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Active exploration of novel spatial environments enhances memory for subsequently presented explicit, declarative
information in humans. These effects have been attributed to novelty promoting dopamine release via mesolimbic
dopaminergic pathways in the brain. As procedural motor learning has been linked to dopamine as well, we pre-
dict that novelty effects extend to this domain. To test this hypothesis, the present study examined whether spatial
novelty exploration benefits subsequent sensorimotor adaptation. Participants explored either two different virtual
environments (i.e., novelty condition; n = 210) or two identical environments (i.e., familiar condition; n = 253).
They then performed a manual adaptation task in which they had to adapt joystick movements to a visual perturba-
tion. We assessed the rate of adaptation following the introduction of this perturbation, and the rate of deadaptation
following its removal. While results showed reliable adaptation patterns and similar adaptation rates across both
conditions, individuals in the novelty condition showed slower deadaptation. This suggests that exposure to spa-
tial novelty induced stronger sensorimotor representations during adaptation, potentially through novelty-induced
dopaminergic effects in mesocortical and/or nigrostriatal pathways. Novelty exposure may be employed to promote
motor learning on tasks that require precision movements in altered sensory contexts, for example, in astronauts
moving in microgravity or patients with impaired motor processing.
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Introduction exploration than those who explored familiar VEs.?
More recent studies have suggested that, in partic-
ular, active exploration of spatially novel environ-
ments has beneficial effects on memory,** whereas
passive exposure seems less effective.®” Regarding
the mechanisms underlying the beneficial effects
of the exploration of novel environments, rodent
studies suggest that novelty exploration causes sig-
naling from the hippocampus to the substantia
nigra/ventral tegmental area, triggering dopamine
release, and promoting plasticity in the hippocam-
pus by lowering the threshold for long-term poten-
tiation via a backprojection (a mechanism that is

Prior work in both animals and humans has shown
generalizable beneficial effects of novelty exposure
on memory (for a review, see Ref. 1). For exam-
ple, exposure to a series of pictures of novel rather
than familiar scenes before learning a list of unre-
lated words has been shown to promote recollection
for these words.? Using virtual reality, Schomaker
and colleagues demonstrated that individuals who
explored novel virtual environments (VEs) showed
better recollection on an unrelated word learn-
ing task administered immediately following VE
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covered in several theoretical frameworks: see Refs.
1, 8-10). The locus coeruleus has been identified
as another potential source of such dopaminergic
signaling.'"!?

So far, beneficial effects of novelty exploration
in humans have mostly been shown for explicit,
declarative learning and memory performance
known to be associated with hippocampal engage-
ment. It remains an open question whether these
effects generalize to other functions that rely on
dopaminergic contribution but do not specifically
require hippocampal involvement. In the present
study, we, therefore, aimed to determine whether, in
addition to declarative memory, procedural mem-
ory is similarly benefitted by novelty. Specifically,
we investigated whether exploring a novel VE ben-
efits subsequent sensorimotor adaptation, which is
also thought to involve dopaminergic mechanisms
(at least partially; see below). Sensorimotor adapta-
tion refers to our ability to make behavioral adjust-
ments in response to changing environmental or
internal demands in order to maintain appropri-
ate, goal-directed motor performance. For example,
imagine adjusting to the driving characteristics of
a rental car on holiday and then having to readjust
when driving in your own car again. While our dis-
crete distinction between explicit, declarative mem-
ory versus procedural memory may give the impres-
sion that we envisage these types of memory as relat-
ing to fully distinct and independent mechanisms,
we acknowledge that sensorimotor adaptation is
known to involve both implicit and more explicit,
declarative processes.!*!* In the present study, we,
therefore, set out to evaluate whether novelty effects
extend beyond the nonmotor performance benefits
that have been reported thus far, but do not mean
to suggest that we differentiate between effects on
explicit and implicit contributions to adaptation.

