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Student: “Dr Einstein, aren’t these the same questions as last year’s final exam?”

Dr. Einstein: “Yes, but this year the answers are different.”
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Résumeé!

La plasticité qui caractérise notre systeme nerveux nous permet de réaliser des
mouvements fluides et précis malgré des conditions changeantes. La compréhension et la
distinction des processus permettant de modifier un mouvement pour faire face a une perturbation
(adaptation) et d’en apprendre de nouveaux (apprentissage) représentent un défi majeur.
L’adaptation sensorimotrice se refléte non seulement par la réduction graduelle d’erreurs induites
par la perturbation mais surtout par la présence d’effets consécutifs une fois la perturbation
supprimée. Les caractéristiques de ces effets consécutifs renseignent sur la nature des
modifications opérées au sein du systéme nerveux central et ainsi sur le type de processus mis en
jeu pour faire face a la perturbation.

L’'objectif de cette thése était d’apporter des éléments théoriques a la compréhension et a la
distinction des processus de plasticité sensorimotrice. Plus spécifiguement, nous faisions
I'hypothése que I'étude de transfert des effets consécutifs vers une tache motrice n’ayant pas été
pratiquée pendant la perturbation pouvait révéler la contribution de processus distincts durant
'adaptation sensorimotrice. Il s’agissait notamment d’investiguer les conditions favorisant le
transfert des effets consécutifs. De plus, il était question d’étudier le réle du cervelet dans les
mécanismes du transfert.

Au sein de nos différentes études, nous avons employé une approche comportementale a travers
le paradigme de I'adaptation prismatique, en utilisant des lunettes qui dévient le champ visuel. Les
résultats de notre premiére étude ont montré que les effets consécutifs développés lors de
I'adaptation prismatique impliquant une tache de pointage étaient transférables vers une tache de
lancer. Néanmoins, le transfert du lancer vers le pointage n’était possible que pour les experts en
lancer. Ainsi, I'expertise sur la tdche pratiquée durant I'exposition prismatique conditionnait la
nature des processus sollicités pour faire face a la perturbation. Dans une seconde étude, nous
avons montré que 'adaptation prismatique par imagerie motrice permettait le transfert des effets
consécutifs depuis le pointage vers le lancer, mais seulement pour les individus présentant de
bonnes capacités d’'imagerie motrice. Grace a [I'utilisation de la stimulation cérébrale
transcranienne a courant direct, les deux dernieres études ont permis de souligner le possible réle
du cervelet dans le transfert des effets consécutifs.

Au regard de ces apports, cette thése souligne l'intérét du transfert inter-tache pour mettre en
évidence la contribution de différents processus durant I'adaptation sensorimotrice, au-dela de la
mesure classique des effets consécutifs. Le développement d’effets consécutifs transférables
reposerait sur I'ajustement durable des modeéles internes du systéme sensorimoteur. Ces
modifications seraient guidées par les erreurs de prédiction sensorielle et impliqueraient des
structures cérébelleuses. Ces résultats fondamentaux permettent d’envisager des pistes
d’applications dans le domaine clinique, visant a améliorer le transfert des compensations acquises
en rééducation vers d’autres contextes.

Mots clés : plasticité sensorimotrice, adaptation, apprentissage, effets consécutifs, transfert,
adaptation prismatique, modéles internes, cervelet, tDCS, imagerie motrice

' Un résumé substantiel rédigé en frangais et décrivant le contenu de la these et les résultats des
différentes contributions expérimentales est disponible a la fin du manuscrit (p. 249-253).
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Abstract

The plasticity that characterizes our nervous system enables us to realize smooth and
precise movement despite varying demands. The understanding and distinction of processes
enabling to modify existing movements when facing a perturbation (adaptation) or to learn new
ones (learning) represents a crucial challenge. Sensorimotor adaptation is reflected not only by the
gradual error reduction during the perturbation but mostly by the presence of after-effects once the
perturbation is removed. The nature of after-effects provides information concerning the
modifications entailed in the sensorimotor system and thus the type of processes involved.

The aim of this thesis was to shed light on the comprehension of sensorimotor plasticity processes.
More precisely, we hypothesized that the transfer of after-effects to a task that has not been
performed under the perturbation might uncover the contribution of distinct processes during
sensorimotor adaptation. Therefore, the objective was to isolate the characteristics of processes
favouring transfer. In addition, we aimed at investigating the role of the cerebellum in these
processes.

To complete these objectives, we used a behavioural approach through a prism adaptation
paradigm, using googles laterally shifting the visual field. Our first study showed a transfer of after-
effects acquired during pointing prism exposure to a throwing task. However, the transfer from
throwing to pointing was possible only for experts in throwing. Thus, the expertise on the task
performed during prism exposure strongly influenced the nature of processes at work to face the
perturbation. In the second study, we demonstrated that prism adaptation by motor imagery of
pointing movements under exposure led to substantial transfer to throwing movements. This was
the case only for participants with high motor imagery abilities. Finally, using tDCS, the two last
studies emphasized the possible role of the cerebellum in after-effects transfer.

Altogether, these results underline the interest to study inter-task transfer of after-effects to unravel
the contribution of distinct processes during sensorimotor adaptation, beyond the classical
measure of after-effects. We propose that the development of transferable after-effects relies on
sustained adjustments of the internal models in the sensorimotor system. These modifications may
be guided by sensory prediction errors and controlled by cerebellar regions. In a translational view,
these fundamental findings pave the way for clinical perspectives of research to optimize the
transfer of compensations from rehabilitation context to other daily life situations in patients with
motor disorders.

Key words: sensorimotor plasticity, adaptation, learning, after-effects, transfer, prism adaptation,
internal models, cerebellum, tDCS, motor imagery

13



14



Table of contents

AcCKNOoWIedgments........ s 7
RESUME....... e n s am e s e mn e e e e amn e e e e mmn e 11
ADSIFACT ... s 13
=3 Qo 1 = 19
List Of tables ..o ——————————— 21
List of abbreviations..........cccommiiiiiini e —————— 23
General iNtrodUCHION ... 25
Chapter 1 - Theoretical background ............cccciimmmmmmiminiin e 33
Overview of the Chapler ... 34
A. General principles of sensorimotor CONtrol..........cccccvviiiirmmrnn . 35
1. Elaboration of motor command in voluntary movements .........cccccccvvvviiiiiiiiiiinennen. 35

2. Insights from Motor IMagery .....coooeeeee i 36

3. Movement evaluation and its consequences: the role of internal models................ 37

4. Error SigNals iN @CHON .....coiii ittt 39

5. Neural plasticity underlying sensorimotor transformations...........ccccooeeeeeeeiiieeeeeen. 40

B. Sensorimotor plasticity processes: learning and adaptation...........cccceeviiniiinnnnnns 42
C. Prism adaptation.........cccccmmiiiiiiiiiierr e ——————————— 53
1. Typical experimental ProCEAUIES.........cuuuiiiiiiiiiiiieeie e 53

2.  What drives and influences prism adaptation? .............ccccoooiiiiiiiiii i, 55

3. Processes operating during PA ..o 57

4. Neural substrates Of PA ... 59

D. Transfer/Generalization of after-effects .........cccuevrvimmmiiniiccsss e 68
1. Clarifying transfer and generalization ... 68

2. Transfer/Generalization of after-effects in Prism Adaptation............ccccccceeiiiiinnnne. 69

3. Neural substrates of tranSfer ... 80

E. Synthesis and objectives ..o ———— 82
Chapter 2 - Methodological background ... 85

15



Overview of the ChaPRer ... 86

A. Prism Adaptation (studies 1,2, 3, and 4) ......ccevvrirmmmmmmmmmmmmmmmssssssssssssssssssssssssssssnnnn 87
1. Abrief history of priSm IENSES ......c..uviiiiiiiiee e 87
2. How do prisms deviate the visual field?...........coooiiiiiiii e 88
3. From classical procedures to assessment of inter-task transfer of after-effects......89

B. Kinematics of pointing movements (studies 1, 3, and 4) ......cccccccmmrrrririiiccnnmnnnnnnn 94
1. Why being interesting in KINEMatiCS? .......ooiiiiiiiiiii e 94
2. Kinematic description of a reaching movement ... 94
3. Kinematics changes during PA and variables of interest ..........cooovviieiiiiiiriieniinnnnnn. 96
4. MOLION CAPIUIE ... e e e e e e e e e e e 98

LT 1 To} o] gl 114 F= T T=T o V(=] 1 o | ) 100
1. Characteristics of MotOr IMagery ........uueiiiiiiiiiei e 100
2. Assessment of MOOr IMagEIY .......uueiiiiiiiiie e 102
3. Requirements for PA by motor imagery.......cccueeeeii i 104

D. Transcranial direct Current Stimulation (studies 3 and 4).......cccccccmrrriiiiiiiiinnnes 105
L I B =T~ or ¢ o] 1o o PP PPPP PP 105
2. Physiological effects of tDCS .........eeiiiiiii e 106
3. Targeting the cerebellum.........coo 108
S T (= PO PP PP P PPPPPPPPPPPRN 110
5. Sham PrOCEAUIES .......eeeiiiiiei e a e e e e 110
6. PA procedure combined With tDCS ..o 111

Chapter 3 - Experimental Contributions..........ccccciriircesmmrrsssssssssssssmsesssssssmen e 113

Overview of the Chapler ... —— 114

A. Axis 1: Expertise and Transfer ... 115
1. StUAY 1: MANUSCHIPL. ... 115
2. StUAY 11 SYNENESIS. ...eiiiiiiieii e 132

B. Axis 2: Transfer and Motor IMagery .......ccccccerrrriniiiinnnmmeennmmnnnsss s ssssssnses 133
1. StUAY 2: MANUSCHIPL. ... e e 133
2. StUAY 2: SYNENESIS. ...eeiiiiiieii e 154



C. AXiS 3: Transfer and tDCS........ccciiieiirreiireeirresrressrenssrrasssrensssrnsssransssensssranssssnssns 155

1. StUAY 3: MANUSCHIPL. ... 155

2. StUAY B: SYNENESIS. ...eiiiiiiiiii e 190

3. Study 4: MaNUSCHIPL...cec ittt 191

4. StUAY 4: SYNENESIS. ...eiiiiiiieii e 221
Chapter 4 - General diSCUSSION .......ceiiiiiiimmiiiiirmn s 223
Overview of the Chapler ... 224
A. Summary of major fiNdiNgS.......cccrrmmmmmiiiiii e ——————— 225
1. Axis 1: Influence of the exposed task on after-effects transfer (Study 1).............. 225

2. Axis 2: Motor Imagery and transfer of after-effects during PA (Study 2) ............... 226

3. Axis 3: Cerebellar neuromodulation and transfer of after-effects (Studies 3 & 4)..226
B. Fundamental implications for sensorimotor adaptation..........ccccecmrrrrrniiiiiinnnns 228
1. Studying the transfer to unravel distinct processes in sensorimotor adaptation ....228
2. Which conditions are needed to trigger after-effects transfer?...........ccccccceeiiiiie 231
3. The role of the cerebellum in after-effects transfer ... 233

4. Theoretical working propositions for the distinction of processes underlying

YTk Yo g1 g o) (o] @F=To F= o) {[o ] o HU PP ET PP PUPPPPPPPPPRN 235
C. Open questions, limitations, and perspectives for further research.................. 240
1. Open questions and research perspectives.............eeeeeeeeiiiiiiiiieieieee e 240
2. Limitations and considerations for further experiments..........ccccccooiiiiiiiiiiinnnnee 242

D. Toward rehabilitation: perspectives and challenges for clinical research and

APPlICALION......cc ettt ——————— 243
L0 o T 1117 o o 245
Résumé substantiel...........ccooricnce e ———————— 249
=71 0] 10X =T o 1) 255

17



18



List of figures

Figure 1 — Neglect symptoms improvement following Prism Adaptation

Figure 2 — Brain regions activated during Motor Imagery

Figure 3 — Schematics of the internal models

Figure 4 — Serial Reaction Time Task paradigm

Figure 5 — lllustrations of the different type of perturbation in adaptation paradigms
Figure 6 — Two components in adaptation

Figure 7 — After-effects magnitude and transfer to other feedback viewing conditions
Figure 8 — Comparison between Coriolis forces and robotic force-field paradigms
Figure 9 — Classical PA procedure

Figure 10 — Impaired PA in patients with cerebellar lesions

Figure 11 — Main results from neuro-imaging and neuro-stimulation studies in PA
Figure 12 — Synthetic illustration of brain areas involved during Prism Adaptation
Figure 13 — Spatial generalization of after-effects

Figure 14 — lllustration of an inter-task transfer set-up

Figure 15 — After-effects transfer to pointing movements with different velocity
Figure 16 — After-effects transfer between two types of throws

Figure 17 — Classical sets-up of PA procedure

Figure 18 — Light bending through prism lens

Figure 19 — Prismatic goggles

Figure 20 — Basic PA procedure

Figure 21 — PA procedure for testing inter-task transfer of after-effects

Figure 22 — lllustrations of the tasks

Figure 23 — lllustration of the complete PA procedure for inter-task transfer

Figure 24 — Movements and processing events during a goal-directed reaching movement

19



Figure 25 — Position, velocity and acceleration profiles of the index during a pointing movement
Figure 26 — Analysis of pointing kinematics: trajectory orientations

Figure 27 — lllustration of the motion analysis set-up

Figure 28 — Influence of MI ability on the brain activations during Ml

Figure 29 — Pointing task set-up for Motor Imagery

Figure 30 — tDCS montage for cathodal tDCS

Figure 31 — lllustration of the procedure for PA combined with tDCS

Figure 32 — Hypothetical relationships between multiple sensorimotor plasticity processes

Figure 33 — Schematic illustrations of the balance between multiple processes during
sensorimotor adaptation

20



List of tables

Table 1 — Summary of outcomes from studies investigating after-effects transfer between two
tasks in healthy subjects

21



22



List of abbreviations

CNS : Central Nervous System

PA : Prism Adaptation

MI : Motor Imagery

M1 : Primary Motor Cortex

PPC : Posterior Parietal Cortex

LTP : Long-Term Potentiation

LTD : Long-Term Depression

SRTT : Serial Reaction Time Task

PET : Positron Emission Tomography

fMRI : functional Magnetic Resonance Imaging
RSFC : Resting-State Functional Connectivity
TMS : Transcranial Magnetic Stimulation
tDCS : transcranial Direct Current Stimulation
TPA : Time at Acceleration Peak

TPV : Time at Velocity Peak

TPD : Time at Deceleration Peak

MIQ : Movement Imagery Questionnaire
MIQ-R : Movement Imagery Questionnaire Revised
KVIQ : Kinesthetic and Visual Imagery Questionnaire
EEG : Electroencephalogram

GABA : Gamma aminobutyric acid

NMDA : N-methyl-D-aspartate

MRS : Magnetic Resonance Spectroscopy

fNIRS : Functional Near-Infrared Spectroscopy

23



24



General introduction

25



A fundamental aspect of life is movement. Our capacity to move enables us to interact
with the environment and to survive in. Moving is not just a convenience to walk or to play but
a critical aspect of human evolutionary development (Schmidt et al., 2018). Breathing, feeding,
reproducing, protecting oneself, communicating... All is a matter of movement. Movements
can be separated in two major categories: movements that are genetically defined and identify
a specie as such (for example walking, reflexes...) and those that are learnt by individual
experience (i.e. performing a forehand stroke in tennis; Schmidt et al., 2018). A fascinating
aspect of neurosciences research investigates how these various movements are controlled.
The central nervous system (CNS) is organized in a way that over 600 muscles are coordinated
to produce smooth and precise movements. To do so, the CNS integrates sensory information
from the environment, the body, or both, to generate an estimation of the initial situation in view
of the elaboration and execution of appropriate motor commands. Alternatively, the mental
representation of movement may come from its own memory systems before being actually
executed or just kept as a motor image. The CNS also controls the good execution of the
elaborated movement and evaluates its consequences on the environment (Rossetti & Rode,
2016). Furthermore, when errors are detected during the execution of movement or when its
consequences are not compatible with the expected ones due to unanticipated perturbations,
the CNS sets up adaptive modifications that allow to regain movement accuracy. This capacity
refers to the concept of adaptation (Prablanc et al., 2019).

From a biological perspective and in a technical sense, adaptation refers to the processes that
allow biological organisms to be alive today, i.e. the physical and behavioural characteristics
needed to survive and to procreate in their present environment (Smith, 1996). This definition
relies on the evolutionary theory that describes adaptation as the functional adjustment of an
organism to the environment, i.e. the modification of an anatomical characteristic, physiological
process, or a behavioural capacity in a given population under the effect of natural selection:
the novel state improves the survival and the reproductive success for individuals that carry it
(Heams-Ogus, 2013).

More broadly, adaptation is a general term used in biology to describe the processes that turn
an organism from one stable state to another when facing sustained modifications in their
environment or the interplay with their environment (Prablanc et al., 2019), so as to maintain
performance back to its optimal level. Therefore, the term adaptation covers all nervous system
changes that allow to solve a conflict concerning relationships between sensory inputs and
outputs to adopt a novel functional balance regarding the environment. Thus, unless it is
precisely specified, the term adaptation becomes a particularly convenient notion to describe
biological processes that are difficult to understand.
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In the field of cognitive neurosciences and motor control, motor adaptation (or sensorimotor
adaptation) is the process by which individuals change existing movements to face sustained
perturbations arising from the environment or from their own body (Krakauer et al., 2019;
Prablanc et al., 2019). For example, a tennis player who faces external perturbations, e.g. a
strong wind, initially performs inaccurate forehand strokes even though this movement usually
leads to successful outcomes. If the perturbation is sustained (i.e. if the wind persists), the
player will gradually modify her initial and usual movement to integrate the wind conditions to
regain her optimal accuracy. The player can also face internal perturbations, e.qg. fatigue, that
will disrupt her usual performance and require adaptive modifications. Hence, sensorimotor
adaptation firstly refers to the changes that allow the movement to return to baseline levels of
performance in the context of systematic errors (Krakauer et al., 2019). Interestingly, when the
tennis player has adapted to the strong wind and the wind stops blowing abruptly, she will
commit unsuccessful strokes again because her adapted visuomotor coordination will continue
to compensate the wind although it has disappeared. These subsequent errors might appear
even though the player consciously observes the absence of wind. In the field of sensorimotor
adaptation studies, these compensatory errors are named after-effects, and constitute the
experimental probe that an adaptation of the sensorimotor system occurred (Harris, 1963;
Prablanc et al., 2019; Roemmich & Bastian, 2018).

Another aspect of sensorimotor transformations refers to the capacity to learn new
movements. For example, when the tennis player had her first forehand lessons, her
performance must have been initially variable and inaccurate. Gradually and through
repetition, she probably reduced her miscalculations, and improved accuracy with more
efficient and more stable postures and gestures. These progressive and slow changes lead to
performance improvements that are better than baseline and can be referred to as a process

of sensorimotor learning (Schmidt et al., 2018; Bastian, 2008).

Therefore, individuals can change existing movements or learn new ones when facing
changing demands. Both processes are observable through changes in behaviour which are
made possible due to the CNS capacity to modify its structural and functional connectivity
within its different neural networks. This stupendous capacity is named plasticity or
neuroplasticity (Zilles, 1992). Initially, neuroscientists described neuroplasticity as present
solely in the developing brain during childhood (Doidge, 2007). Once the brain has finished its
development, specific regions would be related to defined functions, and no more changes in
neural connectivity would be conceivable. Starting from the early 1960’s, small-scale research
and case studies revealed that the developed brain is also “plastic” i.e. could be subjected to
both structural and functional modifications (e.g. Merzenich et al., 1984). The evidence of such
modifications based on experiences and activities represented a major breakthrough in the
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field of cognitive neurosciences and lifted all hopes: the brain structures and functions can
evolve throughout the lifespan. Crucially, neuroplasticity offers the possibility to change in any
case, including following brain damages (Doidge, 2007).

Let us return to the processes of sensorimotor transformations — which can be named
sensorimotor plasticity processes. While the capacity to modify and learn movements is
fundamental in daily life for everyone, such processes are even more crucial for people
suffering from a lesion in the sensorimotor system. Following a stroke, individuals showed
major impairments related to motor capacities which impact considerably the quality of daily
life. Neuroplasticity thus allows to set up adaptive transformations to regain the
possibility to perform smooth and precise movements and to improve quality of life (Carey et
al., 2019).

Processes of sensorimotor adaptation showed potential benefits in the field of
neurorehabilitation. A remarkable example is the use of Prism Adaptation (PA; von Helmholtz,
1962) in neglect recovery (Rossetti et al., 1998; Figure 1). Unilateral spatial neglect is
observed after a right brain lesion: patients do not perceive and investigate the right part of
their visual field. Following adaptation to prisms goggles that displace the visual field laterally
to the right, neglect patients showed after-effects and substantial improvements of neglect
symptoms (Jacquin-Courtois et al., 2013).

PRISMS GROUP CONTROL GROUP
o o
FD. MYR

Figure 1 — Neglect symptoms improvement following Prism Adaptation. Left: Drawing performance evolution
following rigthward PA for one representative neglect patient in the Prisms group (10° right prismatic goggles).
Right: drawing performance evolution for a neglect patient in the Control group (exposure with neutral goggles).
Adapted from Rossetti et al., 1998.
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Therefore, the after-effects that characterize adaptation processes may be beneficial for
rehabilitation. A major advantage of therapies relying on adaptation processes is that
practitioners can control the perturbation by manipulating environmental changes that drive
adaptation. In addition, it is not necessary for individuals to think about how to correct their
movements: adaptation is implicit and occurs beyond patients’ consciousness (Roemmich &
Bastian, 2018). However, the limited time course related to adaptation and its subsequent
after-effects, which both occur in a short timescale, represents a major limit for induced benefits
(Roemmich & Bastian, 2018). Substantial work aims to investigate how to produce sustained

and long-lasting after-effects (e.g. Nijboer et al., 2011; Rode et al., 2015).

Another decisive aspect for neurorehabilitation is the necessity to favour
transfer/generalization of adapted movements to different contexts or untrained movements.
Let us envisage the possibility for a patient to apply sensorimotor modifications acquired during
rehabilitation sessions onto all other daily life situations. The transfer/generalization of after-
effects is not straight-forward and some studies showed that improvements of patients during
therapies do not always lead to improvements in real life (Torres-Oviedo & Bastian, 2010).
Thus, a crucial challenge is to understand how to solicit processes that lead to a
generalization/transfer of after-effects from the context in which they were produced to other
situations that were not experienced under the perturbation. This question will be central in the

present work.

Nevertheless, it might be tough to disentangle between sensorimotor plasticity processes
because both are behaviourally described as a practice-related change or improvement
(Fleury et al., 2019). Additionally, both adaptation and learning are not unitary processes and
should be composed by multiple mechanisms relying on different CNS structures (Roemmich
& Bastian, 2018). Assuming that, isolating the contribution of these mechanisms might be even
more difficult in individuals whose any brain structure is damaged. Finally, in any situation, it is
likely that several motor transformation mechanisms are operating and that one process
probably interacts with each other (Roemmich & Bastian, 2018; Spampinato & Celnik, 2020).
In this context, transfer properties of each process might be an interesting and clinically
relevant feature to disentangle between them (Censor, 2013; Redding & Wallace, 2006).

Sensorimotor adaptation and skill learning studies are promising for neurorehabilitation
therapies. In turn, therapists look for inspirations and scientific justifications of their strategies
in studies involving healthy participants. However, the loop between the two fields is not fluently
and clearly constructed (Bastian, 2008; Roemmich & Bastian, 2018). Translational research or

“bench-to-bedside” research describes a dynamical construct of scientific research built on
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fundamental research in order to develop new therapies or rehabilitation procedures (Krueger
et al., 2019). Nijboer et al. (2020) presented Prism Adaptation as a particularly interesting
example of what they named circular translational research. Trends of neuroscientific research
in neurorehabilitation led to important evidences showing the benefits of PA in neglect
recovery. Another bulk of research investigated the fundamental aspects and neural bases of
PA. Results from basic PA research in healthy control subsequently offered to improve
rehabilitation. This thesis lies on the range of fundamental research aiming at understanding
the mechanisms and neural bases of sensorimotor plasticity induced by PA through the notion
of transfer.

Purpose of the thesis

The aim of the present work was is better understand the sensorimotor plasticity
processes at work when facing a prismatic perturbation, and particularly those that
give raise to the transfer of after-effects. We will consider such properties as a
characteristic that might help to uncover the contribution of distinct adaptive
subprocesses. Concurrently, our other main objective is to investigate which
conditions are necessary to favour transfer and to explore the underlying neural
substrates. Therefore, this thesis aims to pave the way for further investigations that
will aim to improve and reinforce transfer of motor transformations acquired during

rehabilitation.

The overall structure of the thesis takes the form of four main parts.

First, the THEORETICAL BACKGROUND will present the main principles of voluntary movement
control and describe the existing sensorimotor plasticity processes. Then, it will focus on Prism

Adaptation (PA) and discuss the current literature concerning after-effects transfer.

Second, the METHODOLOGICAL BACKGROUND part will present the methodological aspects of
the thesis, i.e. relative to prism adaptation paradigm, kinematics analysis, motor imagery, and

transcranial direct current stimulation.
Then, EXPERIMENTAL CONTRIBUTIONS will be presented into three axes:

= The Axis 1 will address the cross-transfer of prism-acquired after-effects between two
distinct goal-directed tasks: throwing and pointing.
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= The Axis 2 will investigate the role of motor execution and sensory feedbacks on the
transfer by testing whether prism adaptation by motor imagery leads to transferable
after-effects.

