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Abstract
Motor adaptation is a process by which the brain gradually reduces error induced by a predictable change in
the environment, e.g., pointing while wearing prism glasses. It is thought to occur via largely implicit
processes, though explicit strategies are also thought to contribute. Research suggests a role of the cerebellum
in the implicit aspects of motor adaptation. Using non-invasive brain stimulation, we sought to investigate
the involvement of the cerebellum in implicit motor adaptation in healthy participants. Inhibition of the
cerebellum was attained through repetitive transcranial magnetic stimulation (rTMS), after which partic-
ipants performed a visuomotor-rotation task while using an explicit strategy. Adaptation and aftereffects of
the TMS group showed no difference in behaviour compared to a Sham stimulation group, therefore this
study did not provide any further evidence of a specific role of the cerebellum in implicit motor adaptation.
However, our behavioral findings replicate those in the seminal study by Mazzoni and Krakauer (2006).
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Introduction

The exact contributions of explicit and implicit processes to motor adaptation are unknown. While the
cerebellum is thought to have a major role in the implicit processes, it is thought that other brain areas
contributemore explicit processes (Taylor et al., 2014). In a seminal paper,Mazzoni and Krakauer (2006)
demonstrated that implicit adaptation overrides explicit strategy in a visuomotor-rotation task. Though
the explicit strategy led to an instant correction of the error, participants started to drift away from the
target ending close to their aiming location, i.e. implicit adaptation started to occur around the aiming
location instead of the target and overrode the strategy – this rather counterintuitive behavioural finding
has not been directly replicated. Interestingly, patients with cerebellar degeneration can better use
strategy for adaptation compared to controls where performance deteriorates (Taylor et al., 2010),
suggesting a primary role of the cerebellum in implicit, but not explicit motor adaptation.
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Objective

To investigate the cerebellum’s role in implicit motor adaptation by inhibiting its function with 1 Hz
rTMS before, participants performed a 45° counter-clockwise visuomotor-rotation task using an explicit
strategy. rTMS has previously been used successfully to inhibit the cerebellum and produce behavioural
changes (see Théoret et al., 2001; Miall & Christensen, 2004; Jenkinson & Chris Miall, 2010). If the
cerebellum is responsible for the implicit motor adaptation that has been shown to drive the participant
away from the target (Mazzoni & Krakauer, 2006) after initially correcting for the rotation using strategy,
inhibition of the cerebellum should reduce the speed or size of the drift towards the aiming target and
result in sustained explicit compensation of the rotation.

Methods

Stimulation (N=12: 7 women, age 27� 2, range 18–36) was applied using a double-cone coil at 55% of
maximum-stimulator output (MSO) (MagStim Super Rapid) (Jenkinson & Chris Miall, 2010) over the
right cerebellar hemisphere, 1 cm below and 3 cm lateral from the inion. Sham stimulation (N=10:
8 women, age 24� 2, range 20–39) was performedwith a flat figure-of-eight coil at 35%MSO, 4 cmbelow
and 6 cm lateral from the inion, which induced muscle twitches around the neck that were similar to the
active cerebellar stimulation without targeting the cerebellum (Hardwick et al., 2014). All participants
were blind to the effectiveness of stimulation and received 600 pulses of 1Hz TMS before they performed
a visuomotor-rotation task with a joystick similar to Mazzoni and Krakauer (2006). See Figure 1 for
details.

Results

No group differences in directional error (DE) were found for baseline 1 (average last 2 trials);
t(20)= .944, p= .357 and baseline 2; t(20)= .582, p= .567, confirming similar behaviour before adaptation.
DEduring the initial two trials of rotation did not differ between the groups; t(15.7) = .161, p= .874. The use
of strategy initially helped overcome the rotation, but implicit adaptation overrode this explicit strategy
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Figure 1. Experimental paradigm (a) and visuomotor-rotation task (b). Participants performed 40 trials without rotation
(Baseline 1), before receiving 10minutes of rTMS, followed by another 24 trials without rotation (Baseline 2; ~2.5mins). They
were then exposed to two trials where a 45° counter-clockwise rotation was imposed on the cursor output before being
instructed to use strategy. The strategy entailed to aim for the clockwise neighbouring target next to where the red cursor
would appear. After the instruction participants performed another 72 trials of rotation (Rotation + Strategy; ~7mins) and
then 72 trials where the rotation was removed and no strategy had to be used (Washout; ~7mins).
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around the aiming target in both groups (see Figure 2). TMS did not have an effect on DE during early;
t(20) = .920, p = .368 and late adaptation; t(20) = .093, p = .927, nor during early; t(20) = .150, p = .882 or
late washout; t(20) = 1.761, p = .093 (first and last 8 trials).

Discussion

We found that rTMS of the cerebellum had no effect on implicit adaptation; in both groups implicit
adaptation overrode explicit strategy. The stimulation site used is thought to correspond to cerebellar
lobule VIII (Manni & Petrosini, 2004), and has been used for cerebellar studies investigating hand use
(Théoret et al., 2001). Though hand representations are mainly thought to be in lobule VIII, there are
representations in lobule V (Manni & Petrosini, 2004; Wiestler et al., 2011). However, this may be an
underestimate of the distribution (see Mottolese et al., 2012) which may have prevented us from
inhibiting all the representations. Regardless of the negative finding, this interesting behavioural
paradigm demonstrating the strength of implicit motor adaptation appears robust and replicable.

Conclusions

Contrary to our hypothesis, 1Hz TMS of the cerebellum did not result in a reduced implicit drift.
Therefore, we are left with two likely conclusions:

1. The cerebellumwas inhibited, but inhibition of the cerebellum had no influence on implicit motor
adaption.

2. The stimulation failed to inhibit the cerebellum, or the area of the cerebellum was not the area
(or areas) of the cerebellum controlling adaptation of the hand.

Our results represent an important replication of a rather counterintuitive behavioural finding, and
emphasizes the strength of the implicit processes that take place duringmotor adaptation (wherever these
processes takes place) and the lack of influence that explicit strategy has upon these processes.

Figure 2. Average directional error across all trials during the five phases (Baseline 1, Baseline 2, 2 trials Rotation, Rotation +
Strategy, and Washout) for both the Sham (blue) and TMS (red) group.
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Comments to the Author: The negative result is interesting but requires commenting on whether the protocol
was adequate to achieve cerebellar inhibition. I suggest pointing out that the protocol appropriately reproduced
elements of two previous studies that achieved motor task disruption through cerebellar rTMS (Theoret et al.
2001, and Jenkinson and Miall 2010) but pulse intensity (35% of max. stimulator output) was lower than in
Jenkinson and Miall 2010 (who used 45%, 55% of MSO and the same coil type). It could be argued that 35%
could have been adequate because Jenkinson & Miall targeted the oculomotor vermis, and if this region is
deeper than the region targeted here then 35% could have been adequate. The present studywas well designed,
with attention to details of rTMS protocol that make the study of interest even if the result is negative. Indeed,
the authors should point outmore explicitly that their protocol reproduced the crucial features of protocols that
previously showed inhibitory effect on cerebellar tissue. Then they should acknowledge that the pulse intensity
they chosemay have been inadequate to inhibit cerebellar circuits responsible for hand visuomotor adaptation,
and that thismay be an alternative explanation for the negative result.The language hasminor errors including
some syntax that makes a few sentences unclear. I suggest that the authors have the manuscript edited to
smooth out these minor unclear spots. Examples: lines 31, 33, 37, 46, 77.

Score Card
Presentation

4.4
/5

Is the article written in clear and proper English? (30%) ●3/5
Is the data presented in the most useful manner? (40%) ●5/5
Does the paper cite relevant and related articles appropriately? (30%) ●5/5

https://doi.org/10.1017/exp.2020.16 Published online by Cambridge University Press

https://orcid.org/0000-0002-7115-407X
https://doi.org/10.1017/exp.2020.16.pr1
https://orcid.org/0000-0002-7367-8811
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/exp.2020.16


Context

5.0
/5

Does the title suitably represent the article? (25%) ●5/5
Does the abstract correctly embody the content of the article? (25%) ●5/5
Does the introduction give appropriate context? (25%) ●5/5
Is the objective of the experiment clearly defined? (25%) ●5/5

Analysis

4.8
/5

Does the discussion adequately interpret the results presented? (40%) ●5/5
Is the conclusion consistent with the results and discussion? (40%) ●5/5
Are the limitations of the experiment as well as the contributions of the
experiment clearly outlined? (20%) ●4/5

https://doi.org/10.1017/exp.2020.16 Published online by Cambridge University Press

https://doi.org/10.1017/exp.2020.16


doi:10.1017/exp.2020.16.pr2

Review 2: An Implicit Plan Still Overrides an Explicit Strategy During Visuomotor Adaptation
Following Repetitive Transcranial Magnetic Stimulation of the Cerebellum

Reviewer: Dr. Lara Fernandez

Deakin University, Psychology, Burwood, Victoria, Australia, 3125

Date of review: 02 April 2020
Published online:

© The Author(s) 2020. This is an Open Access article, distributed under the terms of the Creative Commons Attribution
licence http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction
in any medium, provided the original work is properly cited.

Conflict of interest statement. Reviewer declares none..

Comments to the Author:The following study investigated the effects of cerebellar inhibition via rTMS
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experiment, following protocols for cerebellar stimulation and visuomotor adaptation assessment as
defined in previous literature. However, one design aspect that should have been considered is the
total time taken post-rTMS for the task to be completed. The effects of repetitive TMS on cerebellar
tissue, including duration-related factors, are currently not well understood. Thus, if the post-rTMS trial
time was particularly lengthy, it may be possible that the effects of the stimulation had diminished by the
time the participant performed rotation+strategy trials. Therefore, the time taken to complete each trial
block should be added to Figure 1. An assessment of cerebellar brain inhibition (CBI) should ideally have
been performed at several relevant time-points following rTMS (see Popa, Russo, Meunier (2010)). This
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(primarilymotor region).Notably, in Jenkinson andMiall (2010), the intensity of 55%MSOwas believed to
be targeting posterior regions for the disruption of saccade-related adaptation. Hence, this intensity may
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