In the laboratory, adaptation has been widely
studied using paradigms in which participants
adapt their movements to mechanical perturbations
(e.g., robotic or treadmill manipulations)'*~!” or to
visual perturbations (e.g., prism lenses or rotated
feedback).'® In these paradigms, participants first
show impairment in their ability to achieve the goal
of their movement following initial perturbation.
With practice, they learn to adapt their movements
to the changed requirements and performance
gradually improves. Upon removal of the perturba-
tion, the adapted movement typically persists for a
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certain period of time, resulting in difficulty with
goal-directed movement before a gradual return
to regular performance is observed (i.e., deadapta-
tion). Such after-effects are generally observed in
the opposite direction of the performance-errors
introduced by the perturbation, reflecting that par-
ticipants learned to compensate for it. Moreover, the
after-effects are assumed to be indicative of changes
in motor commands that are required to effectively
cope with the perturbation, thus showing that a
change in sensorimotor representation occurred.

Sensorimotor adaptation has been linked to the
involvement of dopaminergic processes. For exam-
ple, prior neuroimaging work demonstrated that
the basal ganglia are involved in adaptation, with
the putamen, globus pallidus, and caudate nucleus
being engaged during adaptation®*** and the puta-
men being engaged during deadaptation.”> More
indirect indications for dopaminergic involve-
ment come from several studies documenting that
patients with Parkinson’s disease exhibit impair-
ments in sensorimotor adaptation,”>~?® although
some studies have reported normal adaptation.?~3!
Other indications come from genetic studies show-
ing that the rate of sensorimotor adaptation is asso-
ciated with the number of alleles that an individual
carries for genes involved in efficient dopaminer-
gic transmission.*” Given this dopaminergic link, it
seems reasonable that, through the effects of novelty
on dopamine, sensorimotor adaptation may benefit
from novelty exposure.

Here, we investigated for the first time whether
novelty exploration can enhance subsequent sen-
sorimotor adaptation. As part of a public science
experiment, we had participants spanning a wide
age range complete a manual adaptation task after
exploring either two different or two identical VEs,
and compared their adaptation performance. The
prospect of enhancing adaptation through novelty
exploration could have important implications
for rehabilitation programs aimed at improving
motor performance in stroke patients or those
with Parkinson’s disease, as well as for training
programs that facilitate astronauts to adapt to the
microgravity environment during spaceflight and
to the 1-g environment upon return to Earth. We
hypothesized that exploration of a novel rather than
familiar environment would improve sensorimotor
adaptability. As individuals differ in their tendency
to seek and appreciate novelty,” and because this
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Figure 1. Screenshots illustrating the two virtual environments that participants freely explored. Both were matched in terms of
size, path length, number of intersections, and number of landmarks participants could encounter.

personality trait has been linked to individual
differences in dopaminergic binding potential, >
we also explored the role of novelty seeking in the
effect of novelty exploration on adaptation.

Methods

Participants

A total of 483 participants, with a minimum of
8 years of age, enrolled in the study. Several partici-
pants had to be excluded due to technical problems
(n = 7), color blindness (n = 1), or failure to fol-
low the sensorimotor adaptation task instructions
(n = 12). Consequently, our final sample com-
prised 463 participants, aged 8-73 years old (mean
age = 24 =+ 16 years; 51% male). According to self-
reported data, 412 participants were right-handed,
21 were left-handed, and 10 were ambidextrous.
The number of participants assigned to the familiar
and novel exploration conditions was 253 and 210,
respectively. The study was part of Science Live, an
innovative research program of the NEMO Science
Museum in Amsterdam aimed at allowing visitors
to the museum to participate in actual scientific
research on a voluntary basis. Written informed
consent was obtained from all participants (or their
parents in the case of underaged children). The
study was approved by the Psychology Research
Ethics Committee of Leiden University, the
Netherlands.