= The AXis 3 will explore the role of the cerebellum in the mechanisms of after-effects

transfer between throwing and pointing using transcranial direct current stimulation.

Finally, a GENERAL DISCUSSION will debate the findings of all experimental contributions

relatively to the existing literature and propose main conclusions emerging from this.
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Chapter 1
Theoretical background
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OVERVIEW OF THE CHAPTER

The topics of sensorimotor learning and sensorimotor adaptation have been largely
investigated in the field of neurosciences, medical sciences, and sport sciences. The writing
of the theoretical background relies on the willingness to review and present previous works
that will allow the reader to better follow the experimental contributions. Assuming that, the
following section is not exhaustive. The immense body of literature dealing with these two
concepts led us to selective choices that were driven by a pragmatic approach focused on
aspects that could be clinically relevant beyond the thesis.

Therefore, the theoretical background is constructed to evolve from general principles of motor
control to the discussion of specific works dealing with transfer and generalization of prism-
acquired after-effects. More precisely, the first section will present the main principles
underlying voluntary movements control and sensorimotor plasticity processes driven by error
signals. The second section will describe the concepts of learning and adaptation before
focusing on adaptation paradigms. The third section will present processes operating during
Prism Adaptation (PA) as well as the underlying neural substrates. A fourth section will discuss
the concept of transfer and generalization of after-effects in PA studies. Finally, a synthesis of
the theoretical background will be followed by the aims of the present work and the

presentation of the experimental contributions’ purposes.
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A. GENERAL PRINCIPLES OF SENSORIMOTOR CONTROL

The only way humans can interact with their environment and survive is to move. While
growing, individuals acquire the capacity to perform an infinity range of movements, thanks to
over 600 muscles acting together and controlled by the central nervous system (CNS).
Controlling the musculoskeletal system to produce accurate and efficient movements is highly
complex and solicit numerous cortical, sub-cortical, brainstem and spinal structures (Schmidt
et al., 2018). Firstly, human beings perform several types of movement which require different
neural structures to be executed and controlled. Here, we will focus on voluntary movements,
which refer to goal-directed actions chosen properly by the individual. Voluntary movements
are under a conscious nervous control, at least when initiated but are also mostly controlled

by automated processes (Schmidt et al., 2018).

1. Elaboration of motor command in voluntary movements

The execution of a movement, for example reaching an apple, is preceded by several mental
operations needed to prepare the motor command, both under the control of several cortical
and sub-cortical structures (Collet, 2002). First, the aim of the voluntary movement (e. g.
reaching the apple) is driven by a deliberate choice to act, i.e. an intention (Collet, 2002). To
produce an appropriate motor command to achieve the formulated objective, the individual
needs to appreciate the initial internal and external conditions. Posterior Parietal Cortex (PPC)
areas integrate numerous sensory information issuing from several sensorial modalities (i.e.
proprioceptive, visual, auditory, etc.) to evaluate and provide a whole representation of the
current environmental (e.g. location of the target) and body conditions (e.g. location of the
hand, see Hwang & Shadmehr, 2005). The location of the target generally mostly relies on
visual information while the hand location requires to integrate visual and proprioceptive
information (Rossetti et al., 1995). Multisensory integration provides a more reliable estimation
of hand location (Desmurget, 1998; van Beers et al., 1996; van Beers et al., 1999). Estimations
of hand and target location are transmitted to the frontal cortex and a behaviour in conceived,
also involving basal ganglia. Then, the premotor area and the supplementary motor area
establish the necessary motor program, i.e. specify movement parameters (i.e. muscles,
amplitude and durations of contractions, coordination, etc.). The cerebellum also plays a role
in movement programming. Finally, the motor command is transmitted to the motoneurons in
the anterior horn of the spinal cord from the primary motor cortex (Purves & Coquery, 2002).
The cerebellum receives a copy of this motor command, which is called corollary discharge or
efference copy (Person, 2019).
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2. Insights from Motor Imagery

Elaborating a specific motor command implies a mental representation of the movement goal
together with representations of means (i.e. actions) to achieve it. Although these
representations remain implicit most of the time, they could become explicitly established, thus
leading to Motor Imagery (MI). This corresponds to the mental representation of an action
without any concomitant execution (Denis, 1985). Ml implies mental operations involved in the

motor command elaboration with an inhibition of the execution.

Since Jeannerod (1994; 2001) and Decety (1994), it has been extensively reported that Ml
shared common neural functional activations with motor execution (for reviews, see Guillot et
al., 2012; Lotze & Halsband, 2006; Figure 2). Numerous cortical regions have been reported
to be active during Ml such as the supplementary motor area, the premotor cortex (Dechent et
al., 2004; Deiber et al., 1998; Gao et al., 2011; Gerardin et al., 2000; Lotze et al., 1999; Roth
et al., 1996; Solodkin et al., 2004), the dorsolateral prefrontal cortex (Hanakawa et al., 2003;
Malouin et al., 2003), and the parietal cortex (e.g. Dechent et al., 2004; Iseki et al., 2008;
Macuga & Frey, 2012; Naito et al., 2002). Notably, the primary motor cortex (M1) seems also
activated during Ml (e.g. Guillot et al., 2009) although such findings have been controversial
(see Hétu et al., 2013 for a review). Furthermore, M1 activations during Ml may follow the
somatotopic organisation that characterizes the execution of actual movements (Ehrsson et
al., 2003; Stippich et al., 2002; Szameitat et al., 2007). Besides, subcortical areas involved in
actual movement preparation are also activated during Ml such as the cingular cortex (Simos
et al., 2017), the cerebellum (e.g. Burianova et al., 2013; Decety et al., 1990; Guillot et al.,
2008, 2009; Hanakawa et al., 2008; Lacourse et al., 2005; Lotze et al., 1999; Macuga & Frey,
2012; Naito et al., 2002; Solodkin et al., 2004) and the basal ganglia (e.g. Gerardin et al., 2000;
Hanakawa et al., 2003).

Although a clear neuro-equivalence between physical practice and Ml has been shown,
activations intensity during MI are substantially lower by 30 to 50% than during physical
practice (Lotze & Halsband, 2006). Notwithstanding these differences, the study of MI
processes provides an original way to access to movement cognition, i.e. preparation phases
of the motor command such as planning and programming, while disregarding sensory and
motor information related to its actual execution. In fact, actual execution provides feedback

information allowing each individual to evaluate how it goes as well as its consequences.
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Insula Putamen

Thalamus

Figure 2 — Brain regions activated during Motor Imagery (from Hétu et al., 2013). The map results from an ALE
(Activation Likelihood Estimation) meta-analysis using data from 75 papers, conducted by Hétu et al. (2013). Ml
consistently recruits a large fronto-parietal network in addition to subcortical and cerebellar regions. Therefore, Ml
network includes several regions known to play a role during actual motor execution. Notably, the primary motor
cortex was not shown to be consistently activated. CB: cerebellum; IPL/SPL: inferior and superior parietal lobule;
PcG: precentral gyrus; IFG: inferior frontal gyrus; MfG: middle frontal gyrus, SMA supplementary motor area.

3. Movement evaluation and its conseguences: the role of internal models

After movement initiation, unexpected perturbation could occur and alter the execution of the
selected motor command. Assuming that the duration of the movement is long enough, the
CNS can detect “online” perturbations and adjust movement programming during its execution
in response to these perturbations. Such mechanisms of online control refer to feedback
control or retroactive control (Collet et al., 2002). To ensure this control, the CNS relies on the
processing of sensory information (e.g. visual, proprioceptive, tactile feedbacks) arriving from
sensory receptors in the periphery. A major issue is the time needed to process feedbacks
during movement execution because of delays inherent in their transport by the nerves and
their processing by the CNS. Then, the sensory feedbacks are noisy and delayed: information
processed by the CNS at a certain instant would be related to past events (Therrien & Bastian,
2019). Another issue comes with movement execution evaluation: the relationship between
the motor command and the resulting movement is dependent on the initial effector positions.
For these reasons, online control relying solely on actual sensory feedback during execution
would lead to poor motor control and result in inaccurate outcomes. This particularly concerns
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ballistic (i.e. very fast) movements whose duration is lower that the needed time for online
sensory feedbacks integration. Therefore, it is necessary to resort to anticipated or feedforward
movement control, i.e. before its initiation. This type of control relies on the possibility to predict
movement consequences both on the body and on the environment, given the initial state of

the motor system and the environment.

The CNS is able to produce estimates about our own body’s state as well as the external world.
This information arises from internal models that can be specified into two categories: the
inverse and the forward model (Kawato, 1999; Miall & Wolpert, 1996; Wolpert et al., 1995;
Figure 3). Internal models represents a computational framework for motor control
requirements by providing neural representations of input-output sensorimotor relationships,
or their inverse (Kawato, 1999; Popa & Ebner, 2018).

Schematically, the inverse model allows to transform a desired behavioural goal (e.g. to grasp
an apple) into an appropriate motor command needed for its execution, e.g. specifying the
adequate motor program necessary to effectively grasp the apple. Working on the opposite
direction, the forward model predicts the consequences of the elaborated motor command. Its
output corresponds to the predicted feedbacks and depends mainly on the previous
representation of our own body and the environment. When our brain generates a motor
command, the forward model receives a copy of this motor command (or efference copy) and
is able to predict the sensory consequences of the upcoming action, even when the actual
sensory feedbacks are not yet available at movement onset. Thus, the forward model can

make fast movement corrections prior to and in the early phase of execution.

Hence, combining inverse and forward models theoretically allows the CNS to carry out a
desired action such as arm reaching and to accurately control the unfolding of the reach
(Kawato, 1999). Predicted consequences are then compared with the actual consequences of
the action, and both are integrated together to get up-to-date estimates of body-world
interactions. The discrepancy between actual and predicted feedbacks, i.e. “prediction error”,
acts as an error signal triggering adaptive processes. In order to ensure accuracy of motor
control, internals models need to be constantly updated (Popa & Ebner, 2018; Therrien &
Bastian, 2019).

Therefore, the movement is controlled and evaluated both before and during its execution,
respectively referring to feedforward and feedback control. Sensory feedback control also
provides an after execution evaluation, by determining whether the movement achieved its
objective or not. If the movement was unsuccessful, sensory feedbacks provide information
related to the difference between initially targeted and actually performed movement. Crucially,
generating sensory predictions of the upcoming movement, processing predictions errors and
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consequently updating the internal models are both functions endorsed by the cerebellum
(Popa & Ebner, 2018; Therrien & Bastian, 2019; Tseng et al., 2007).

Motor intention —I
@)
MOTOR COMMAND
g ) | . fl—?
l : EFFERENCE COPY —6—

Initial conditions —|—> FORWARD
S MODEL §
s |

Inital state of the body : ‘a b

Initial environmental context : - = -

Sensory prediction error

Figure 3 — Schematics of the internal models. The inverse model receives the motor intention (i.e. to goal to achieve)
and generates the appropriate motor command regarding the initial conditions of the motor system and the
environment. The forward model receives as inputs a copy of the motor command (efference copy) and information
regarding the initial conditions of the body and the environment. By integrating these two inputs, the forward model
generates predictions about the sensory consequences of the upcoming movement. These predicted sensory feedback
allows to produce a feedforward control (i.e. before its execution) of the upcoming action (a). Upon movement onset,
predicted sensory feedbacks are compared to actual sensory feedbacks. If a mismatch is detected (sensory prediction
error), corrective signals can be applied during motor execution, provided that the movement is sufficiently long (b).
Finally, sensory prediction errors could trigger updating of both the forward and the inverse model to maintain their
accuracy (c).

4. Error signals in action

Altogether, the systems of control described above enable the detection of inadequacies
between expected and achieved movement and provide error signals that could trigger
adaptive processes. Error signals can be either external or internal errors. External errors refer
to feedback errors between the external explicit goal of the movement (e.g. the aimed target)
and the effector (e.g. the reaching arm) and are mostly provided by visual feedbacks (Prablanc
et al., 2019). External errors can refer to explicit knowledge of movement outcomes. The
knowledge of result is the information about the outcome of a movement in relation to its initial
goal. The knowledge of performance is the information concerning the nature of movement

that has been used to achieve the initial goal. Both are explicit, i.e. can be verbalized.

Conversely, internal errors refer to the implicit differences between expected and actual
sensory feedbacks, i.e. sensory prediction errors we previously mentioned. Internal errors

cannot be consciously detected. Both external and internal errors can be either dynamic (i.e.
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available during the movement) or static (available at the start or at the end of the movement;
Gaveau et al., 2014, 2018; Prablanc et al., 2019).

Experiencing sustained and repeated errors could trigger the need for modifying and adjusting
motor commands and/or internal models, so that the movement can be successful again. Both
internal and externals errors play a crucial role in modifying existing behaviour or learning new
ones. The adaptive processes that allow such behavioural transformations are underlied by
structural and functional changes in the CNS, referring to neuroplasticity.

5. Neural plasticity underlying sensorimotor transformations

The CNS plasticity refers to its capacity to modulate and reorganize its own functional and/or
structural state in response to extrinsic or intrinsic factors (Zilles, 1992). This capacity relates
to the fact that structure and connectivity of the neural tissue are highly modifiable. Performing
new actions leads to an activity-dependent plasticity, arising at multiple levels. At the neuronal
level, changes in synaptic gain (i.e. the strength of the pre-synaptic structure to stimulate the
post-synaptic membrane) and synaptogenesis (i.e. creation of novel synapses) occur but also
alterations of local connections among distinct population of neurons. At the level of the CNS,
plasticity also occurs itself at a topographic level by changes in the spatiotemporal pattern of
activity of different brain region (e.g. reorganization of motor representation in the primary
motor cortex). With repetition, the nervous system translates new knowledge into long lasting
plastic changes that lead to the formation of memories (Della-Maggiore et al., 2015).

In addition, neuroplasticity can occur at varying timescales, ranging from few seconds to
months or years. Short-term plasticity leads to rapid and transient modifications: in brief,
synapses that have just been activated, show a transient increased strength following their
activation due to alterations of calcium concentrations (Purves & Coquery, 2002). Other forms
of plasticity lead to more persistent changes. Long-term potentiation (LTP) refers to a long-
term increase of connections strength. Another process known as long-term depression (LTD)
weaken other set of synapses, so the LTP can be a specific and efficient mechanism, i.e. all
synapses cannot be strengthened simultaneously. LTP and LTD are related to neuronal
mechanisms of neurotransmitter liberation in pre-synaptic termination, modification of the
number or the sensitivity of post-synaptic receptors, or addition/removal of synapses in the
neural circuits. These processes are the bases of changing behaviour or learning new original
behaviour.

Therefore, neuroplasticity describes functional and structural changes that enable the CNS to
maintain accuracy and smoothness of movements despite varying demands. At the
behavioural level, sensorimotor plasticity processes can be described by the evolution of motor
performances across varying situations and through practice repetition. Such processes,
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triggered by error signals, are necessary to change existing movements and adjust behaviour
to the environment, but also to learn new motor pattern that did not previously exist.
Interestingly, motor imagery training has also been reported to elicit neural plasticity.
Sensorimotor integration during motor imagery also leads to functional and structural changes
in the CNS, indicating that motor preparation without concomitant execution stimulates activity-
dependent plasticity (Di Rienzo et al., 2016; Ruffino et al., 2017, for reviews).

Synthesis

This general section presented the basic principles of motor control and plasticity of the CNS
that allow to set up adaptive processes when sensorimotor transformations are needed.
Internal or external errors signals, drive processes of motor transformations. Based on error
signals, individuals are able to change existing movements or to learn new motor patterns.
Such processes are possible thanks to the neuroplasticity, i.e. the capacity of the CNS to
change its structure and functional properties. We also emphasized that motor imagery is a
cognitive process that shares neural substrates with actual movements and has the ability to
elicit plasticity through operations of motor preparation without actual execution.

In the next section, we will describe the processes of sensorimotor plasticity with reference to
adaptation and learning. After defining both processes and presenting the main methods used
for studying movements learning, the section will deeply focus on adaptation paradigms.
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B. SENSORIMOTOR PLASTICITY PROCESSES: LEARNING AND
ADAPTATION

The previous section presented the principles of control and regulation of voluntary
movements. One outstanding faculty of the human beings is to maintain movement accuracy
and smoothness even when facing changing conditions in the body (e.g. fatigue) or in the
environment (e.g. a windy weather, wearing glasses, etc). Furthermore, individuals are also
capable of acquiring new movements that did not previously belong in their genetic background
(e.g. learning to ride a bicycle). Although observable in everyday life, such capacities still exert
fascination. Their investigation is of high relevance particularly when looking for motor
expertise (i.e. sports, music, etc) but especially when considering motor recovery (i.e. physical
therapies, neurorehabilitation; Schmidt et al., 2018). In the two last decades, several reviews
aimed at classifying and defining these adaptive processes used various concepts, e.g.
sensorimotor learning, motor adaptation (Bastian, 2008; Kitago & Krakauer, 2013; Krakauer et
al., 2019; Krakauer & Mazzoni, 2011; Roemmich & Bastian, 2018), motor learning (Bastian,
2008; Krakauer et al., 2019; Krakauer & Mazzoni, 2011; Schmidt et al., 2018), skill learning
(Kitago & Krakauer, 2013; Krakauer & Mazzoni, 2011; Makino et al., 2016), skill acquisition
(Kitago & Krakauer, 2013; Krakauer et al., 2019), sensory perceptual learning (Bedford, 1993;
Makino et al., 2016), sensorimotor associative learning (Makino et al., 2016), etc. Despite the
use of varying definitions, reviews converge towards two main concepts “adaptation” and
“‘learning”, probably because these are easy to use with detailed explanations. Unfortunately,

these terms are often used interchangeably without any precision.

1. Broad definitions of learning and adaptation

A practical and simple approach was suggested by Bastian (2008). Adaptation can be loosely
defined as the modification of a movement from trial-to-trial based on error feedback. To fit the
definition of adaptation, the movement maintains its identify as a specific action (e.g.
“‘reaching”) but changes in terms of one or more parameters (e.g. direction, or amplitude), i.e.
movement planning is kept but programming is adjusted to the changing conditions. In addition,
the author indicated that this change occurs with repetition or training and is gradual over
minutes to hours. Once adapted, individuals cannot retrieve prior behaviour immediately and
show “after-effects” which are the “hallmark” of adaptation. They cannot simply switch back to
the original behaviour and must de-adapt actively before going back to the original form.
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On the other hand, motor learning refers to the formation of a new motor pattern that occurs
via long term practice. This process includes the storing of new movement patterns,
immediately available in the appropriate context. Individuals are thus capable of storing many
learnt motor patterns allowing efficient switching from one to another. These characteristics
may imply differences related to the context specificity of elicited transformations. In fact, the
consequences of adaptation should apply to different movements as an adjustment of the
sensorimotor system to new conditions. Thus, it would not be limited to the conditions
experimented during exposure to the perturbation but should be extended beyond. Conversely,
learning would be highly contextualized. Therefore, learning would not extend to other
experimental conditions, as long as these conditions are different from those experienced
during the learning session (e.g. smash in tennis should not interfere with the ability to ride a

bicycle, see Fleury et al., 2019).

Glossary box — Adaptation and Learning

Adaptation is an error-driven process that modifies a movement through repetition in
response to an external or internal perturbation. The presence of after-effects once the
perturbation is removed is the hallmark of adaptation.

Learning is the formation of a new motor pattern and occurs via long-term practice. This
process could be observed through the reduction of movement errors and variability and the

stabilization of motor performance. Once it is learnt, the new motor pattern is immediately

available.

Processes of adaptation and learning are potentially dependent. Repeated adaptation can lead
to learn new motor calibration that will be stored and directly available when facing the
perturbation (Martin et al., 1996a). Conversely, as motor adaptation changes current
movements for new requirements, thus learnt movements can be adapted to changing
conditions (Della-Maggiore et al., 2015). However, we do not know how these processes may
interact, for example whether a movement in the process of learning (which takes longer time)

can be subjected to the process of adaptation. Therefore, the two concepts might be confusing.

These basic definitions help to practically describe the broad range of sensorimotor plasticity
processes at work when individuals face new requirements or changing conditions. Notably,
several authors use “skill learning” or “skill acquisition” to describe the construction of a new
motor pattern. “Motor learning” (or sensorimotor learning) is believed to encompass motor
adaptation and skill learning (e.g. Krakauer et al., 2019; Kitago, 2013). In addition, skill learning
is also related to de novo learning, recently proposed by Krakauer et al. (2019) or Telgen et
al.,, (2014). Noticeably, explicit (i.e. conscious, strategic) and implicit (i.e. unconscious,
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automatic) components are thus considered to be present in both learning and adaptation
(Krakauer et al., 2019).

2. Studying sensorimotor plasticity processes in laboratory

The present section aims to discuss paradigms investigating adaptation and learning in
laboratory. Firstly, an overview of paradigms studying the learning of new movements will be
depicted, i.e. motor sequence learning, de novo learning, and motor skill acquisition through
changes in motor accuracy (Krakauer et al., 2019). Then, the section will focus more deeply
on motor adaptation paradigms, describing changes in existing movements in response to
perturbations.

a. Acquisition of a new motor pattern: learning

Incremental acquisition of movements has been extensively studied through Motor Sequence
Learning (MSL). This refers to the way in which a given set of actions is planned to achieve a
task. The set of actions might be either a series of discrete movements (e.g. the series of
actions required to peel an apple) or continuous and overlapping set of events within a single
movement (i.e. the sequential muscles activations necessary to perform a sport skill such as
an ice-skating spin; Krakauer et al., 2019). Sequence learning investigates the learning of a
proper order of discrete sequential actions such that each is selected rapidly and executed
accurately. The sequence elements themselves can be simple and over-learnt, such as
pressing buttons on a keyboard. The most classical paradigm used in (implicit) sequence
learning is the Serial Reaction Time Task (SRTT; e.g. Robertson, 2007; Figure 4). In this task,
participants perform movements in response to stimuli cueing the required response. The
stimuli appear in a particular order that follows a specific fixed or random sequence and
corresponds to the required order of movement responses. These responses are often simple
movements for example finger presses on buttons. The required sequence order is not
explicitly available for participants which remain unaware of the whole sequence although they
exhibit performance improvements (Krakauer et al., 2019).

Trial n Fixed delay Trial n + 1
L | 4 @ [> —= o) ®|---
Visual cue Response selection Visual cue Response selection

Figure 4 — Serial Reaction Time Task paradigm. A visual cue appears on the screen, and the participant selects
the appropriate response button. Then, the visual cue disappears. After a fixed delay, another visual cue appears,
etc. The number of correct answers and the reaction times are the usual variables of interest. Adapted from
Roberston, 2007.
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SRTT paradigms emphasize the exploration of action selection processes over action
execution. In fact, sequence learning relates to the association of pre-existing set of actions.
However, the acquisition of a new motor skill often requires learning new ways to respond to
sensory inputs by means of an appropriately selected action suggesting the necessity to learn
a novel feedback control policy. For example, when learning a tennis backhand for the first
time, no previous resembling motor patterns can be used or organized to produce coordination
necessary to hit the ball properly. De novo learning paradigms explore how the CNS learns
entirely new movements (Krakauer et al., 2019). An example of de novo learning of arbitrary
continuous skill is the mirror-reversal task that inverses the visual field across a mirroring axis
(Telgen et al., 2014). Participants respond correctly to such constraints when they have
enough time. However, when time to respond is reduced, participants do not act accurately in
response to the mirror-reversal. This suggests that participants rely on a highly cognitive
component to achieve the task which needs a new control policy (Krakauer et al., 2019).

Sequence learning and de novo learning paradigms explore how the CNS can build a new
action responding to task constraints. A last body of work investigates how an action, when
selected, can be more accurately executed through practice. These studies explore the
execution component of motor learning, which can be assessed by task success of kinematics
aspects, speed, accuracy, smoothness, etc. Studies of motor accuracy have been mostly
conducted in animal with prehension and grasping task (e.g. Allred et al., 2008; Nudo et al.,
1996). However, studies on humans remain rare. In the field of neurorehabilitation, most
therapies are based on instructions, i.e. teaching or explicating patients how to perform
movements to improve accuracy (Roemmich & Bastian, 2018) .

The above-mentioned paradigms showed elementary models to understand how new
movements are learnt. All processes seem to rely on highly cognitive components needed to
learn a new control policy to respond to a particular task context (Krakauer et al., 2019;
McDougle et al., 2016). Therefore, new movement patterns might be appropriate to this
specific context and probably less applicable in other situations. For example, de novo learning
is not associated with after-effects in comparison to adaptation processes. Although learning
is used in rehabilitation purposes through instruction-based therapy to learn new movements
and to improve accuracy (Roemmich & Bastian, 2018), the following section will highlight why
motor adaptation may offer substantial advantages.

b. Adaptation paradigms
Motor adaptation encompasses the adjustment of an automated movement to maintain
performance responsively to changes in the body or the environment (Harris, 1965; Krakauer
et al., 2019; Prablanc et al., 2019). This refers to modifications of the current action, or the
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selection of an alternative action. In both cases, the goal of action remains unchanged, and,
crucially, after-effects are observable once the perturbation is removed. Consequently, using
motor adaptation in rehabilitation therapies shows clear benefits: practitioners can manipulate
and control environmental changes driving adaptation, and adaptation occurs beyond patients
conscious behaviour (Roemmich & Bastian, 2018).

In the laboratory, motor adaptation has been extensively studied through different paradigms
which impose an external perturbation. Some paradigms used a visual perturbation. One of
the oldest is wearing prism goggles that laterally shift the visual field (Redding et al., 2005; von
Helmholtz, 1962). When participants attempt to reach a target, they initially experience pointing
errors in the direction of the prismatic shift (i.e. in the direction of the prism-displaced image of
the target). The pointing error is gradually reduced through trials repetition and performance
regain baseline. Another commonly used visual perturbation is visuomotor rotation (Prablanc
et al., 1975). Participants perform reaching movements where the index position is coupled
with that of a cursor displayed on a screen. The relationship between the cursor and the hand
positions is manipulated by means of clockwise or anticlockwise rotation of the moving hand
visual feedbacks (Krakauer et al., 2000; Krakauer, 2009). Besides visuomotor perturbations,
other common paradigms imposed dynamical perturbations. In Coriolis force-field
experiments, participants sit on a rotating chair and perform goal-directed movements (Coello
et al., 1996; Lackner & Dizio, 1994; Lackner & DiZio, 2002, 2005). In velocity-dependent force-
field experiments, participants perform goal directed movements while manipulating a robotic
arm that applies dynamic forces of the moving limb (Shadmehr & Mussa-lvaldi, 1994). Several
other paradigms, e.g. saccadic adaptation (Pélisson et al., 2010), target jump approach (Inoue
& Kitazawa, 2018), gait adaptation (Reisman et al., 2010) have also been used. However, our
analysis will be focused on common adaptation paradigms involving goal-directed voluntary

movements (Figure 5).
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Figure 5 — lllustrations of the different type of perturbation in adaptation paradigms. From Fleury et al., 2019.
lllustration of the different types of perturbation and the observed movement errors. Movement errors during
exposure are represented in orange and after-effects are represented in green. 1: Prisms: prismatic lenses laterally
deviate the visual field (i.e., both hand and target) by an optical shift (6) while subject performs reaching movement
(e.g., pointing). Virtual hand and virtual target (below) correspond to the images of hand and target seen through
the prisms. 61: initial error on first trials in the direction of the optical field. 62: after-effects observed in the opposite
direction (prisms removed). 2.Coriolis forces: inertial forces (F) are applied on the moving arm while subject
performs reaching movement in a rotation environment. w is the angular rotation of the chair and V is the velocity
of the moving hand. First reaching under perturbation is deviated to the direction opposite to the rotation. After-
effects are a mirror image of initial deviation. Ax1tand Ax2:: terminal errors respectively during initial trials of rotation
and post-rotation phase. Ax14 and Ax2q: dynamic errors respectively during initial trials of rotation and during post
rotation phase. 3: Force-field: a robotic manipulandum applies arm velocity-dependent orthogonal forces. Ax1: ana
Ax2y: terminal errors respectively during initial trials of force-field on and when the field is turned off (catch trials).
Ax1q and Ax2q4: dynamic error respectively during force-field on and when the field is turned off (catch trials). 4.
Visuomotor rotations: a computer interface alters the relationship between hand movement and on screen displayed
cursor during reaching movement by imposing a clockwise rotation of 45°. 01: feedback error observed on the
screen during the first trials of exposure (rotated by 6). 62: after-effects: hand movement are deviated in the direction
opposite to the rotation. Illlustration of hand trajectory versus cursor trajectory (below). Note that subjects only see
trajectories displayed on the screen, i.e., cursor trajectories.

All these paradigms study how previously existing motor controllers are adjusted to regain
baseline performances in the context of errors induced by external perturbations. Similar
features are common to these paradigms. They all induce error-based improvements which
are thought to be driven by sensory predictions error: in both visuomotor (i.e. prisms,
visuomotor rotation) and dynamical (i.e. force-field, Coriolis forces) paradigms, expected
sensory consequences initially differ from actual consequences of movement, although the
sensory modality initially perturbed varies across paradigms. Moreover, such error-based
adaptation was reported to be cerebellum-dependent (Krakauer et al., 2019). Behavioural
responses also present some similarities: when facing the perturbation, participants show
similar error reduction curves (rapid then gradual decrease of errors). When the perturbation
is removed, participants globally exhibit after-effects across all paradigms (Fleury et al., 2019;
Krakauer et al., 2019; Prablanc et al., 2019). In addition, processes at work in adaptation
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paradigms involve two components (Figure 6). A fast process would be responsible of rapid
corrections of movement errors during early adaptation but would be associated with a poor
retention (i.e. little after-effects). A slow process would then take place gradually in a second
phase and lead to a stronger retention once the perturbation is removed (Krakauer et al., 2019;
Smith et al., 2006). Therefore, the fast process allows error reduction in the very first trials but
saturates rapidly while the slow process contribution is highly related to long-term retention
(Joiner & Smith, 2008; Yin & Kitazawa, 2001) and the amplitude of after-effects (Inoue et al.,
2015).

Another distinction describes explicit and implicit adaptive components. The explicit strategy
would drive the fast error correction when exposure started while the implicit process would
mainly contribute to after-effects and would probably be based on sensory prediction errors
(Mazzoni & Krakauer, 2006; Shadmehr et al., 2010; Taylor et al., 2014a; Taylor & Ivry, 2012;
Tseng et al., 2007) or on visuo-proprioceptive conflict (Redding et al., 2005). The explicit
component would be related to cognitive components observed during learning de novo
movements (Krakauer et al., 2019). In addition, McDougle showed that the slow/fast distinction
can refer to the explicit/implicit difference (McDougle et al., 2015).
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Figure 6 — Two components in adaptation. Left: illustration of the decomposition of adaptation into fast versus
slow (a) and explicit versus implicit components (adapted from Krakauer et al., 2019). Right: parallels between dual-
state components reported in adaptation paradigms. The fast process can be related to an explicit and strategic
component that learns and forgets rapidly. The slow process can be associated with an implicit and automatic
component that takes longer time to act and that is more stable.

A closer investigation comparing adaptation paradigms reveals that the contribution of both
processes might be different depending on the perturbation. Indeed, as developed below,
specific methodological aspects suggest that explicit components might better contribute in
some paradigms than other (see Fleury et al., 2019, for details).

One source of differences relates to the application of the perturbation, notably its mechanical
and/or visual interface. Lackner and Dizio (2005) compared the effect of inertial (Coriolis) and
mechanical (force-field) perturbations. They reported that the mechanical contact on the
reaching arm brought a crucial difference between the two paradigms. During force-field
experiments, the robotic manipulandum locally applied the perturbation on the moving arm and
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was an external interface. Conversely, Coriolis forces were globally applied without external
contact. There are similar differences in visual perturbations paradigms: prismatic lenses
laterally deviate the visual field without external contact on the reaching arm, while in
visuomotor rotation paradigms, participants generally hold an instrument to reach the target.
A related substantial distinction concerns the visual feedbacks during the perturbation. In most
force-field and visuomotor rotation experiments, participants indirectly perceive their moving
arm as a virtual cursor on a computer screen. Conversely, in Coriolis and prism paradigms,
the participants have direct visual feedbacks of their moving arm. Norris et al. (2001) compared
prism adaptation (PA) procedures with visual feedback of the hand versus its symbolic
representation displayed on a screen (video and cursor). Results revealed that the abstract
representation of the hand elicited lower after-effects. In addition, transfer of after-effects
induced by exposure with the direct view to other conditions (video and cursor views) was
considerable whereas after-effects induced by video and cursor view did not transfer to the
direct view (Figure 7). Taken together, these results emphasize the importance of the way in
which the perturbation is applied during exposure.
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Figure 7 — After-effects magnitude and transfer to other feedback viewing conditions. a. Horizontai
deviations (with standard errors) before and after prism exposure with a direct, video or cursor view. b. After-effects
transfer from prism exposure with a direct view to a cursor and a video view; from a video view to a direct view;
and from a cursor view to a direct view. Adapted from Norris et al., 2001.

Considering these differences, another methodological question deserves particular attention:
how would the after-effect change if the contact with the manipulandum is cancelled while
keeping the same movement? Most after-effects, when present, may result from the learning
of the interface properties rather than a sensorimotor adaptation (Cothros et al., 2006; Kluzik
et al., 2008). Conversely, in PA, after-effects remain comparable when assessed with sham
prisms or when the prisms are removed (Michel, Pisella, et al., 2003). This observation

underlines dissimilarities in after-effects assessment procedures across paradigms.
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After-effects are typically assessed through sustainable compensations once the perturbation
has been removed (Krakauer, 2009; Prablanc et al., 2019; Redding et al., 2005; Shadmehr et
al., 2010). However, procedures employed to assess after-effects crucially vary among existing
paradigms. During force-field experiments, the perturbation is suddenly removed on selected
“catch trials” (i.e. the forces are turned off). Consequently, the movement path is deviated in
the opposite direction relatively to initial errors. This procedure quantifies the lateral forces the
participants apply on the manipulandum. This reflects adaptive compensations of expected
lateral forces imposed by the robot and provides a measure of immediate after-effects.
However, participants feel the force offset because they are not deprived of visual feedbacks.
Therefore, comparison of open loop decay of after-effects with other paradigms is challenging.
“Error-clamp” trials allow limiting the availability of visual feedback: during selected ftrials,
forces are turned off and movement paths are constrained by novel forces to remain strictly
straight toward the target, and it is rarely acknowledged that this may introduce variability and
cognitive strategies. Thus, participants do not experience lateral errors while the
manipulandum still record the lateral forces they apply (Smith et al., 2006). The crucial point is
not only that the perturbation is not explicitly removed but also that after-effects are assessed
on the same apparatus than during exposure, i.e. while participants are still holding the
manipulandum. Due to differences in assessment procedures, after-effects do not refer to the

same probe of adaptation.

These differences in the perturbation application among adaptation paradigms might influence
the way the CNS interpret the experienced errors. Numerous potential factors may lead to
movement errors. The CNS can attribute experienced errors to either internal or external
causes. This process refers to the solving of a credit assignment problem (Wilke et al., 2013).
The attribution of errors to external versus internal causes may influence the kind of processes
involved during adaptation and the generalization properties associated. For example, if errors
are attributed to change in limb properties (i.e. internal cause), modifications appear to
generalize across the workspace but not across limbs. In addition, updating forward internal
models to face perturbation is closely dependent on the attribution of predictions errors to
internal causes (Wei & Koérding, 2009). The credit assignment problem depends on the
awareness of the perturbation. If the perturbation is consciously perceived, errors should be
attributed to the external environment or a misrepresentation of the action (Berniker & Kording,
2011b). Therefore, modifications of the movement will be strongly associated with the initial
context. By contrast, when awareness of the perturbation is absent, the CNS likely interprets

errors as a result of its own variability (Fleury et al., 2019).

Given these disparities related to perturbation application and their consequences on the
attribution of errors, the nature of processes involved may be different across paradigms as
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shown by the difference between after-effects yet assessed with the same procedures. The
extent to which after-effects can be found beyond exposure context also probes that
contribution of adaptive processes is probably related to the paradigm used (Lackner & DiZio,
2005; Figure 8). This refers to transfer/generalization that will be specifically discussed in
section D of the present theoretical background. For instance, after-effects, arising from
exposure to velocity-dependent force-field, are poorly transferred to free-space and natural
hand movements (Cothros et al., 2006; Kluzik et al., 2008) and remain strongly dependent on
the context of exposure. Similarly, visuomotor rotation leads to a poor generalization of after-
effects across multiple directions. For example, after training to a single direction, after-effects
dropped off by a very large ratio when aiming at 45° apart from the learned direction (Krakauer,
2009). Conversely, after-effects in PA was substantially generalized beyond the exposure
conditions, for example to other types of task such as goal-oriented walking task (Michel et al.,
2008). Therefore, transfer and generalization properties could be a useful feature to

understand which processes are at work in adaptation.
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Figure 8 — Comparison between Coriolis forces and robotic force-field paradigms. Left: following exposure to
Coriolis forces (grey), participants showed consequent after-effects (white, trials 80 to 120). Right: following
exposure to robotic force-field, after-effects were consequent when assessed on the robot with forces off (b) but
became null when measured through hand free movements (c). Adapted from Lackner & Dizio (2005).

Adaptation must be identified by robust and context-independent after-effects (Redding et al.,
2005). Indeed, a reduction of errors without after-effects implies a compensation through
strategic rather than adaptive mechanisms (Kluzik et al., 2008). Although generalization and
transfer considerably depend on specific exposure conditions, body-centered perturbations
applied without any movement interface (e.g. prisms) may facilitate self-attribution of errors.
Consequently, compensating for such perturbations leads to after-effects, possibly
transferable to other tasks, reflecting a broad contribution of context-independent adaptation.
Conversely, mechanical contacts on the reaching arm and/or an interface are likely to favour
the attribution of errors to external causes and lead to a major contribution of contextual

learning processes.

Comparison between adaptation paradigms revealed the key role of the conditions of
perturbation application and suggested that the nature of after-effects and their generalization
properties provide substantial information about the contribution of adaptive processes. Prisms
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induce visuomotor errors in a natural range and in a way providing direct visual feedbacks. PA
procedures allow the assessment of after-effects outside the exposure context (i.e. prisms
removing) and their transfer to other conditions, not experienced during exposure (i.e. other
tasks). Moreover, PA already works in rehabilitation of neglect and after-effects showed
substantial transfer to conditions differing from initial exposure conditions. Therefore, this
paradigm appears particularly relevant in studying the contribution of multiple processes during
sensorimotor adaptation through the assessment of robust after-effects and their transfer.

Synthesis

Learning and adaptation are common words describing sensorimotor plasticity processes.
Sequence learning and learning de novo paradigms allow to study how new movements
patterns are learnt through cognitive processes. Motor adaptation, as the modification of
current movements, involves multiple components (i.e. fast versus slow, explicit versus
implicit) and has been extensively studied through the application of dynamical and visuo-
motor perturbations. Comparisons between adaptation paradigms reveals that they might not
exactly involve the same processes depending on the way the application is applied.
Generalization properties provided crucial information regarding the processes at work when
facing a perturbation and might represent a discriminant feature to uncover the contribution of
distinct processes. PA provides a body-centered and biologically plausible visuomotor
perturbation favouring self-attribution of errors. Moreover, PA elicits after-effects that are
possibly transferred beyond the context of exposure. PA thus represents a relevant paradigm
to study generalization and transfer of after-effects and offers the conditions to induce a
transferable adaptation.

The next part of the theoretical background will detail PA procedures. We will thus describe
the processes at work during PA, and their neural correlates.
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C. PRISM ADAPTATION

1. Typical experimental procedures

During standard PA procedures (von Helmholtz, 1962; Kéhlerl, 1951; Held & Freedman, 1963;
Harris, 1965; Kornheiser, 1976; Jacquin-Courtois et al., 2013; Petitet et al., 2017; Prablanc et
al., 2019; Redding et al., 2005; Rode et al; 2015, for detailed descriptions), participants perform
several visuomotor tasks. The most classical task used is goal-directed pointing, although
some studies involved other visuomotor tasks, e.g. throwing (Martin et al., 1996b, 1996b).
Basic procedures usually include three distinct phases (Figure 9):

First, pre-tests measure participants’ baseline performance. Individuals perform open loop
pointing movements, i.e. with no visual feedback of their movement and its outcome. Pre-tests

allow to measure a potential physiological deviation.

The second phase is prism exposure where participants attempt to point at a target while
wearing prism goggles. Prisms lenses laterally shift the target in a direction determined by
prisms structure (e.g. 10° rightward). This optical deviation leads to pointing errors in the same
direction as the prismatic shift. If visual feedback is available, participants gradually reduce
their errors and regain baseline performances through trial-by-trial repetitions. In this case,

performance follows a typical exponential error reduction curve.

The third phase is made by post-tests. Open loop pointing movements are repeated under
the same conditions as in the pre-test. The difference of pointing performance between the pre
and the post-tests provides a measure of after-effects, occurring in the opposite direction as

compared to exposure. Typically, after-effects are assessed after removing of prism lenses.

Glossary box — PA procedure terminology

Baseline refers to the initial performances on a given motor task. Baseline is assessed
during pre-tests before any exposure to the perturbation and provides a reference taking
into account any physiological initial deviation.

Error reduction refers to the decrease of terminal errors during prism exposure and reflects
the compensations set up when facing the visual shift. In a typical PA procedure, error
reduction follows a classic exponential learning curve: errors are quickly reduced in a first
time and then gradually, until participants regain baseline performances.

After-effects refer to performance changes between pre-tests and post-tests and provide a
measure of the remaining trace of adaptation once the perturbation is removed. After-effects

are the hallmark of sensorimotor adaptation.
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While open loop pointing provides a measure of the “total” shift after exposure, both
proprioceptive and visual straight-ahead tests measure the proprioceptive and the visual shifts
respectively (Templeton et al., 1974; Kornheiser, 1976; Welch, 1986; Redding et al., 2005). In
the proprioceptive straight-ahead condition, participants are in the dark and are requested to
point in the direction of an imaginary line splitting their body into two equal parts. In the visual
straight-ahead test, they look at a led moving on a horizontal rail in the dark, in front of them
and are requested to indicate when they perceive the led right in front of them. The sum of
proprioceptive and visual shift is equivalent to the amount of total shift (Rode et al., 2015).
Interestingly, if visual feedbacks are available during post-tests (i.e. closed-loop pointing),
performance errors will be rapidly corrected to regain baseline accuracy. The suppression of
visual feedback (i.e. open loop pointing) allows to limit this de-adaptation (Held & Gottlieb,
1958).
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Figure 9 — Classical PA procedure. The figure illustrates the three distinct phases: pre-tests and post-tests thai
are measured in open loop conditions and exposure, under closed loop conditions. The general evolution of terminal
pointing errors during the three phases is plotted. Meanwhile, the figure shows the contribution of the two classically
described components of PA: strategic control, accounting for rapid error reduction, and sensory realignment
responsible for the presence of after-effects.
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2. What drives and influences prism adaptation?

Many error signals are available during prism exposure and drive adaptation (Gaveau, Pisella,
et al., 2014; Gaveau et al., 2018a). External errors (or explicit feedback errors) are between
the hand and the target location. This signal could be either dynamic (i.e. angle between the
perceived hand and the direction of the seen target) or terminal (distance between hand
endpoint and target). On the other hand, internal errors refer to the sensory prediction errors
that have been described in a previous section (A-1). Sensory prediction errors are the implicit
difference between expected feedbacks (visual and proprioceptive) and actually perceived
feedbacks. Another source of internal errors relates to the inadequacy between visual and
proprioceptive information (Kornheiser, 1976), which is difficult to disentangle from prediction
errors. External and internal errors can be either initial (arising from the static starting position
of the hand), dynamical (arising from the moving hand), or terminal (detected upon final
movement) depending on visual feedbacks availability during exposure. Both types of errors
play a role in prism adaptation, although these might condition the processes involved.
Experimental factors strongly influence the error types. Interestingly, external errors (i.e.
conscious detection of errors) are not required to trigger adaptation (Gaveau et al., 2018).

Numerous experimental conditions can impact the modality, magnitude, and persistence of
both direct and after-effects of prism adaptation (Petitet et al., 2017; Redding et al., 2005).
Seeing the starting position of the limb and getting visual feedbacks during exposure are
factors of great importance. Concurrent exposure requires visual feedbacks during the whole
movement and provides both dynamical and terminal errors (Prablanc et al., 2019).
Conversely, only the terminal part of the movement and the distal part of the moving hand are
visible during terminal exposure. Initial errors tend to decrease more rapidly under concurrent
exposure. However, both types of exposure lead to significant after-effects, even though
rehabilitative effects of PA in neglect patients vary as a function of visual feedback availability
(Facchin et al., 2019; Fortis et al., 2010; Ladavas et al., 2011). The type of exposure also
influences the modality of after-effects (Redding & Wallace, 1996, 2001). During concurrent
exposure, both visual and proprioceptive information is available during reaching, whereas
proprioceptive after-effects appear to be stronger than visual after-effects. In contrast, during
terminal exposure, visual information is not available throughout the entire movement, and
participants show stronger visual after-effects compared with proprioceptive ones (Redding &
Wallace, 1988). This suggests that the modality in which the discrepancy between the
predicted and observed hand location likely determines which coordinates reference frame is
preferentially realigned. The directionality-of-guidance hypothesis proposed by Redding and
Wallace (1985) suggests that one modality is being “guided” by the other, depending on
exposure conditions, e.g. concurrent exposure allows the participants to visually orient their
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arm toward the target. Consequently, proprioception is “guided” by vision and the realignment
mostly occurs in the proprioceptive system. Conversely, during terminal exposure, vision is
guided by proprioception as visual information is not available during the movement.
Therefore, realignment mainly takes place in the visual system.

Although the starting position of the hand is hidden most time during terminal exposure, visual
feedback of the hand before movement initiation could be available during concurrent
exposure (Prablanc et al., 2019). When participants perceive their hand before pointing, the
prismatic shift has no direct effect: there is no final error even in the first trial (Redding &
Wallace, 1996, 1997, 2001). This is explained by the computation of a visuo-visual vector
guiding the hand from its initial location to the visual goal. Redding & Wallace (2001) did not
report any after-effects when participants perceived the entire movement path. However, both
direct and after-effects occurred only when the starting and target positions were visible.
Noticeably, after-effects were mostly influenced by visual feedback availability, independently
of limb starting position viewing (Redding & Wallace, 2001). In addition, some studies showed
after-effects even with visibility of the whole path, including the starting position of the hand
(e.g. Michel et al., 2013). However, in most studies, visual feedbacks of the hand are prevented
by hiding its starting position (e.g. by a chinrest) although proprioceptive feedback remain
available. Furthermore, direct and after-effects are not closely related: direct effects can be
observed without any after-effects and vice versa (Redding et al., 2005).

Another crucial aspect of PA is the introduction of the prismatic shift during exposure.
Interestingly, after-effects are stronger when awareness of the visual displacement is
prevented, i.e. in the absence of external errors (Michel, et al., 2003; Michel et al., 2007). The
multiple-step procedure allows to progressively apply the full optical deviation through stepwise
increases from no-shift to the complete optical shift (e.g. two by two degrees from 0° to 10°).
Thus, participants do not consciously experience errors and remain unaware of the prismatic
deviation (Michel et al., 2007; Panico, Sagliano, Nozzolillo, et al., 2018; Prablanc et al., 2019).
Interestingly, Michel et al. (2013) reported that PA through motor imagery led to significant
after-effects. In this study, some of the participants were exposed to the prismatic deviation
while imagining pointing movements without concomitant action. Importantly, they perceived
their hand during exposure, thus experiencing an intersensory conflict without any
sensorimotor conflict, as the hand was not moving. This was likely to elicit after-effects
measured by open loop pointing and suggested that actual reaching movements and
associated sensory feedbacks were not essential to trigger adaptation.
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As shown above, many factors have significant effect on both direct and after-effects. Despite
its apparent simplicity, the PA paradigm involves multiple processes whose contribution might
depend on the experimental conditions.

3. Processes operating during PA

The literature classically describes two processes at work during PA (Harris, 1965; Kornheiser,
1976; Held & Gottlieb, 1958; Weiner et al., 1983). Several models are consistent with the
distinction between a fast-strategic component and a slow ‘true’ sensorimotor realignment
component. These processes would contribute differently to the direct and after-effects
(Redding et al., 2005; Redding & Wallace, 2002).

a. Strategic control

Strategic components of motor control guide our daily behaviour. When reaching a target or
catching an object, the CNS use available sensory information to code the object location (e.g.
visual and proprioceptive). Setting the appropriate reference frame according to the desired
reach-to-grasp action is the ‘calibration’ process (Petitet et al., 2017; Prablanc et al., 2019;
Redding et al., 2005; Redding & Wallace, 2002). Strategic control is related to spatial attention
as also requires selection of task relevant regions of extra-personal space (i.e. the spatial
support where the object is located). When the reaching command in unsuccessful, the next
action needs to be “recalibrated”. During PA, strategic control (or recalibration) allows the fast
reduction of movement errors at the beginning of exposure. For example, when subjects miss
the target in the very first trials under the prismatic perturbation, they would more or less
consciously aim at the side of the target on the next trial to reduce the previous motor error.
This cognitively demanding process is associated with a poor contribution to after-effects.

Strategic control does not reconfigure the different coordinate frames (i.e. proprioceptive-motor
and visual-motor). Changes in motor programming for the next trials would quickly reduce
motor errors. To illustrate this idea, Petitet et al. (2017) reported the commonly used analogy
of the rifleman with a misaligned telescopic sight. If the scope of the rifle is misaligned with the
barrel (e.g. by a couple of degrees on the right), the marksman would miss the target
systematically. Re-aiming intentionally by the same amplitude on the left would make the
marksman hitting the target without the need to realign the scope with the barrel. Strategic
control, referring to a quick recalibration of the reference frame according to the movement
goal, would rapidly lead to successful movement. Therefore, recalibrated movements should
be specific to the trained context and should not generalize to another (e.g. other movement
or other spatial locations). Strategic control mainly contributes to the early phase of prism
exposure. Redding et al. (1992) described behavioural markers of this process, by reporting
that a concomitant cognitive load imposed during prism exposure (e.g. by mental arithmetic
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tasks) disrupted participants’ ability to reduce pointing errors. Another marker relates to the
time gaps between target foveation and the onset of the pointing. During the early phase of
exposure, pointing errors are large and time gaps increase transiently until going back to
baseline values after almost 10 trials (Rossetti et al., 1993). O’Shea et al., (2014) reported
rapid trial-by-trial corrections of the initial direction of pointing during the first 10 trials of
exposure. Altogether, fast cognitive allocation quickly reduces errors by re-aiming the motor

command.

b. Spatial realignment

By contrast, “spatial realignment” (or sensory realignment) contributes mainly to after-effects.
This automatic process reduces the mismatch between the eye-head visual motor system and
head-hand proprioceptive motor system (Redding et al. 2005, Redding and Wallace 2002).
The prismatic deviation elicits a discordance between the visual and the proprioceptive
reference frames. Realignment aims at counteracting the perturbation by shifting the visual-
motor and/or the proprioceptive motor system. The re-organisation of these two coordinate
frames allows to regain hand-eye coordination accounting for the perturbation. With reference
to the telescopic sight, it would refer to realigning the barrel with the rifle scope. A putative
kinematic signature of this process is the gradual correction of the terminal (deceleration
phase) pointing trajectory. This correction appears slowly during prism exposure and the
magnitude of subsequent after-effects correlated with the magnitude of this correction (O’shea
et al., 2014).

Several studies reported that conscious detection of endpoint errors is not necessary for
sensory realignment. In fact, after-effects occurred even without any measurable endpoint
errors as this the case in multiple-step PA, or in PA through motor imagery (Gaveau et al.,
2014; Hanajima et al., 2015; Michel et al., 2007, 2013; Panico et al., 2018). Thus, we can study
realignment without the interfering contribution of recalibration because participants remain
unaware of prism deviation (Prablanc et al., 2019). Realignment is implicit and automatic by
nature: during late exposure, when performance is back to baseline there is an
overcompensation of the prisms effect (i.e. errors in the opposite direction from the initial
deviation) which supposes additive effects of recalibration and realignment (Redding et al.,
2005). Triggering these adaptive changes came from the discrepancy between the expected
and observed position of the hand, i.e. sensory prediction errors (Redding et al., 2005).

Distinguishing the specific contribution of strategic recalibration and spatial realignment is not
easy. O’shea et al. (2014) observed that each type of compensation could be assessed
through kinematic patterns change during prism exposure. Thus, analysis of movement
trajectories may offer additional information about processes at work. Manipulating exposure
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conditions can also differentiate the contribution of each process (e.g. by using multiple-step
exposure). Another method relies on the manipulation of post-tests conditions, i.e. the similarity
between exposure and post-tests conditions. Indeed, Redding et al. (2006) showed that both
recalibration and realignment can be generalized beyond the exposure conditions but in
different ways. The first would depend upon similarity between exposure and post-tests
conditions while the second would work under any conditions provided that exposed
references frames (i.e. proprioceptive-motor and visual-motor) are still involved (Redding &
Wallace, 2006). Generalization and transfer of after-effects in PA will be further discussed in
the next section (Section D). The distinction between processes through their generalization
properties is the main key aspects of the current thesis.

Glossary box — Strategic Control and Sensory Realignment

Strategic control or recalibration refers to the compensatory modifications of the motor
commands to quickly reduce the terminal error by using explicit information from the
previous trial. This includes conscious strategies such as pointing-off target voluntarily.
Sensory realignment or spatial realignment corresponds to the re-coordination of the
visuomotor and the proprioceptive motor frames whose concordance has been disrupted by
the prism deviation. This slower process is triggered by a mismatch between predicted and
actual sensory consequences and account for after-effects.

“True” adaptation refers to the process of sensory realignment and is evidenced by the
presence of after-effects. The term “true” is used to emphasize that compensating for errors
during exposure should not be considered as adaptation unless it is associated with
presence of after-effects. This accentuates the fact that the term adaptation might be

confusing.

4. Neural substrates of PA

Within this theoretical dual framework, numerous studies have attempted to describe the
neural correlates of PA (for review, see Roger Newport & Schenk, 2012; Panico et al., 2020;
Petitet et al., 2017; Striemer & Danckert, 2010). Studies related to brain lesions, neuro-
imaging, and non-invasive brain stimulations are the three main methods that shed light on

brain regions involved during prism adaptation.

a. Lesions studies
Classical studies report behavioural impairments of PA in individuals or animals suffering from
specific CNS lesions. They usually associate the functional role of damaged structures with
specific components of PA, i.e. error reduction during exposure and after-effects. Using

Redding and Wallace’s framework, impairments in error reduction would reflect compromised
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strategic control abilities while reduction or absence of after-effects would reflect a deficit of
sensory realignment (Panico et al., 2020). The first study in the field is the work of Weiner et
al. (1983, Figure 10), who explored PA components in about sixty patients with varying
neurological conditions (e.g. cerebellar dysfunctions, Parkinson’s and Alzheimer’s diseases,
cerebral hemispheres lesions, etc). Although this study suffered from the heterogeneity among

patient groups, it pioneered numerous subsequent lesions studies in humans.

It has been extensively reported that cerebellar damage impaired error reduction as well as
after-effects both in Humans (Hanajima et al., 2015; Martin et al., 1996b; Morton & Bastian,
2004; Pisella et al., 2005; Weiner et al., 1983) and non-Human primates (Baizer et al., 1999).
However, Baizer et al. (1999) reported normal error reduction and normal after-effects in
macaque monkeys with spared cerebellar caudal parts. Fernandez-Ruiz et al. (2007) observed
decreased error reduction but normal after-effects in patients with spinocerebellar type 2
ataxia, suggesting that neural areas of sensory realignment are intact in this type of ataxia.
Calzolari et al. (2015) found preserved reduction of errors during prism exposure but impaired
after-effects in a patient with a bilateral occipital lesion and left lateral cerebellar damage.
Taken together, these studies support the potential role of the cerebellum in sensory
realignment but also in strategic control or on-line control as error reduction was at least
partially impaired in patients with cerebellar damage. However, lesion studies did not evidence
the contribution of specific cerebellum areas as impaired after-effects have been reported after
anterior (Calzolari et al., 2015; Pisella et al., 2005) and posterior (Baizer et al., 1999; Martin et
al., 1996b) cerebellar lesions.
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Figure 10 — Impaired PA in patients with cerebellar lesions. The graph shows pointing performance during a
PA procedure. Patients with cerebellar lesions demonstrated impaired error reduction and no after-effect. Adaptea
from Weiner et al., 1983.
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Besides, patient studies ascribed a role of the posterior parietal cortex (PPC) in error reduction
(Petitet et al., 2017). In a case study, Pisella et al., (2004) reported impaired error reduction
but intact after-effects in a patient with a bilateral optic ataxia (bilateral PPC lesion). In two
case studies, Newport et al. (2006) found impaired error reduction but slightly divergent results
concerning after-effects in a patient with a bilateral damage to the PPC. First, they reported no
after-effects in the patient despite having performed four times more trials than in healthy adults
(Newport et al., 2006). Authors argued that the contribution of the PPC in strategic control was
necessary for realignment, i.e. that spatial discrepancy between gaze direction and reach
direction would provide the required error signal for the cerebellum to trigger realignment. In
the second study, they reported partial after-effects in the same patient. The patient did not
reduce pointing errors with his right hand but showed normal after-effects (Newport & Jackson,
2006). However, he reduced errors with his left hand but did not show any after-effects with
this hand. Considering these results, PPC may not be necessary for successful adaptation to
prisms (i.e. after-effects) but plays a key role in strategic recalibration. Additional studies
investigated other brain regions damage and supported the crucial involvement of the cerebral
cortex in strategic control but with no evidence related to sensory realignment (Aimola et al.,
2012; Canavan et al., 1990; Weiner et al., 1983). Besides, patients with Parkinson disease
showed normal error reduction but impaired after-effects (Fernandez-Ruiz et al., 2003; Stern
et al., 1988). In a recent study, Striemer et al. (2019) reported completely preserved error
reduction and normal after-effects in a patient who was blind to static stimuli due to bilateral
lesions of the occipital cortex and caudal areas of the ventrotemporal cortex. This outcome
suggested that visual inputs from the geniculostriate pathway were not necessary for PA.

Studies of patient with CNS lesions provided crucial information about the neural substrates of
PA notably by demonstrating impaired error reduction and after-effects in patients with
cerebellar damage and impaired error reduction but spared after-effects in patients with PPC
lesions. Subsequently, neuro-imaging studies allowed to explore complex networks involved

brain areas in healthy subjects during PA.

b. Neuro-imaging studies
Neuro-imaging methods outlined the neural mechanisms of PA by systematically contrasting
the amplitude of neural activity in specific brain regions in the “early” vs “late” phase of prism
exposure. Such contrasts highlighted neural correlates of strategic control (active areas during
early but not late exposure) and realignment (active areas during late versus early exposure,
see Panico et al., 2020; Petitet et al., 2017).

Clower et al. (1996) first recorded brain activity during prism exposure by Positron Emission
Tomography (PET). They used reversing prism glasses and the optical deviation was reversed
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every 4 trials. Following this procedure, participants remained in a state of ongoing reduction
of errors, so that prism exposure mainly solicited strategic control processes’. Results showed
a correlation between activations of the contralateral posterior parietal cortex to the exposed
arm and pointing performance. No activation of other brain areas was reported. Danckert et al.
(2008) reported contrasted brain activity between the 3 first trials and the 3 last trials among
10 trials of prism exposure, using functional Magnetic Resonance Imaging (fMRI). Authors
reported increased activity in the primary motor cortex, the anterior cingulate cortex, and the
anterior intraparietal region. These areas were involved in rapid error correction and in
monitoring performance throughout the task. Besides, results also showed increased activity
in the vermis during the first trials versus late trials. It was potentially related to the role of the
cerebellum in the visuomotor transformations needed to adjust motor plans in response to the
optical deviation. By contrast, no difference emerged from the culmen activity. In both studies,
no measure of after-effects was provided and number of pointing trials was small.
Consequently, they did not provide any information related to brain areas involved in the

realignment process.

Luauté et al. (2009) increased the number of exposure trials up to 24 in a study using event-
related fMRI method. They compared brain activity during early exposure (12 first trials) versus
late exposure (12 last trials). The early phase activated the parietal areas, more specifically
the left anterior intraparietal sulcus and left parieto-occipital sulcus supposed to be involved in
error detection and error correction, respectively. The authors also reported a progressively
increasing activation in lobules IV and V of the cerebellum during late exposure, which was
related to realignment process. Additionally, a bilateral activation of the superior temporal
sulcus was associated with sustained prism exposure, when pointing performances went back
to baseline, indicating a possible role in realignment and longer-lasting changes. However, the
weak number of trials prevent any strong conclusion to fully investigate slow mechanisms of

realignment.

Chapman et al. (2010) compared dynamical brain activity changes during early and late
exposure (18 trials each). Authors reported an activation of the left posterior and right anterior
cerebellar regions during the initial trials of exposure. Concurrently, results revealed an
activation in the right parietal cortex (superior and inferior parietal lobes), whereas the left
hemisphere remained inactive. In late exposure, areas of both cerebellum and parietal cortex
were active (left posterior lobe and right anterior and posterior lobe of the cerebellum and both
superior and inferior lobes of the right parietal cortex). In addition, comparison between initial

' Although authors used the term “adaptation” in their paper, it is noteworthy that the procedure used
precluded the contribution of sensory realignment, i.e. the contribution of sensorimotor motor adaptation.
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versus last trials revealed increased activation in the left hemisphere during last trials (angular
gyrus and anterior Inferior Posterior Lobule (IPL) in the parietal cortex; posterior region in the
cerebellum). Noticeably, the procedure used a manipulandum to project stimuli, so the subjects
perceived their movement outcome as a laser-projected image. Such interface may involve
processes that are slightly different compared to those usually involved in PA, i.e. a greater
part of cognitive processes. Because visual feedback is not directly perceived, the procedure
might have enhanced the contribution of strategic control (Fleury et al., 2019). Another
limitation comes with the segregation between early versus late exposure. As in Luauté et al.,
(2009) the authors split the number of trials in two equal parts whereas early exposure is
generally reported as containing 3 to 7 trials (Rossetti et al., 1993).

By contrast, Klper et al. (2014) reported results that revealed a strong role of the cerebellum
in recalibration but did not corroborate the hypothesis of a cerebellar contribution in spatial
realignment. In this study, the authors compared activation in a control visuomotor condition
(no prisms) to that in early versus late prism exposure (10 first and 10 last trials out of 20 trials,
with a resting period between both). In early exposure, the anterior cerebellum was activated
to the same extent as during the control condition while the posterior cerebellum activation
increased in lobules VIII and 1X, as well as in the ventro-caudal part of the dentate nucleus.
During late exposure, the authors found a comparable pattern of activation as in the control
condition with an activation of the posterior parts of the lobule VI. Activation in the dentate
nucleus was stronger in the dorso-rostral part as compared to initial exposure. Altogether,
these findings suggest that posterior cerebellum (lobule IX and VIII) and ventro-caudal dentate
nucleus activation would control recalibration. On the other hand, realignment would rather

rely on more superior parts of the posterior cerebellum (lobule VI).

Finally, recent neuro-imaging studies assessed changes in the task-free resting-state
functional connectivity (RSFC) before and after PA. Tsujimoto et al. (2019) reported a
temporary PA-induced change in connectivity between different nodes within the right dorsal
attention network while decreases in RSFC were shown in the Default Mode Network and the
left anterior insula in a comparable study by Wilf et al. (2019). Schintu et al. (2020) compared
changes in RSFC following either rightward or leftward PA. The authors showed that rightward
PA increased connectivity in the right frontoparietal network whereas left PA decreased RSFC
between these regions. Interestingly, these studies provided information regarding functional
connectivity changes induced by PA while disregarding activations related to motor execution,
thus illustrating the short-term plasticity that occurred during exposure. However, such
methods do not allow to ascribe a functional role of specific areas in the processes at work

during exposure.
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Results from neuro-imaging studies converge in ascribing a crucial role to the parietal cortex
and the cerebellum in PA. This is compatible with lesions studies. Although neuro-imaging
studies reported relevant findings about the neural bases of PA, such methods present two
major issues (Panico et al. 2020). First, neuro-imaging constraints are toughly compatible with
PA experimental settings (Bultitude et al., 2017). For example, the number of trials during
exposure in neuro-imaging is often very small, so realignment cannot be fully studied. In
addition, neuro-imaging studies are associated with strong spatial constraints. Notably,
participants generally cannot perform movement in the horizontal plan and visual feedback are
often provided indirectly. Secondly, neuro-imaging techniques assess brain activity during task
completion but do not provide information about the causal relationships between active brain
areas and observed behaviour. For these reasons, non-invasive brain stimulations studies
could complement these methods. By interfering directly with brain activity, brain stimulation
may reveal causal relationships between targeted brains areas and behaviour.

c. Non-invasive brain stimulations studies
Non-invasive brain stimulation methods (transcranial direct current stimulation — tDCS - or
transcranial magnetic stimulation — TMS — particularly) are believed to modulate cerebral
activity over different brain areas whose activity is stimulated during PA. Brain stimulation is
aimed at directly investigating the link between brain regions and behaviour by interfering with
inhibitory or facilitatory processes. A considerable advantage of these methods is their
compatibility with PA experimental requirements: behavioural measures such as pointing
performance can be easily conducted during exposure and after, as stimulation does not
require specific spatial constraints. In such conditions, number of trials during exposure can

be increased to match classical procedures (Panico et al., 2020).

To our own knowledge, the first attempt of combining tDCS and PA was conducted by Ladavas
et al. (2015) in neglect patients. The authors reported that the rehabilitative effect of PA was
boosted by 10 sessions of anodal tDCS (2.0 mA) of the right (ipsilesional) parietal cortex, with
no effect of cathodal stimulation of the left (contralesional) parietal cortex. A possible
interpretation was that anodal stimulation might have increased activation of the damaged
hemisphere, thus restoring inter-hemispheric balance. However, the potential effect of this
tDCS stimulation on PA was not demonstrated. Similarly, O’shea et al. (2017) reported no
effect of the left posterior parietal cortex tDCS during PA for both anodal and cathodal polarity.

Panico et al. (2016) conducted a series of tDCS studies to better understand brain substrates
of adaptive processes in PA. They targeted the cerebellum, the PPC and M1. First, they
showed that cathodal cerebellar stimulation resulted in larger errors during early, middle, and
late exposure, as well as during immediate post-test measures. This argues in favour of the
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early contribution of the cerebellum lasting during the whole PA procedure, including after-
effects testing. The authors proposed that the cerebellum controlled both recalibration and
realignment from the very first trials of exposure without being able to disentangle between the
two mechanisms. To complete these findings, Panico et al. (2018) applied a cathodal
cerebellar stimulation during a multiple-step PA procedure. The participants were unaware of
the optical deviation because the full visual shift was progressively induced by step of 2
degrees (Michel et al. 2015). Therefore, errors were not consciously perceived, and
participants could not rely on strategic corrections of pointing movements (i.e. recalibration).
Stimulated participants showed larger rightward pointing errors during both initial and late
exposure and reduced after-effects following exposure. These results supported a causal role
of the cerebellum is spatial realignment since the stimulation negatively influenced
performances during both late exposure and after-effects. The authors also underlined the
potential role of the cerebellum in online motor corrections which may explain the stimulation
effect in early exposure. In a further study, Panico et al. (2018) tested the hypothesis of a
specific relationship between the PPC and the cerebellum, i.e. the role of a cerebello-parietal
circuit, in both processes of PA. To test this hypothesis, the authors simultaneously stimulated
both the cerebellum and the PPC with opposite polarities: cathode on the PPC and anode on
the cerebellum or vice-versa. Stimulated groups displayed larger errors during early exposure
regardless the polarity applied, while no difference was found in late exposure and after-
effects. The absence of any difference related to the polarity directly implies that a cerebello-

parietal circuit plays a crucial role in processes involved during early exposure.

Finally, the primary motor cortex (M1) was investigated due to its particular involvement in
motor memories storage (e.g. Galea et al., 2011). Panico et al. (2017) reported that anodal
stimulation of M1 alone reactivated after-effects the day following prism adaptation. In addition,
reactivated after-effects long lasted until the next day after stimulation. O’shea et al. (2017)
also tested the effects of tDCS on the persistence of after-effects. Participants performed 100
trials under prism exposure interspersed by blocks of after-effects measurement while real or
sham tDCS was applied on the left parietal cortex, the left M1 or the right cerebellum either
during or after exposure. Block of exposure was followed by a washout and a retention phase.
A specific effect of anodal M1 stimulation delivered during exposure was found through
increased magnitude of after-effects during adaptation and enhanced after-effects persistence
in the washout and retention phase. Conversely, results did not show such effects when tDCS
was applied on the cerebellum or the parietal cortex. Both studies support the idea that M1
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plays a crucial role in the storage and retention of after-effects. In sum, the main results from

neuro-imaging and neuro-stimulation studies are illustrated in Figure 11.
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Figure 11 — Main results from neuro-imaging and neuro-stimulation studies in PA. The circles indicate
approximately the main cortical peaks activation reported by neuro-imaging studies, whereas the squares refers to
the areas stimulated by neuro-stimulation studies. The numbers and the letters refer to the papers as followed: 1:
Clower et al., ;2.Danckert et al., 2008; 3. Luauté et al., 4. Chapman et al., 2019; 5. Kiper et al., 2014; a. Panico et
al., 2016 ; b. Panico et al., 2017; c. O’shea et al., 2017; d. Panico et al., 2018a; e. Panico et al., 2018b; f. Panico el
al., 2017. Notably, results from ¢ and f are in grey because they referred to the retention and the reactivation ot
after-effects which is not directly attributable to strategic control or realignment. Adapted from Panico et al., 2020.

d. Summary of neural substrates of PA
A growing body of literature investigated the neural substrates underlying mechanisms of PA.
Complementary methods provided original knowledge about the functioning and the
understanding of such mechanisms, i.e. patient studies, neuro-imaging studies and neuro-
stimulation. In their recent review, Panico et al. (2020), proposed a new interpretative
framework of PA by highlighting the potential contribution of a cerebello-parietal network in
both recalibration and realignment (Figure 12). Cerebellum areas would participate in error
processing (online correction) which would start in early exposure (online control is crucial in
the very first trials). Besides, the cerebellum would play a crucial role in feedforward control
and in the generation and processing of sensory feedback errors (Bastian, 2006; Popa &
Ebner, 2018; Shadmehr et al., 2010; Therrien & Bastian, 2019) which are crucial during PA.
In addition, cerebellar contribution in PA would last until after-effects. On the other hand, the

parietal regions would be involved in movement correction based on previous errors. The
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primary motor cortex is probably associated not only with recalibration but also with storage
and consolidation of after-effects (O’shea, 2017; Panico 2017).

\ / PPC
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Figure 12 — Synthetic illustration of brain areas involved during Prism Adaptation. Cerebellum would be
implied from initial error reduction to the development of sensorimotor after-effects while Post Parietal Cortex (PPC)
areas would be mainly involved in recalibration. The primary motor cortex (M1) would contribute to the consolidation
and the reactivation of after-effects. Finally, the temporal lobe would participate in the effects of PA at the cognitive
level. Inspired from Panico et al., 2020.

Synthesis

PA is a useful paradigm to study the short-term adaptive plasticity. The literature distinguished
two main processes operating during PA: recalibration which quickly reduce final errors, and
realignment, referring to adjusting the misalignment elicited by prisms between visual-motor
and proprioceptive motor references frames. Realignment is the process of “true” adaptation
and mainly contributes to after-effects following prism exposure. Within this framework, several
studies explored the neural substrates associated with PA and reported a clear contribution of
a cerebello-parietal network in both recalibration and realignment. Particularly, the cerebellum
plays a key role from the very early exposure until the entire after-effects occur. In addition,

tDCS methods are compatible with PA procedure constraints.

One of the major issue on this topic is that contributions of realignment and recalibration remain
tough to tease apart because of their temporal overlap. Whether the two processes could be
distinguished through their transfer properties represents a decisive question. Realignment
may show a dimensional generalization beyond exposure context. However, the mechanisms
of generalization and transfer remain poorly understood, as well as their neural substrates. In
the following section, we will describe generalization and transfer, and focus on transfer of

after-effects.
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D. TRANSFER/GENERALIZATION OF AFTER-EFFECTS

1. Clarifying transfer and generalization

Transfer refers to the process of applying sensorimotor changes acquired in one specific
context to new conditions, e.g. other target location, effector, or task (Prablanc et al., 2019).
This ability is crucial in daily life as we can reinvestigate what we have learnt during given
conditions to other settings without developing other appropriate compensations, i.e. without
going through entire adaptive processes de novo (Censor, 2013). In the thesis context, transfer
can be related to generalization with slight differences: transfer better refers to new task
conditions (or limb use), while generalization classically refers to other locations in the
workspace (Prablanc et al., 2019). Despite their common usage, transfer and generalization
are used in different paradigms to refer to various behaviours. In the previous sections, we
emphasized the concept of after-effects to evidence adaptation. As for after-effects, definition
and assessment of transfer might vary across paradigms (Fleury et al., 2019). First, the frontier
between after-effects and transfer may substantially be confusing. For example, Kluzik et al.
(2008) reported measurements of after-effects in robot-null conditions (force-field turned off)
as an assessment of generalization whereas it simply converged to after-effects measurement

with the perturbation removed (as during post-tests in PA).

Another critical aspect is that transfer/generalization can refer to applying different components
of adaptation to other settings. On the one hand, we can investigate how the compensations
set up during exposure to a specific perturbation can be transferred to other settings under the
same perturbation (e.g. Malfait et al., 2002; Tanaka et al., 2012). Similarly, some studies also
examined the transfer of compensations under a specific perturbation to another perturbation
(e.g. Kalenscher et al., 2003). On the other hand, transfer/generalization can be related to the
extent to which after-effects can be applied in different settings, i.e. post-adaptation
generalization or after-effects transfer. Throughout this thesis, transfer will refer to this latter
description. Indeed, the focus of the current work is to investigate robust changes emerging in
the nervous system to face a given perturbation, i.e. transferable after-effects.

Therefore, as for after-effects, transfer should be assessed once the perturbation has been
removed and might not be confused with other parameters including retention, savings and
consolidation. Retention refers to the capacity of the sensorimotor system to fully or partially
maintain the adapted state. In other words, it refers to the persistence of after-effects. Thus,
transfer might relate to retention in some extent. We can distinguish passive from active
retention (Prablanc et al., 2019). The first refers to the persistence of after-effects after a
passive period (e.g. in the dark with no movement and no visual information), while the second
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corresponds to the maintenance of after-effects following a short period of active washout (e.g.
movements performed under normal conditions). Savings are related to the recall of initially
successful strategies and refer to a faster reduction of errors when individuals are re-exposed
to the same perturbation (Huang et al., 2011; Kojima, 2004; Krakauer, 2005; Zarahn et al.,
2008). These distinctions are not just terminological, as components may be dissociated.
Despite apparent loss of adaptation (i.e. regained baseline performance), individuals may keep
a covert trace of the former adaptive processes, and consequently, adapt faster to further
exposure to the same perturbation. