may have allowed the adaptation system to correctly
attribute the target jump to an external cause [40,61-63]. Task errors were task-irrelevant in
our experiments, with participants instructed to “ignore the target displacement and reach
directly to the original position of the target”. In contrast, when the instructions emphasize
that the participant should “try to hit the target with the cursor”, the task errors are task-rele-
vant. It may be that the adaptation system is sensitive to task-relevant information. This latter
hypothesis could account for the results of Ranjan and Smith (2020) who observed implicit
adaptation in response to task-relevant TEs [64].

Saccade adaptation can be viewed as another task in which TEs are introduced in the
absence of SPEs. In the typical setup, a visual target is presented at some peripheral location
and the participant is instructed to make a saccade to the target. During the saccade, the target
is displaced (e.g., to a more eccentric position). Not only do participants make a secondary sac-
cade to bring the eye to the target, but adaptation occurs with the gain of the saccade modified
in response to the error [65,66]. Since the target is displaced during the saccade, participants
are unaware of the target displacement. Note that in saccade adaptation, the task error is task-
relevant; not only do the instructions emphasize that the participant should look at the target,
but the corrective saccades are produced automatically. Interestingly, if the target displacement
occurs after the end of the saccade (and thus participants are aware of the perturbation), adap-
tation is attenuated [27]. While there are various accounts of the differential effects of intra- vs
post-saccade displacements, it is possible that the visible displacement provides a cue that the
error can be attributed to a perturbation in the environment rather than a poorly calibrated
sensorimotor system.

The current study also highlights an important methodological issue. Similar to the way
error clamps have provided a tool to isolate implicit recalibration, target jumps have been
viewed as a way to provide a “pure” manipulation of TE. However, our results show an attenu-
ated effect on implicit recalibration from the transient effects associated with perturbing the
target, a result made salient by the conditions in which the target briefly disappeared and then
reappeared at its original location. The transient sensory events associated with a target jump
or flash might siphon attention away from the visual feedback, thereby weakening the overall
learning signal. Alternatively, a transient distraction may have increased the likelihood that
visual feedback is mis-localized, thus attenuating the motor system’s reliance on this uncertain
feedback [51-53,67,68]. Regardless of the mechanism, our results underscore the importance
of considering the distractive effect of a target jump manipulation and the consequences of dis-
traction on implicit recalibration.

Materials and methods
Ethics statement

All participants gave written informed consent in accordance with policies approved by the
UC Berkeley’s Institutional Review Board (Protocol Number: 2016-02-8439) and University of
Delaware’s Institutional Review Board (Protocol Number: 1320924-10).
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Participants and apparatus

All participants were between 18-30 years old and right-handed, as determined by either the
Edinburgh handedness inventory [69] or through self-report.

In-person participants (Exp 1A - 2): Undergraduate students were recruited from the Uni-
versity of Delaware community, receiving financial compensation for their participation at a
rate of $10/hour. Participants were seated in front of a custom tabletop setup and held the han-
dle of a robot manipulandum (KinArm: BKIN Technologies, sampling rate 200 Hz) that was
positioned below a mirror. Visual feedback was projected by a monitor placed directly above
onto the mirror, which occluded vision of the participant’s hand during the experiment.
Peripheral vision of the arm was minimized by extinguishing the room lights. Participants
completed the task by moving the robot manipulandum, which was constrained to a horizon-
tal 2D plane.

Online participants (Exp 1B, 3, and 4): Participants were recruited via Amazon Mechanical
Turk or Prolific, receiving financial compensation for their participation at a rate of $8/hour.
Participants used their own laptop computer to access a customized webpage [70] hosted on
Google Firebase (sampling rate typically ~60 Hz) [71,72]. Recruitment was restricted to track-
pad users to minimize variability from different response devices. Participants completed the
task by swiping their index finger on the trackpad.

Reaching task procedure

In-person procedure: Reaches were made from a start location to one target (90° location, straight
ahead). The start location was indicated by a white ring (6 mm diameter) and the target by a blue
circle (6 mm diameter), with the radial distance between the start location and target fixed at 10
cm. To initiate a trial, the robot arm moved the participant’s hand to the start location. Visual
feedback of the hand position was given via a cursor (white circle 3.5 mm diameter) only when
the hand was within 1 cm of the start position. Once the hand remained within the start location
for 500 ms, the target appeared, serving as a cue to indicate the location of the target and an
imperative to initiate the reach. To discourage on-line corrections, participants were instructed to
perform fast, ‘shooting’ movements through the target as soon as the target appeared.

Reaction time (RT) was defined as the time from initial target presentation to the start of
movement (defined as when the hand first exceeded 5 cm/s for at least 50 milliseconds). Move-
ment time (MT) was defined as the time between the start of movement and when the hand
crossed the radial target distance of 10 centimeters. To ensure that participants moved at a fast
speed that excluded online feedback corrections, the message “Too Slow” appeared on the
screen at the end of the trial when MT was < 40 cm/s at peak velocity. We also presented the
message “Too Fast” if MT was > 70 cm/s at peak velocity to ensure that participants did not
make simple ballistic movements in the general direction of the target (this criterion was rarely
exceeded). After completing the reach, the participant was instructed to keep the arm and
shoulder relaxed as the robot moved the hand back to the starting position.

Online procedure: The reaching task was adapted for an online study. We did not obtain
information concerning the monitors used by each participant; as such, we cannot specify the
exact size of the stimuli. However, from our experience in subsequent studies, we assume that
most online participants used a laptop computer. To provide a rough sense of the stimulation
conditions, we assume that the typical monitor had a 13” screen with a width of 1366 pixels
and height of 768 pixel [72]. The center position was indicated by a white circle (0.5 cm in
diameter) and the target location was indicated by a blue circle (also 0.5 cm in diameter). To
ensure that reaches remain in the trackpad, we reduced the radial distance of the target to 6 cm
and positioned the target at the 45° target (upper right quadrant).
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The participant made center-out planar movements by moving the computer cursor with
her trackpad to a visual target. To initiate each trial, the participant moved their hand to the
start location. Visual feedback of the hand position was given via a cursor (white circle 0.5 cm
diameter) when the hand was within 1 cm of the start position. Once the hand remained
within the start location for 500 ms, the target appeared, serving as a cue to indicate the loca-
tion of the target and an imperative to initiate the reach. To discourage on-line feedback cor-
rections, participants were instructed to perform fast, ‘shooting’ movements through the target
as soon as the target appeared.

Note that discouraging on-line feedback corrections was especially important for our study.
There have been many classic studies investigating how target displacements impact on-line
feedback control [73,74]. In particular, this work has specified the constraints governing how
an initial movement trajectory may (or may not) be modified subsequent to a target jump.
Here, our focus is not on on-line feedback corrections but, rather on how the displacement of
the target impacts processes involved in maintaining the calibration of the sensorimotor
motor system for feedforward control. Put differently, we wanted to know whether task error
induced by a target jump on the current trial would modify the movement on the next trial.

RT was defined as the time from initial target presentation to the start of movement (i.e.,
when the hand movement exceeded 1 cm from the start location). Due to the lower sampling
rate of standard computer monitors compared to in-person setup, we opted to define RT in
terms of movement distance (requiring fewer samples) rather than movement velocity (requir-
ing more samples to adequately estimate). There were no constraints on RT. MT was defined
as the time between the start of the movement and when the radial distance of the movement
reached 6 cm. To ensure that the movements were made quickly, the computer displayed a
“too slow” message if MT exceeded 300 ms. We did not include a “too fast” message since par-
ticipants recruited online, based on our pilot results, err on the side of moving too slowly.

There were three types of cursor feedback trials used throughout the in-person and online
experiments: On veridical feedback trials, the cursor corresponded to the position of the hand.
On clamped feedback trials, the cursor followed an invariant path along a constant angle with
respect to the target. The radial distance of the cursor, relative to the start position, was yoked
to the participant’s hand. In both types of feedback trials, the radial position of the cursor
matched the radial position of the hand until the movement amplitude reached the radial dis-
tance of the target, at which point the cursor froze for 50 ms. On no-feedback trials, the cursor
was blanked when the target appeared, and did not re-appear until the participant had com-
pleted the reach and returned to the start location for the next trial.

There were also target jump trials, where upon movement initiation (i.e., in-person:
velocity > 5 cm/s; online: radial distance > 1 cm), the original target was blanked and immedi-
ately re-positioned at a new target location (i.e., one screen refresh between offset of original tar-
get to onset of new target; in-person: within 1 ms; online: <15 ms, accounting for the delay in
the monitor system [71,72]). We varied the size of the target jump and categorized these based
on the relative position of the new target location to the clamped cursor position: jump-past,
jump-to, jump-near, jump-away, and jump-in-place. When the target jumps in the direction of
the clamped cursor feedback, the size of the target jump could either be greater than (jump-
past), equal to (jump-to), or less than (jump-near) the clamped angle. On jump-away trials, the
target was repositioned in the direction opposite to the clamped feedback. On jump-in-place tri-
als, the target disappeared upon movement initiation (1 refresh) and then reappeared (1 refresh)
in the same (original) location (<30 ms, accounting for delays in the system). While jump-in-
place has a longer interval between successive displays of the target compared to other target
jump conditions, this interval ensured that jump-in-place trials elicited a detectable disturbance
to the visual display, something that was obvious in the other target jump conditions.
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Experiment 1A and 2: In-person experiments

Reaching trials were performed to the 90° target (straight ahead). The experiment began with
100 baseline reaching trials with veridical feedback, provided to familiarize the participants
with the reaching task. These trials were used to emphasize that movements should “shoot”
through the target and demonstrate that the feedback and target would disappear soon after
the movement amplitude exceeded the radial distance of the target.

The participant then completed a block of perturbation trials. Just before the start of this
block, the error clamp and target jump manipulations were described to the participant, and
she was told to ignore the cursor “feedback” as well as any change in the position of the target,
always attempting to reach directly to the original target. To help the participant understand
the task irrelevant nature of the clamped feedback and target jump, three demonstration trials
were provided. The target appeared straight ahead at 90° and the participant was told to reach
to the left (demo 1), to the right (demo 2), and backward (demo 3). The cursor moved in a
straight line with a 45° offset from the original target in all three trials, and the target “jumped”
upon movement initiation 0° (demo 1), 45° (demo 2), and 90° (demo 3) away from the origi-
nal target.

In Exp 1A, the perturbation block (Table 1; 804 perturbation trials = 4 mini-blocks x 201
trials/mini-block) was composed of mini-blocks with either SPE + TE perturbations (i.e.,
when clamped feedback is paired with a stationary target) or TE-only perturbations (i.e., when
a 0° clamp is paired with a target jump). We opted to keep these perturbation conditions sepa-
rate to minimize any interference or generalization of learning from one trial type to another
[75,76]. SPE + TE and TE-only mini-blocks were interleaved, with the order counterbalanced
across individuals. Within each mini-block, there were five unique trial types (SPE + TE mini-
block: 0°, +4°, £16° clamp paired with a 0° target jump; TE-only mini-block: 0° clamp paired
witha 0°, £4°, +16° target jump; see Table 1). Each trial type was repeated 40 times (with one
exception, there were 41 trials with 0° clamp and 0° target jump). The trial types were pre-
sented in a pseudo-randomized manner to ensure that the mean error (i.e., SPE + TE, or TE-
only) was 0° every 20 trials. Across the entire experiment, there were 80 trials of each clamp
size x target jump combination (84 trials in the 0° clamp, 0° target jump condition).

The perturbation block in Exp 2 was not composed of mini-blocks. Instead, TE and SPE
+ TE trials were randomized across the entire experiment (724 trials) to evaluate whether our
results from Exp 1 would hold under another perturbation schedule. To prevent any system-
atic drifts in hand angle to one direction, the trials were scheduled in a pseudorandomized
manner such that the mean error was 0° every 24 trials. To sample a wider range of clamp size
X target jump combinations while keeping the experiment within 1 hour to minimize fatigue,
participants experienced different sets of perturbations (Set A or Set B). In Set A, the
target always jumped in the same direction as the error clamp, while in Set B, the target either
jumped in the same or in the opposite direction of the error clamp (Table 1). There were 80 tri-
als per clamp size x target jump combination (84 trials for the 0° clamp, 0° target jump
condition).

Experiment 1B, 3, and 4: Online experiments

Due to the onset of the pandemic, Exp 1B, 3, and 4 were conducted online. With this approach,
we were able to increase our sample size in an efficient manner, providing greater power to
detect subtle differences between target jump conditions. We used an motor learning platform
(OnPoint) [70,77] and recruited participants using Amazon Mechanical Turk. Despite sub-
stantial differences between in-person and online sensorimotor learning experiments (e.g., in-
person: dark room to occlude vision of the hand; online: full visibility of the hand for trackpad
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users), we have found that the results obtained online are quite similar to those obtained in-
person [78].

We made several additional changes to the experiment. We included “attention checks” to
verify whether participants attended to the task. Specifically, during the inter-trial interval, par-
ticipants occasionally were instructed to make an arbitrary response (e.g., “Press the letter “b”
to proceed.”). If participants failed the make the specified keypress, the experiment was termi-
nated. These attention checks were randomly introduced within the first 50 trials of the experi-
ment. We also included “instruction checks” after our three demo trials to assess whether
participants understood the nature of the error clamp and target jump manipulations: “Iden-
tify the correct statement. Press ’a’: I will aim away from the original target. I will ignore the
white dot. Press ’b’: I will aim directly towards the original target location and ignore the white
dot.” The experiment was terminated if participants failed to make an accurate keypress (i.e.,
“b”).

The block design in Exp 1B began with a baseline block of 20 trials with veridical feedback
followed by 200 perturbation trials. The perturbation involved either clamped feedback (SPE
and TE) or target jump (TE-only) trials. Critically, cursor feedback was not provided on the
target jump trials to minimize possible distracting effects from the cursor (i.e., that might
attenuate TE-only implicit recalibration). There were 20 trials per condition, which were all
randomized in a zero-mean manner throughout the experiment.

The block structure in Exp 3 and 4 were the same, composed of a baseline block with veridi-
cal feedback (28 trials) and a perturbation block with clamp feedback paired with target jumps
(Exp 3: 120 trials; Exp 4: 252 trials). All perturbation conditions were randomized in a zero-
mean manner throughout the experiment. The perturbation conditions were again divided
into sets (See Table 1; Exp 3: Sets A—B; Exp 4: Sets A—D) to sample a wider range of clamp
size x target jump combinations, while keeping the experiment within 1 hour. There were 30
trials per clamp size x target jump combination in Exp 3 and 18 trials per combination in
Exp 4.

Data analysis, model free

The primary dependent variable of reach performance was the hand angle, defined as the hand
position relative to the target when the movement amplitude reached the target distance (i.e.,
angle between the lines connecting start position to target and start position to hand).

Outlier responses were defined as trials in which the hand angle deviated by more than 3
standard deviations from a moving 5-trial window. These outlier trials were excluded from
further analysis, since behavior on these trials could reflect attentional lapses or anticipatory
movements to another target location (average percent of trials removed per participant + SD:
Exp 1: 0.2 £ 0.2%; Exp 2: 0.1 + 0.2%; Exp 3: 0.8% =+ 0.8%; Exp 4: 1.1 + 0.1%).

As a measure of trial-by-trial implicit recalibration, we evaluated each participant’s median
change in hand angle on trial n + 1, as a function of the perturbation condition (clamp size x
target jump) on trial n (A Hand Angle). This trial-by-trial change in hand angle has been used
in many studies as a measure of implicit recalibration (e.g., [40,53,79]).

We sought to determine whether SPE + TE and TE-only perturbations elicit robust sign-
dependent changes in hand angle (Exp 1 and 2). Specifically, in the SPE + TE condition, we
expect implicit recalibration to result in a change in hand angle in the opposite direction of the
error clamp (e.g., a CW clamp eliciting a CCW change in hand angle). In contrast, in the TE-
only condition, we expect implicit recalibration to be in the same direction as the target jump
(e.g., a CW target jump eliciting a CW change in hand angle). To better visualize the difference
between SPE + TE and TE-only conditions, the sign of the target jump was flipped, such that
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the expected change in hand angle would also be in the opposite direction of the perturbation
(i.e., a negative target jump would elicit a positive change in hand angle). Each participants’
data were submitted to a linear regression with perturbation size (Exp 1: 0, +4°, +16°; xp 2, Set
A: 0, +4°; Exp 2, Set B: 0, +4°, +8°) and perturbation type (clamp vs target jump) as main
effects. The mean regression slopes () + SEM across participants were provided.

To ask whether the effect of TE would be conditional on the presence of SPE, we submitted
each participants’ data in Exps 2 and 3 to a linear regression with target jump size and task set
as main effects. Post-hoc contrasts were performed using two tailed t-tests, and P values were
Bonferroni corrected. The mean regression values (8) £ SEM across participants were
provided.

Data analysis, model based

In this section, we formalize the six models justified in the Results section titled: “Modeling the
potential ways in which TE and SPE may interact to drive implicit recalibration.” The develop-
ment of these models was based on different assumptions about how the size of target jumps
(6;) and the size of the error clamp (6,) impact the processing of SPE and TE.

The first set of models posit that the motor system responds only to SPE (Table 3: SPE only
column): First, SPE may be impervious to target jumps (Invariant SPE), where motor updates
are not affected by target jumps (U(,}_ZO, or the motor update during no-jump). Second, SPE

may be attenuated when the cursor lands in the target, modulated by intrinsic reward
(Rewarded SPE). The amount of reward modulation could vary with y,, a gain value determin-
ing the amount of attenuation, and o,, the standard deviation of reward function determining
the scope of attenuation. Third, SPE may be attenuated due to a distracting effect of target
jumps, which may siphon attention away from processing feedback and/or the movement goal
(Distracted SPE). The attenuation may be due to the presence of a target jump (a fixed cost,
C)) and the size of the target jump (variable cost, modeled as a gaussian decay with standard
deviation o).

We recognize that the distracted SPE hypothesis may take on a different form, where there
may only be a fixed cost or only be a variable cost (or a different type of variable cost, like an
inverted gaussian). However, these models fail to qualitatively capture our results, and there-
fore, we opted not to include these models in our formal analysis. We also recognize that, at
present, we only consider how target jump impacts learning from SPE, whereas target jumps
may also impact learning from TE.

Alternatively, implicit recalibration may also be driven by both SPE and TE-based learning
processes (Table 4: SPE + TE). The contribution of TE was assumed to vary with the distance
between the cursor feedback and the new target position in a linear fashion. S5 captures the
slope of this function, and the 6.~6; term constrains implicit recalibration from TE to 0 when
TE is 0 (i.e., when the target jumps onto the cursor feedback). This model assumes the net
motor update (Ur,y,) to be the sum of a SPE-based learning process (Uspg) and a TE based
learning process (Urg).

We evaluated the six models by simultaneously fitting group-averaged data for the +3° and
+7° clamp groups in Exp 4. To quantify model performance, we compared R” (i.e., the sum of
squared errors of the fitted model compared to the null model, which is the mean of all data
points) and AIC (Akaike Information Criterion) scores. The winning model was the model
with the largest R* and the smallest AIC. In order to calculate confidence intervals for the
parameter estimates, we applied standard bootstrapping techniques, constructing group-aver-
aged hand angle data 1000 times by randomly resampling with replacement from the pool of
participants within each group. We started with 10 different initial sets of parameter values
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and estimated parameter values that minimized the least squared error between the boot-
strapped data and the model output.

Supporting information

S1 Text. Similarities and differences between Experiments 1 and 2.
(DOCX)

$2 Text. Similarities and differences between in-person and online experiments.
(DOCX)

S1 Table. A kinematic comparison across experiments.
(DOCX)

S2 Table. TE-only fails to elicit implicit recalibration in response to small target displace-
ments.
(DOCX)

Acknowledgments
We thank Joie Tang for her assistance with data collection (Exp 1A).

Author Contributions

Conceptualization: Jonathan S. Tsay, Adrian M. Haith, Richard B. Ivry, Hyosub E. Kim.
Data curation: Jonathan S. Tsay, Hyosub E. Kim.

Formal analysis: Jonathan S. Tsay, Hyosub E. Kim.

Funding acquisition: Richard B. Ivry, Hyosub E. Kim.

Investigation: Jonathan S. Tsay, Adrian M. Haith, Richard B. Ivry, Hyosub E. Kim.
Methodology: Jonathan S. Tsay, Adrian M. Haith, Hyosub E. Kim.

Project administration: Jonathan S. Tsay, Hyosub E. Kim.

Resources: Hyosub E. Kim.

Supervision: Richard B. Ivry, Hyosub E. Kim.

Validation: Adrian M. Haith.

Visualization: Adrian M. Haith, Hyosub E. Kim.

Writing - original draft: Jonathan S. Tsay, Richard B. Ivry, Hyosub E. Kim.

Writing - review & editing: Jonathan S. Tsay, Adrian M. Haith, Richard B. Ivry, Hyosub E.
Kim.

References

1. Shadmehr R, Smith MA, Krakauer J. Error correction, sensory prediction, and adaptation in motor con-
trol. Annu Rev Neurosci. 2010; 33:89-108. https://doi.org/10.1146/annurev-neuro-060909-153135
PMID: 20367317

2. Krakauer J, Hadjiosif AM, Xu J, Wong AL, Haith AM. Motor Learning. Compr Physiol. 2019 Mar 14; 9
(2):613-63. https://doi.org/10.1002/cphy.c170043 PMID: 30873583

3. KimHE, Avraham G, Ivry RB. The Psychology of Reaching: Action Selection, Movement Implementa-
tion, and Sensorimotor Learning. Annu Rev Psychol [Internet]. 2020 Sep 25; Available from: http://dx.
doi.org/10.1146/annurev-psych-010419-051053.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010005 March 23, 2022 20/24


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010005.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010005.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010005.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010005.s004
https://doi.org/10.1146/annurev-neuro-060909-153135
http://www.ncbi.nlm.nih.gov/pubmed/20367317
https://doi.org/10.1002/cphy.c170043
http://www.ncbi.nlm.nih.gov/pubmed/30873583
http://dx.doi.org/10.1146/annurev-psych-010419-051053
http://dx.doi.org/10.1146/annurev-psych-010419-051053
https://doi.org/10.1371/journal.pcbi.1010005

PLOS COMPUTATIONAL BIOLOGY Interactions between errors during implicit motor learning

4. Morehead R, de Xivry J-JO. A Synthesis of the Many Errors and Learning Processes of Visuomotor
Adaptation. BioRxiv [Internet]. 2021 Mar 15; Available from: http://dx.doi.org/10.1101/2021.03.14.
435278.

5. Taylor JA, Krakauer JW, Ivry RB. Explicit and implicit contributions to learning in a sensorimotor adapta-
tion task. J Neurosci. 2014 Feb 19; 34(8):3023-32. https://doi.org/10.1523/JNEUROSCI.3619-13.2014
PMID: 24553942

6. Taylor JA, Ivry RB. Flexible cognitive strategies during motor learning. PLoS Comput Biol. 2011 Mar; 7
(3):21001096. https://doi.org/10.1371/journal.pcbi.1001096 PMID: 21390266

7. Hegele M, Heuer H. Implicit and explicit components of dual adaptation to visuomotor rotations. Con-
scious Cogn. 2010 Dec; 19(4):906—17. https://doi.org/10.1016/j.concog.2010.05.005 PMID: 20537562

8. Haith AM, Huberdeau DM, Krakauer JW. The influence of movement preparation time on the expres-
sion of visuomotor learning and savings. J Neurosci. 2015 Apr 1; 35(13):5109-17. https://doi.org/10.
1523/JNEUROSCI.3869-14.2015 PMID: 25834038

9. Werner S, van Aken BC, Hulst T, Frens MA, van der Geest JN, Striider HK, et al. Awareness of sensori-
motor adaptation to visual rotations of different size. PLoS One. 2015 Apr 20; 10(4):e0123321. https://
doi.org/10.1371/journal.pone.0123321 PMID: 25894396

10. McDougle SD, Ivry RB, Taylor JA. Taking Aim at the Cognitive Side of Learning in Sensorimotor Adap-
tation Tasks. Trends Cogn Sci. 2016 Jul; 20(7):535—44. https://doi.org/10.1016/j.tics.2016.05.002
PMID: 27261056

11. Day KA, Roemmich RT, Taylor JA, Bastian AJ. Visuomotor Learning Generalizes Around the Intended
Movement. eNeuro [Internet]. 2016 Mar; 3(2). Available from: https://doi.org/10.1523/ENEURO.0005-
16.2016 PMID: 27280151

12. KimHE, Morehead R, Parvin DE, Moazzezi R, Ivry RB. Invariant errors reveal limitations in motor cor-
rection rather than constraints on error sensitivity. Commun Biol. 2018 Mar 22; 1:19. https://doi.org/10.
1038/s42003-018-0021-y PMID: 30271906

13. Morehead R, Taylor JA, Parvin DE, Ivry RB. Characteristics of Implicit Sensorimotor Adaptation
Revealed by Task-irrelevant Clamped Feedback. J Cogn Neurosci. 2017 Jun; 29(6):1061-74. https://
doi.org/10.1162/jocn_a_01108 PMID: 28195523

14. Mazzoni P, Krakauer JW. An implicit plan overrides an explicit strategy during visuomotor adaptation. J
Neurosci. 2006 Apr 5; 26(14):3642-5. https://doi.org/10.1523/JNEUROSCI.5317-05.2006 PMID:
16597717

15.  Wolpert DM, Miall RC, Kawato M. Internal models in the cerebellum. Trends Cogn Sci. 1998 Sep 1; 2
(9):338-47. https://doi.org/10.1016/s1364-6613(98)01221-2 PMID: 21227230

16. Donchin O, Francis JT, Shadmehr R. Quantifying generalization from trial-by-trial behavior of adaptive
systems that learn with basis functions: theory and experiments in human motor control. J Neurosci.
2003 Oct 8; 23(27):9032—45. https://doi.org/10.1523/JNEUROSCI.23-27-09032.2003 PMID: 14534237

17. LeeK, OhY, Izawa J, Schweighofer N. Sensory prediction errors, not performance errors, update mem-
ories in visuomotor adaptation. Sci Rep. 2018 Nov 7; 8(1):16483. https://doi.org/10.1038/s41598-018-
34598-y PMID: 30405177

18. Taylor JA, lvry RB. Cerebellar and prefrontal cortex contributions to adaptation, strategies, and rein-
forcement learning. Prog Brain Res. 2014; 210:217-53. https://doi.org/10.1016/B978-0-444-63356-9.
00009-1 PMID: 24916295

19. Anguera JA, Reuter-Lorenz PA, Willingham DT, Seidler RD. Contributions of spatial working memory to
visuomotor learning. J Cogn Neurosci. 2010 Sep; 22(9):1917-30. https://doi.org/10.1162/jocn.2009.
21351 PMID: 19803691

20. BensonBL, Anguera JA, Seidler RD. A spatial explicit strategy reduces error but interferes with sensori-
motor adaptation. J Neurophysiol. 2011 Jun; 105(6):2843-51. https://doi.org/10.1152/jn.00002.2011
PMID: 21451054

21. Taylor JA, Klemfuss NM, Ivry RB. An explicit strategy prevails when the cerebellum fails to compute
movement errors. Cerebellum. 2010 Dec; 9(4):580-6. https://doi.org/10.1007/s12311-010-0201-x
PMID: 20697860

22. Tseng Y-W, Diedrichsen J, Krakauer JW, Shadmehr R, Bastian AJ. Sensory prediction errors drive cer-
ebellum-dependent adaptation of reaching. J Neurophysiol. 2007 Jul; 98(1):54—62. https://doi.org/10.
1152/jn.00266.2007 PMID: 17507504

23. Schlerf JE, Xu J, Klemfuss NM, Griffiths TL, Ivry RB. Individuals with cerebellar degeneration show sim-
ilar adaptation deficits with large and small visuomotor errors. J Neurophysiol. 2013 Feb; 109(4):1164—
73. https://doi.org/10.1152/jn.00654.2011 PMID: 23197450

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010005 March 23, 2022 21/24


http://dx.doi.org/10.1101/2021.03.14.435278
http://dx.doi.org/10.1101/2021.03.14.435278
https://doi.org/10.1523/JNEUROSCI.3619-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24553942
https://doi.org/10.1371/journal.pcbi.1001096
http://www.ncbi.nlm.nih.gov/pubmed/21390266
https://doi.org/10.1016/j.concog.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20537562
https://doi.org/10.1523/JNEUROSCI.3869-14.2015
https://doi.org/10.1523/JNEUROSCI.3869-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25834038
https://doi.org/10.1371/journal.pone.0123321
https://doi.org/10.1371/journal.pone.0123321
http://www.ncbi.nlm.nih.gov/pubmed/25894396
https://doi.org/10.1016/j.tics.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27261056
https://doi.org/10.1523/ENEURO.0005-16.2016
https://doi.org/10.1523/ENEURO.0005-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27280151
https://doi.org/10.1038/s42003-018-0021-y
https://doi.org/10.1038/s42003-018-0021-y
http://www.ncbi.nlm.nih.gov/pubmed/30271906
https://doi.org/10.1162/jocn%5Fa%5F01108
https://doi.org/10.1162/jocn%5Fa%5F01108
http://www.ncbi.nlm.nih.gov/pubmed/28195523
https://doi.org/10.1523/JNEUROSCI.5317-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597717
https://doi.org/10.1016/s1364-6613%2898%2901221-2
http://www.ncbi.nlm.nih.gov/pubmed/21227230
https://doi.org/10.1523/JNEUROSCI.23-27-09032.2003
http://www.ncbi.nlm.nih.gov/pubmed/14534237
https://doi.org/10.1038/s41598-018-34598-y
https://doi.org/10.1038/s41598-018-34598-y
http://www.ncbi.nlm.nih.gov/pubmed/30405177
https://doi.org/10.1016/B978-0-444-63356-9.00009-1
https://doi.org/10.1016/B978-0-444-63356-9.00009-1
http://www.ncbi.nlm.nih.gov/pubmed/24916295
https://doi.org/10.1162/jocn.2009.21351
https://doi.org/10.1162/jocn.2009.21351
http://www.ncbi.nlm.nih.gov/pubmed/19803691
https://doi.org/10.1152/jn.00002.2011
http://www.ncbi.nlm.nih.gov/pubmed/21451054
https://doi.org/10.1007/s12311-010-0201-x
http://www.ncbi.nlm.nih.gov/pubmed/20697860
https://doi.org/10.1152/jn.00266.2007
https://doi.org/10.1152/jn.00266.2007
http://www.ncbi.nlm.nih.gov/pubmed/17507504
https://doi.org/10.1152/jn.00654.2011
http://www.ncbi.nlm.nih.gov/pubmed/23197450
https://doi.org/10.1371/journal.pcbi.1010005

PLOS COMPUTATIONAL BIOLOGY Interactions between errors during implicit motor learning

24. Butcher PA, Ivry RB, Kuo S-H, Rydz D, Krakauer JW, Taylor JA. The cerebellum does more than sen-
sory prediction error-based learning in sensorimotor adaptation tasks. J Neurophysiol. 2017 Sep 1; 118
(3):1622-36. https://doi.org/10.1152/jn.00451.2017 PMID: 28637818

25. lzawa J, Criscimagna-Hemminger SE, Shadmehr R. Cerebellar contributions to reach adaptation and
learning sensory consequences of action. J Neurosci. 2012 Mar 21; 32(12):4230-9. https://doi.org/10.
1523/JNEUROSCI.6353-11.2012 PMID: 22442085

26. Hadijiosif AM, Criscimagna-Hemminger SE, Gibo TL, Okamura AM, Shadmehr R, Bastian AJ, et al. Cer-
ebellar damage reduces the stability of motor memories. Proceeding of the translational and computa-
tional motor control. 2014;

27. Cameron BD, Franks IM, Inglis JT, Chua R. Implicit motor learning from target error during explicit
reach control. Exp Brain Res. 2010 Sep; 206(1):99—-104. https://doi.org/10.1007/s00221-010-2402-4
PMID: 20820762

28. Cameron BD, Franks IM, Inglis JT, Chua R. Reach adaptation to explicit vs. implicit target error. Exp
Brain Res. 2010 Jun; 203(2):367-80. https://doi.org/10.1007/s00221-010-2239-x PMID: 20383763

29. Magescas F, Prablanc C. Automatic drive of limb motor plasticity. J Cogn Neurosci. 2006 Jan; 18
(1):75-83. https://doi.org/10.1162/089892906775250058 PMID: 16417684

30. Leow L-A, Marinovic W, de Rugy A, Carroll TJ. Task errors contribute to implicit aftereffects in sensori-
motor adaptation. Eur J Neurosci. 2018 Dec 9; 48(11):3397—4009. https://doi.org/10.1111/ejn.14213
PMID: 30339299

31. Kim HE, Parvin DE, Ivry RB. The influence of task outcome on implicit motor learning. Elife [Internet].
2019 Apr 29; 8. Available from: https://doi.org/10.7554/eLife.39882 PMID: 31033439

32. Wagner MJ, Kim TH, Savall J, Schnitzer MJ, Luo L. Cerebellar granule cells encode the expectation of
reward. Nature. 2017 Apr 6; 544(7648):96—100. https://doi.org/10.1038/nature21726 PMID: 28321129

33. Hull C. Prediction signals in the cerebellum: beyond supervised motor learning. Elife [Internet]. 2020
Mar 30; 9. Available from: https://doi.org/10.7554/eLife.54073 PMID: 32223891

34. Sendhilnathan N, Ipata AE, Goldberg ME. Neural Correlates of Reinforcement Learning in Mid-lateral
Cerebellum. Neuron [Internet]. 2020 Jan 14; Available from: http://dx.doi.org/10.1016/j.neuron.2019.12.
032.

35. Heffley W, Hull C. Classical conditioning drives learned reward prediction signals in climbing fibers
across the lateral cerebellum. Elife [Internet]. 2019 Sep 11; 8. Available from: https://doi.org/10.7554/
elLife.46764 PMID: 31509108

36. Ohmae S, Medina JF. Climbing fibers encode a temporal-difference prediction error during cerebellar
learning in mice. Nat Neurosci. 2015 Dec; 18(12):1798-8083. https://doi.org/10.1038/nn.4167 PMID:
26551541

37. Gonzalez Castro LN, Monsen CB, Smith MA. The binding of learning to action in motor adaptation.
PLoS Comput Biol. 2011 Jun; 7(6):e1002052. https://doi.org/10.1371/journal.pcbi. 1002052 PMID:
21731476

38. Shmuelof L, Huang VS, Haith AM, Delnicki RJ, Mazzoni P, Krakauer JW. Overcoming motor “forgetting”
through reinforcement of learned actions. J Neurosci. 2012 Oct 17; 32(42):14617-21. https://doi.org/
10.1523/JNEUROSCI.2184-12.2012 PMID: 23077047

39. TsayJS, Parvin DE, Ivry RB. Continuous reports of sensed hand position during sensorimotor adapta-
tion. J Neurophysiol. 2020 Oct 1; 124(4):1122-30. https://doi.org/10.1152/jn.00242.2020 PMID:
32902347

40. WeiK, Kérding K. Relevance of error: what drives motor adaptation? J Neurophysiol. 2009 Feb; 101
(2):655-64. https://doi.org/10.1152/jn.90545.2008 PMID: 19019979

41. Kasuga S, Hirashima M, Nozaki D. Simultaneous processing of information on multiple errors in visuo-
motor learning. PLoS One. 2013 Aug 29; 8(8):e72741. https://doi.org/10.1371/journal.pone.0072741
PMID: 24009702

42. HayashiT, Kato Y, Nozaki D. Divisively Normalized Integration of Multisensory Error Information Devel-
ops Motor Memories Specific to Vision and Proprioception. J Neurosci. 2020 Feb 12; 40(7):1560-70.
https://doi.org/10.1523/JNEUROSCI.1745-19.2019 PMID: 31924610

43. Leow L-A, Marinovic W, de Rugy A, Carroll TJ. Task Errors Drive Memories That Improve Sensorimotor
Adaptation [Internet]. J. Neurosci. 2020 [cited 2019 Feb 25]. p. 3075—-88. Available from: https://doi.org/
10.1523/JNEUROSCI.1506-19.2020 PMID: 32029533

44. Galea JM, Mallia E, Rothwell J, Diedrichsen J. The dissociable effects of punishment and reward on
motor learning. Nat Neurosci. 2015 Apr; 18(4):597-602. https://doi.org/10.1038/nn.3956 PMID:
25706473

45. Nikooyan AA, Ahmed AA. Reward feedback accelerates motor learning. J Neurophysiol. 2015 Jan 15;
113(2):633-46. https://doi.org/10.1152/jn.00032.2014 PMID: 25355957

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010005 March 23, 2022 22/24


https://doi.org/10.1152/jn.00451.2017
http://www.ncbi.nlm.nih.gov/pubmed/28637818
https://doi.org/10.1523/JNEUROSCI.6353-11.2012
https://doi.org/10.1523/JNEUROSCI.6353-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22442085
https://doi.org/10.1007/s00221-010-2402-4
http://www.ncbi.nlm.nih.gov/pubmed/20820762
https://doi.org/10.1007/s00221-010-2239-x
http://www.ncbi.nlm.nih.gov/pubmed/20383763
https://doi.org/10.1162/089892906775250058
http://www.ncbi.nlm.nih.gov/pubmed/16417684
https://doi.org/10.1111/ejn.14213
http://www.ncbi.nlm.nih.gov/pubmed/30339299
https://doi.org/10.7554/eLife.39882
http://www.ncbi.nlm.nih.gov/pubmed/31033439
https://doi.org/10.1038/nature21726
http://www.ncbi.nlm.nih.gov/pubmed/28321129
https://doi.org/10.7554/eLife.54073
http://www.ncbi.nlm.nih.gov/pubmed/32223891
http://dx.doi.org/10.1016/j.neuron.2019.12.032
http://dx.doi.org/10.1016/j.neuron.2019.12.032
https://doi.org/10.7554/eLife.46764
https://doi.org/10.7554/eLife.46764
http://www.ncbi.nlm.nih.gov/pubmed/31509108
https://doi.org/10.1038/nn.4167
http://www.ncbi.nlm.nih.gov/pubmed/26551541
https://doi.org/10.1371/journal.pcbi.1002052
http://www.ncbi.nlm.nih.gov/pubmed/21731476
https://doi.org/10.1523/JNEUROSCI.2184-12.2012
https://doi.org/10.1523/JNEUROSCI.2184-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23077047
https://doi.org/10.1152/jn.00242.2020
http://www.ncbi.nlm.nih.gov/pubmed/32902347
https://doi.org/10.1152/jn.90545.2008
http://www.ncbi.nlm.nih.gov/pubmed/19019979
https://doi.org/10.1371/journal.pone.0072741
http://www.ncbi.nlm.nih.gov/pubmed/24009702
https://doi.org/10.1523/JNEUROSCI.1745-19.2019
http://www.ncbi.nlm.nih.gov/pubmed/31924610
https://doi.org/10.1523/JNEUROSCI.1506-19.2020
https://doi.org/10.1523/JNEUROSCI.1506-19.2020
http://www.ncbi.nlm.nih.gov/pubmed/32029533
https://doi.org/10.1038/nn.3956
http://www.ncbi.nlm.nih.gov/pubmed/25706473
https://doi.org/10.1152/jn.00032.2014
http://www.ncbi.nlm.nih.gov/pubmed/25355957
https://doi.org/10.1371/journal.pcbi.1010005

PLOS COMPUTATIONAL BIOLOGY Interactions between errors during implicit motor learning

46. Cashaback JGA, McGregor HR, Mohatarem A, Gribble PL. Dissociating error-based and reinforce-
ment-based loss functions during sensorimotor learning. PLoS Comput Biol. 2017 Jul; 13(7):e1005623.
https://doi.org/10.1371/journal.pcbi.1005623 PMID: 28753634

47. Kording KP, Wolpert DM. The loss function of sensorimotor learning. Proc Natl Acad Sci U S A. 2004
Jun 29; 101(26):9839-42. https://doi.org/10.1073/pnas.0308394101 PMID: 15210973

48. lzawaJ, Shadmehr R. Learning from sensory and reward prediction errors during motor adaptation.
PLoS Comput Biol. 2011 Mar; 7(3):e1002012. https://doi.org/10.1371/journal.pcbi.1002012 PMID:
21423711

49. Taylor JA, Thoroughman KA. Divided attention impairs human motor adaptation but not feedback con-
trol. J Neurophysiol. 2007 Jul; 98(1):317-26. https://doi.org/10.1152/jn.01070.2006 PMID: 17460104

50. SongJ-H. The role of attention in motor control and learning. Curr Opin Psychol. 2019 Oct; 29:261-5.
https://doi.org/10.1016/j.copsyc.2019.08.002 PMID: 31491612

51. TsayJS, Avraham G, Kim HE, Parvin DE, Wang Z, Ivry RB. The Effect of Visual Uncertainty on Implicit
Motor Adaptation. J Neurophysiol [Internet]. 2020 Nov 25; Available from: https://doi.org/10.1152/jn.
00493.2020 PMID: 33236937

52. Burge J, Ernst MO, Banks MS. The statistical determinants of adaptation rate in human reaching. J Vis.
2008 Apr 23; 8(4):20.1-19. https://doi.org/10.1167/8.4.20 PMID: 18484859

53. WeiK, Kérding K. Uncertainty of feedback and state estimation determines the speed of motor adapta-
tion. Front Comput Neurosci. 2010 May 11; 4:11. https://doi.org/10.3389/fncom.2010.00011 PMID:
20485466

54. Kinchla R. Attention. Annu Rev Psychol. 1992 Jan 1; 43(1):711-42.

55. DosherBA, Sperling G, Wurst SA. Tradeoffs between stereopsis and proximity luminance covariance
as determinants of perceived 3D structure. Vision Res. 1986; 26(6):973-90. https://doi.org/10.1016/
0042-6989(86)90154-9 PMID: 3750879

56. Miyamoto YR, Wang S, Smith MA. Implicit adaptation compensates for erratic explicit strategy in
human motor learning. Nat Neurosci. 2020 Mar; 23(3):443-55. https://doi.org/10.1038/s41593-020-
0600-3 PMID: 32112061

57. Albert ST, Jang J, Haith AM, Lerner G, Della-Maggiore V, Krakauer JW, et al. Competition between par-
allel sensorimotor learning systems [Internet]. bioRxiv. 2020 [cited 2021 Jan 23]. p. 2020.12.01.406777.
Available from: https://www.biorxiv.org/content/10.1101/2020.12.01.406777v2.

58. OzaA, Kumar A, Mutha PK. Task Errors Do Not Induce Implicit Sensorimotor Learning [Internet]. Cold
Spring Harbor Laboratory. 2020 [cited 2020 Nov 16]. p. 2020.11.13.381285. Available from: https://
www.biorxiv.org/content/10.1101/2020.11.13.381285v1.

59. Sadaphal DP, Kumar A, Mutha PK. Sensorimotor learning in response to errors in task performance.
eNeuro [Internet]. 2022 Feb 2; Available from: https://doi.org/10.1523/ENEURO.0371-21.2022 PMID:
35110383

60. Ernst MO, Banks MS. Humans integrate visual and haptic information in a statistically optimal fashion.
Nature. 2002 Jan 24; 415(6870):429-33. https://doi.org/10.1038/415429a PMID: 11807554

61. Kording KP, Beierholm U, Ma WJ, Quartz S, Tenenbaum JB, Shams L. Causal inference in multisen-
sory perception. PLoS One. 2007 Sep 26; 2(9):€943. https://doi.org/10.1371/journal.pone.0000943
PMID: 17895984

62. Shams L, Beierholm UR. Causal inference in perception. Trends Cogn Sci. 2010 Sep; 14(9):425-32.
https://doi.org/10.1016/j.tics.2010.07.001 PMID: 20705502

63. Parvin DE, Dang KV, Stover AR, Ivry RB, Morehead JR. Implicit adaptation is modulated by the rele-
vance of feedback [Internet]. bioRxiv. 2022. Available from: http://dx.doi.org/10.1101/2022.01.19.
476924.

64. Ranjan T, Smith M. Implicit motor adaptation is driven by motor performance prediction error rather
than sensory prediction error. In: Advances in Motor Control and Motor Learning. 2020.

65. Robinson FR, Noto CT, Bevans SE. Effect of visual error size on saccade adaptation in monkey. J Neu-
rophysiol. 2003 Aug; 90(2):1235—-44. https://doi.org/10.1152/jn.00656.2002 PMID: 12711711

66. Herzfeld DJ, Kojima Y, Soetedjo R, Shadmehr R. Encoding of error and learning to correct that error by
the Purkinje cells of the cerebellum. Nat Neurosci. 2018 May; 21(5):736—43. https://doi.org/10.1038/
s$41593-018-0136-y PMID: 29662213

67. Kording KP, Wolpert DM. Bayesian integration in sensorimotor learning. Nature. 2004 Jan 15; 427
(6971):244-7. https://doi.org/10.1038/nature02169 PMID: 14724638

68. TsayJS, Kim HE, Parvin DE, Stover AR, Ivry RB. Individual differences in proprioception predict the
extent of implicit sensorimotor adaptation. J Neurophysiol [Internet]. 2021 Mar 3; Available from: https://
doi.org/10.1152/jn.00585.2020 PMID: 33656948

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010005 March 23, 2022 23/24


https://doi.org/10.1371/journal.pcbi.1005623
http://www.ncbi.nlm.nih.gov/pubmed/28753634
https://doi.org/10.1073/pnas.0308394101
http://www.ncbi.nlm.nih.gov/pubmed/15210973
https://doi.org/10.1371/journal.pcbi.1002012
http://www.ncbi.nlm.nih.gov/pubmed/21423711
https://doi.org/10.1152/jn.01070.2006
http://www.ncbi.nlm.nih.gov/pubmed/17460104
https://doi.org/10.1016/j.copsyc.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31491612
https://doi.org/10.1152/jn.00493.2020
https://doi.org/10.1152/jn.00493.2020
http://www.ncbi.nlm.nih.gov/pubmed/33236937
https://doi.org/10.1167/8.4.20
http://www.ncbi.nlm.nih.gov/pubmed/18484859
https://doi.org/10.3389/fncom.2010.00011
http://www.ncbi.nlm.nih.gov/pubmed/20485466
https://doi.org/10.1016/0042-6989%2886%2990154-9
https://doi.org/10.1016/0042-6989%2886%2990154-9
http://www.ncbi.nlm.nih.gov/pubmed/3750879
https://doi.org/10.1038/s41593-020-0600-3
https://doi.org/10.1038/s41593-020-0600-3
http://www.ncbi.nlm.nih.gov/pubmed/32112061
https://www.biorxiv.org/content/10.1101/2020.12.01.406777v2
https://www.biorxiv.org/content/10.1101/2020.11.13.381285v1
https://www.biorxiv.org/content/10.1101/2020.11.13.381285v1
https://doi.org/10.1523/ENEURO.0371-21.2022
http://www.ncbi.nlm.nih.gov/pubmed/35110383
https://doi.org/10.1038/415429a
http://www.ncbi.nlm.nih.gov/pubmed/11807554
https://doi.org/10.1371/journal.pone.0000943
http://www.ncbi.nlm.nih.gov/pubmed/17895984
https://doi.org/10.1016/j.tics.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20705502
http://dx.doi.org/10.1101/2022.01.19.476924
http://dx.doi.org/10.1101/2022.01.19.476924
https://doi.org/10.1152/jn.00656.2002
http://www.ncbi.nlm.nih.gov/pubmed/12711711
https://doi.org/10.1038/s41593-018-0136-y
https://doi.org/10.1038/s41593-018-0136-y
http://www.ncbi.nlm.nih.gov/pubmed/29662213
https://doi.org/10.1038/nature02169
http://www.ncbi.nlm.nih.gov/pubmed/14724638
https://doi.org/10.1152/jn.00585.2020
https://doi.org/10.1152/jn.00585.2020
http://www.ncbi.nlm.nih.gov/pubmed/33656948
https://doi.org/10.1371/journal.pcbi.1010005

PLOS COMPUTATIONAL BIOLOGY

Interactions between errors during implicit motor learning

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.
1971 Mar; 9(1):97-113. https://doi.org/10.1016/0028-3932(71)90067-4 PMID: 5146491

Tsay JS, Lee AS, Ivry RB, Avraham G. Moving outside the lab: The viability of conducting sensorimotor
learning studies online [Internet]. Cold Spring Harbor Laboratory. 2021 [cited 2021 Feb 1]. p.
2021.01.30.181370. Available from: https://www.biorxiv.org/content/10.1101/2021.01.30.181370v1.

Bridges D, Pitiot A, MacAskill MR, Peirce JW. The timing mega-study: comparing a range of experiment
generators, both lab-based and online. Peerd. 2020 Jul 20; 8:69414. https://doi.org/10.7717/peer|.9414
PMID: 33005482

Anwyl-Irvine AL, Dalmaijer ES, Hodges N, Evershed J. Online Timing Accuracy and Precision: A com-
parison of platforms, browsers, and participant’s devices [Internet]. 2020. Available from: psyarxiv.com/
jfeca.

Goodale MA, Pelisson D, Prablanc C. Large adjustments in visually guided reaching do not depend on
vision of the hand or perception of target displacement. Nature. 1986; 320(6064):748-50. https://doi.
org/10.1038/320748a0 PMID: 3703000

Pisella L, Gréa H, Tilikete C, Vighetto A, Desmurget M, Rode G, et al. An “automatic pilot” for the hand
in human posterior parietal cortex: toward reinterpreting optic ataxia. Nat Neurosci. 2000 Jul; 3(7):729—
36. https://doi.org/10.1038/76694 PMID: 10862707

Krakauer J, Ghilardi MF, Ghez C. Independent learning of internal models for kinematic and dynamic
control of reaching. Nat Neurosci. 1999 Nov; 2(11):1026-31. https://doi.org/10.1038/14826 PMID:
10526344

Lerner G, Albert S, Caffaro PA, Villalta JI, Jacobacci F, Shadmehr R, et al. The Origins of Anterograde
Interference in Visuomotor Adaptation. Cereb Cortex [Internet]. 2020 Mar 4; Available from: https://doi.
org/10.1093/cercor/bhaa016 PMID: 32133494

Tsay JS, Lee AS, Avraham G, Parvin DE, Ho J, Boggess M, et al. OnPoint: A package for online experi-
ments in motor control and motor learning [Internet]. PsyArXiv. 2020. Available from: https://doi.org/http
%3A//dx.doi.org/10.31234/osf.io/lhwmpy

Tsay JS, Lee A, Ivry RB, Avraham G. Moving outside the lab: The viability of conducting sensorimotor
learning studies online. Neurons, Behavior, Data analysis, and Theory [Internet]. 2021 Jul 30; Available
from: http://dx.doi.org/10.51628/001c.26985.

Vandevoorde K, Orban de Xivry J-J. Does proprioceptive acuity influence the extent of implicit sensori-
motor adaptation in young and older adults? J Neurophysiol [Internet]. 2021 Aug 4; Available from:
https://doi.org/10.1152/jn.00636.2020 PMID: 34346739

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010005 March 23, 2022 24/24


https://doi.org/10.1016/0028-3932%2871%2990067-4
http://www.ncbi.nlm.nih.gov/pubmed/5146491
https://www.biorxiv.org/content/10.1101/2021.01.30.181370v1
https://doi.org/10.7717/peerj.9414
http://www.ncbi.nlm.nih.gov/pubmed/33005482
http://psyarxiv.com/jfeca
http://psyarxiv.com/jfeca
https://doi.org/10.1038/320748a0
https://doi.org/10.1038/320748a0
http://www.ncbi.nlm.nih.gov/pubmed/3703000
https://doi.org/10.1038/76694
http://www.ncbi.nlm.nih.gov/pubmed/10862707
https://doi.org/10.1038/14826
http://www.ncbi.nlm.nih.gov/pubmed/10526344
https://doi.org/10.1093/cercor/bhaa016
https://doi.org/10.1093/cercor/bhaa016
http://www.ncbi.nlm.nih.gov/pubmed/32133494
https://doi.org/http%3A//dx.doi.org/10.31234/osf.io/hwmpy
https://doi.org/http%3A//dx.doi.org/10.31234/osf.io/hwmpy
http://dx.doi.org/10.51628/001c.26985
https://doi.org/10.1152/jn.00636.2020
http://www.ncbi.nlm.nih.gov/pubmed/34346739
https://doi.org/10.1371/journal.pcbi.1010005