Novelty manipulation

Two different VEs were created using Unity soft-
ware (version 2017.2.21f1; see Fig. 1). Both con-
sisted of fantasy islands with unusual landmarks
(such as a slot machine; 20 unique landmarks per
VE), included land and a body of water, and were

matched in terms of size (square of 200 x 200
Unity meters), path length, and number of inter-
sections (nine). In line with indications that active
exploration as opposed to passive exposure of spa-
tially novel environments is more effective in elic-
iting novelty effects, we used a spatial navigation
task in which participants explored the VEs them-
selves. They received scripted verbal instructions
regarding how to navigate through the VEs using
the keyboard and mouse. More specifically, par-
ticipants had to press the “w” key (for “walk”) to
move forward and could use the mouse to rotate and
determine heading direction. They were instructed
that they could navigate freely but should try to
stay on the paths where possible. During the first
exploration phase, participants explored one of the
two VEs (counterbalanced between participants).
In the second exploration phase, those in the famil-
iar condition (n = 253) explored the same envi-
ronment again, whereas those in the novelty condi-
tion (n = 210) explored another environment. Each
exploration phase lasted 3 min; after each phase,
participants were asked to indicate their mood and
arousal on a 9-point visual analog scale with self-
assessment manikins.*

Sensorimotor adaptation task

The manual visuomotor adaptation task used
in this study has been used extensively to study
adaptation.!®19-22-2437-40 participants used a dual-
axis joystick (Logitech G Extreme 3D Pro) with
their preferred hand to hit targets presented on
the laptop screen. The joystick controlled a red
circle (i.e., the cursor; diameter = 0.3 cm) that
was presented at the central position on the screen
when the joystick was centered. At the start of each
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Figure 2. The task consisted of eight baseline trials, 40 adap-
tation trials, and 16 deadaptation trials. During baseline and
deadaptation trials, the movements of the red cursor followed
the exact path of the joystick movement. During visuomotor
adaptation trials, the movement of the cursor was rotated by
45° counterclockwise relative to the joystick movement.

trial, a green target circle (diameter = 0.3 cm) was
presented for 1000 ms at one of eight locations
4.6 cm from the center of the screen (Fig. 2). Par-
ticipants were instructed to move the red circle into
the green circle as quickly as possible by moving the
joystick, and to relax their force on the joystick han-
dle after target disappearance to allow the cursor
to recenter for the next trial. Each movement was
initiated from the central position on the screen
and the order of the target locations was pseudo-
randomized such that each target appeared once
in every eight trials. Participants could practice
the task during eight trials and then completed
another eight trials under normal visual feed-
back (i.e., baseline trials). The next 40 trials were
performed under 45° counterclockwise-rotated
feedback (i.e., adaptation trials). Finally, partici-
pants completed another 16 trials under normal
visual feedback, which allowed us to measure the
after-effects of adaptation (i.e., deadaptation trials).
Stimulus presentation, timing, and data recording
were controlled by PsychoPy software (version
1.84.1).

Novelty exposure and sensorimotor adaptation

Novelty-seeking questionnaire

To assess individual differences in novelty-seeking
personality traits, we used a computerized version
of the novelty-seeking scale of the Tridimensional
Personality Questionnaire.’**! Participants aged 18
years or older completed the original 34-item ver-
sion; children completed a simplified, abbreviated
20-item version of the questionnaire. The outcome
measure was the total novelty-seeking score, with
higher scores representing greater novelty seeking.
As the 20-item version for children was merely
designed to obtain a novelty-seeking estimate that
could be communicated as a fun fact following their
participation and has not been validated, only the
trait scores of adults were included in the analyses
reported here.

Procedure

Upon entering the testing room, participants were
asked to read an information letter and provide
written informed consent; in case the participant
was a minor, their parent was asked to complete the
consent form. The experimental procedure began
by presenting participants with instructions about
the first task. They then explored the first VE for
3 min, after which they rated their mood and
arousal using the visual analog scales. Next, partici-
pants explored either a new or the same VE as before
for another 3 min and again completed the visual
analog scales. Participants subsequently performed
a word learning task, the sensorimotor adaptation
task, and a landmark memory task (details and
results regarding the word learning and landmark
tasks will be reported elsewhere*). Finally, partici-
pants provided their demographic details and com-
pleted the novelty-seeking questionnaire. Follow-
ing completion of the tasks, participants received
a debriefing form and a certificate as a souvenir of
their participation. The entire experimental proce-
dure took about 20-25 minutes.

Data processing and analysis

Motor performance was assessed by measuring
direction error (DE), defined as the angle between
the straight line from the start position to the tar-
get and the line from the start position to the
cursor’s position at the time of peak movement
velocity.'#1%2337:3940 Trials in which the DE devi-
ated more than 2.5 standard deviations from the
mean were replaced by the mean DE to minimize
the influence of such trials.?*** This was done per
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Figure 3. Mean direction error during the various blocks (A; 1 = baseline, 2-6 = adaptation, and 7-8 = deadaptation) and
across all trials (B) in the manual adaptation task as a function of familiar versus novel exploration condition. Error bars represent

standard errors.

participant and separately for the baseline, adap-
tation, and deadaptation phases, resulting in the
replacement of 2.2% of the trials overall. Further-
more, we determined the rate of adaptation by cal-
culating the decay constant across adaptation tri-
als (fit using an exponential decay function)?**442
and used this score as the primary outcome measure
for studying adaptation. We separately determined
the adaptation rates across all adaptation trials and
across all deadaptation trials.

We used both the traditional null-hypothesis sig-
nificance testing approach and a Bayesian approach
for the adaptation analyses; below, we, therefore,
report both P values and Bayes factors (BFs). Note
that in all adaptation analyses presented here, we
included age as a covariate since previous studies
have consistently shown age differences in adapta-
tion performance.*0-43-46

Results

Mood and arousal ratings

To evaluate whether mood and arousal changes
could underlie potential effects of novelty explo-
ration, we ran two mixed analyses of covariance
(ANCOVA) on the visual analog scale ratings with
time (two levels; pre versus post exploration) as a
within-subject variable, exploration condition (two
levels; novel versus familiar) as a between-subject
variable, and age as a covariate. The ratings were
available for 446 participants. Results showed that

older age was associated with lower arousal ratings
(F(1,443) = 25.23, P < 0.001, n*, = 0.05). There
were no significant main or interaction effects of
time and exploration condition on either the mood
(all Ps > 0.36) or arousal ratings (all Ps > 0.23).

General adaptation patterns

To verify that our data were in line with the gen-
eral pattern observed in sensorimotor adaptation
studies, we performed a mixed ANCOVA on DE
with exploration condition (two levels; novel ver-
sus familiar) as a between-subjects variable, block
(eight repetitions) as a within-subjects variable, and
age as a covariate. Results showed an effect of block
(F(7,3220) = 369.15, P < 0.001, npz = 0.44, BF >
100). Figure 3A shows that, in line with the typ-
ical adaptation pattern, participants’ performance
dropped when the rotated feedback was introduced
in the first adaptation block but gradually improved
during the subsequent adaptation blocks. When the
rotation was removed in the deadaptation blocks,
participants had to readapt to the veridical feed-
back, leading to initial overshooting of the target in
the opposite direction of that induced by the per-
turbation. In line with previous observations, results
further showed an effect of age (F(1,460) = 4.64,
P = 0.032, n,* = 0.01, BF = 0.61). There was no
significant main or interaction effect of exploration
condition (Ps > 0.13, BFs = 0.0008-0.05), suggest-
ing that novelty exposure did not affect the overall
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Figure 4. Adaptation rates across all adaptation trials (A) and deadaptation trials (B) as a function of exploration condition. More
negative adaptation rates and more positive deadaptation rates indicate a steeper decay over the trials, that is, faster improvement.

Note that the y-axes have different scales.

pattern of performance. For illustration purposes,
we also present the trial-by-trial performance data
for the familiar and novel exploration conditions in
Figure 3B.

Adaptation rates

Next, we performed a mixed ANCOVA on adap-
tation rates across all adaptation trials, with explo-
ration condition as a between-subject variable and
age as a covariate, in order to examine the effect
of novelty exposure on adaptability. Results showed
that adaptation rates did not significantly differ
between participants in the familiar and novelty
conditions (0.013 = 0.011 versus —0.012 £ 0.010;
P = 0.21, BF = 0.22; Fig. 4A).“ In line with prior
observations, we also found an effect of age on adap-
tation rate (F(1,460) = 18.17, P < 0.001, npz =0.04,
BF > 100). When further examining this effect via
a post-hoc quadratic regression analysis, we found
that both younger and older age were associated
with slower adaptation (see Fig. S1A, online only;
F(2,462) = 41.14, P < 0.001, r* = 0.15).

“To test potential differences early on in adaptation, right
after the introduction of the rotated feedback, we also
ran this analysis on adaptation rates across the eight tri-
als within the first adaptation block. Results showed no
effects of exploration condition (P = 0.30, BF = 0.17) nor
age (P = 0.65, BF = 0.11), suggesting that initial adapta-
tion was similar across participants.

We also ran a mixed ANCOVA on adap-
tation rates across deadaptation trials. Results
showed a significant effect of exploration condition
(F(1,460) = 7.27, P = 0.007, 1,7 = 0.02, BF = 3.53).
As illustrated in Figure 4B, participants were faster
at readapting to the normal feedback after they had
explored a familiar environment than a novel envi-
ronment (0.009 £ 0.013 versus 0.006 % 0.012), sug-
gesting that a stronger change in sensorimotor rep-
resentation occurred in the latter group. Again, we
found a significant effect of age (F(1,460) = 9.29,
P = 0.002, n,*> = 0.02, BF = 9.47). Results of
a post-hoc quadratic regression analysis showed
that both younger and older age were associated
with slower deadaptation (see Fig. S1B, online only;
F(2,462) = 13.55, P < 0.001 (r* = 0.06)).

Finally, we checked whether this pattern of
results holds when adjusting for individual dif-
ferences in initial bias to the rotated feedback. To
that end, we reran our ANCOVAs on adaptation
rates while including the mean DE from the first
adaptation block as an additional covariate. Results
confirmed that even when correcting for initial
biases, adaptation rates did not significantly differ
between participants in the familiar and novelty
conditions (P = 0.32, BF = 0.17). Similarly, results
confirmed that participants were significantly faster
at readapting to the normal feedback after they had
explored a familiar environment than a novel envi-

Ann. N.Y. Acad. Sci. 1510 (2022) 68-78 © 2021 The Authors. Annals of the New York Academy of Sciences 73
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Novelty exposure and sensorimotor adaptation

A Familiar condition

0.01-

0.00-

ot
o

Adaptation rate
o .
5

-0.03-

-0.04-
5 10 15 20 25 30
Novelty-seeking score

Ruitenberg et al.

B Novelty condition

0.01-

3 . .
0.00- T J . SORE
« * U
. .
-] ] :. ] °° "
8 001- - Olg—o o —a ¢
c 3 o . ~
o . e . o .
= O
© ] 3
a .o - : R % v e ®
§-0.02- QO P 0 .s
< & O L
e %o, L. o o
© L] L]
-0.03- =
.
L]
0.04-
5 10 15 20 25 30

Novelty-seeking score

Figure 5. Scatter plots showing the association between novelty-seeking scores and adaptation rates across all adaptation trials
for individuals in the familiar (A) and the novel (B) exploration conditions.

ronment, even when correcting for initial biases
(F(1,459) =7.12,P=0.008, 7, = 0.015, BF = 3.48).

Role of novelty-seeking personality

As mentioned above, analyses on novelty-seeking
scores were based on data from adults only (1 = 220;
mean age = 38 £ 12 years; 50% male). Results
of an independent t-test showed that scores did
not differ significantly between participants in the
novel and familiar exploration conditions (18.3 ver-
sus 18.9, respectively; P = 0.37). We ran regres-
sion analyses to evaluate whether individual differ-
ences in the novelty-seeking personality trait were
predictive of adaptation rates for participants in the
novel and familiar conditions. Results showed that
steeper adaptation rates across all adaptation trials
were associated with higher novelty-seeking scores
for participants in the familiar condition (Fig. 5A;
B = —0.287, t(125) = —3.34, P = 0.001, #* = 0.08),
but not the novelty condition (P = 0.85; Fig. 5B).
An additional regression that included the explo-
ration condition x novelty-seeking score interac-
tion term confirmed that the regression coefficients
for the familiar and novelty conditions were signifi-
cantly different (#(219) = —2.04, P = 0.042). There
were no significant associations between novelty-
seeking scores and adaptation rates in the deadap-
tation phase (familiar P = 0.93; novel P = 0.53).

Discussion

In the present study, we investigated whether the
beneficial effects of novelty exposure on memory

in humans extend beyond the declarative domain
and also apply to the procedural, motor domain.
Our findings support that the exploration of a spa-
tially novel VE improves sensorimotor adaptation
in humans. Interestingly, although novelty did not
affect the rate of adaptation, we observed that sub-
sequent deadaptation (when participants were per-
forming under veridical feedback again) was slower
when participants had previously explored a novel
versus a familiar environment. Importantly, this
effect of novelty was not confounded by changes
in mood/arousal following exploration. In line with
prior observations, we further found that age had
a quadratic relationship with adaptation rates, such
that adaptability was poorer in both younger*>*
and older ages.*>**%¢ Our findings demonstrate that
novelty exploration strengthened the sensorimo-
tor representation that was created when feedback
was rotated during performance, as became evident
after removal of the perturbation. We thus observed
beneficial effects of novelty during deadaptation and
not during adaptation itself. This suggests that nov-
elty influenced the strength of the updated visuo-
motor representation, rather than the rate at which
it developed—similar to studies finding beneficial
effects of novelty on the persistence of declarative
memory.*’

Prior work revealed that novelty exploration pro-
motes the consolidation of declarative memories
through dopaminergic pathways.""'**® Specifically,
these studies have identified mesolimbic dopamin-
ergic pathways in the brain to underlie beneficial
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effects on semantic and episodic memory. How-
ever, the link between novelty exposure and proce-
dural learning in humans has not previously been
investigated. Sensorimotor functioning, including
adaptation as assessed in the current task, is more
strongly associated with mesocortical and nigros-
triatal dopamine.*~>! Although the role of these
latter dopaminergic pathways in novelty process-
ing has been investigated less extensively com-
pared with mesolimbic pathways, there are stud-
ies hinting at their involvement as well. For exam-
ple, mesocortical pathways have been linked to
novelty-induced locomotor activity in rodents,*
suggesting that novelty can influence motor behav-
ior through this pathway. In addition, other rodent
work suggests that exposure to environmental nov-
elty increases dopaminergic functioning in nigros-
triatal pathways.”® The beneficial effect of novelty
on sensorimotor adaptation in the current study
could thus potentially be explained by novelty-
induced dopamine increases in these mesocortical
and/or nigrostriatal pathways. This seems reason-
able, as prior work on the neural correlates of sen-
sorimotor adaptation has demonstrated the involve-
ment of frontal cortical and basal ganglia areas
during both adaptation and deadaptation, which,
respectively, would be linked to the mesocortical
and nigrostriatal pathways.

While our findings on the beneficial effect of nov-
elty exposure on deadaptation extend beyond previ-
ous (nonmotor) studies in this area, an open ques-
tion remains to what extent novelty affected strategy
use and explicit versus implicit processes of adap-
tation. Future experimental designs and paradigms
should, therefore, aim at elucidating the mechanis-
tic nature of novelty effects on motor adaptation by
disentangling effects on implicit and explicit pro-
cesses contributing to adaptation. A challenge in
this endeavor may be that while there is broad agree-
ment on the existence of these two distinct pro-
cesses, their exact relationship and how they jointly
contribute to adaptation remains unclear.* Repli-
cation of the present work with different degrees
of rotation or other adaptation paradigms (e.g.,
gradual rotation and clamped feedback) that can
dissociate explicit and implicit processes will con-
tribute to a more comprehensive understanding
of beneficial effects of novelty exposure on motor
performance.

Novelty exposure and sensorimotor adaptation

When examining the role of individual dif-
ferences in novelty-seeking personality traits—
which positron emission tomography studies
have previously linked to dopaminergic binding
potential*** —we found that participants in the
familiar condition who scored higher on novelty
seeking showed faster adaptation. The association
between trait scores and adaptation rates was not
significant for participants in the novelty condition.
We propose that this may be linked to the differ-
ential involvement of exploration strategies and
trial-and-error processes in adaptation between
the two groups. Learning in a reaching task can be
characterized by a trade-off between exploration
and exploitation,'>!* where individuals initially
use strategic processes to discover which actions
may yield task success (i.e., exploration). Once
they have identified a solution, it is reinforced over
time through intrinsic reward associated with the
successful outcome of the movement (i.e., exploita-
tion). We suggest that for individuals in the familiar
condition, those who scored higher on novelty
seeking were inclined to use more exploration
strategies during the adaptation task, contributing
to faster adaptation. For individuals in the novelty
condition, preferences for seeking out novelty were
already satisfied via the novelty manipulation,
where they actively explored two different VEs
and, therefore, did not further drive adaptation
strategies during the subsequent sensorimotor
adaptation task.

A notable strength of the present study is its
sample size, which greatly exceeds those reported
in prior investigations on novelty effects, as well
as sensorimotor adaptation. Furthermore, the fact
that we observed the typical adaptation pattern sup-
ports the notion that the experimental paradigm
translates to settings outside of a controlled lab-
oratory. It may, therefore, be considered a more
realistic reflection of the effect of novelty expo-
sure on sensorimotor adaptation in the real world.
At the same time, it could be argued that the
participants’ visit to the interactive museum auto-
matically resulted in a certain degree of exposure
to novelty and mood/arousal stimulation prior to
participating in this study. As this would have
affected participants in both the familiar and nov-
elty conditions, the fact that we found beneficial
effects of novelty exploration suggests that there was

Ann. N.Y. Acad. Sci. 1510 (2022) 68-78 © 2021 The Authors. Annals of the New York Academy of Sciences 75
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Novelty exposure and sensorimotor adaptation

still sufficient room for this manipulation to impact
performance. Furthermore, results of the visual ana-
log scale ratings ruled out potential confounding
effects of mood and arousal.

Future studies should test whether the observed
effects of novelty on sensorimotor adaptation
generalize to other types of motor performance
(e.g., sequence learning). Another question remains
whether spatial novelty exploration could also ben-
efit retention and savings of learning. Participants in
the present study performed the visuomotor adap-
tation task only once, but previous studies have
shown that participants adapt faster when they are
exposed to the same perturbation in a later ses-
sion. This suggests that changes in sensorimotor
representations after adaptation and/or memories
of adaptation strategies can outlast the initial train-
ing session. Indeed, savings of adaptation have been
observed 1 day after initial performance,”¢ several
months later,">?**” and even as much as 1 year after
initial adaptation.®® Future studies could investigate
whether novelty exploration can positively impact
the amount of savings and/or prolong the period
during which the obtained motor representations
can be retrieved.

In conclusion, we demonstrated for the first time
that the beneficial effects of novelty exploration,
which have been observed for declarative memory
performance, also extend to the procedural domain.
These results could have implications for the design
of neuropsychological rehabilitation or other train-
ing programs targeted at sensorimotor adaptation
and motor learning. Specifically, such programs
may be optimized by including novelty exposure
to accelerate the creation of strong sensorimotor
representations, for example, in clinical populations
(e.g., split-belt adaptation in stroke patients or prism
adaptation in neglect patients)® or specific pro-
fessions (e.g., astronauts). In addition, our results
may allow for the development of novelty-exposure
interventions that can potentially counteract and/or
slow age-related declines in motor learning. Future
studies should further examine the long-term bene-
ficial effects of novelty and examine savings of adap-
tation.
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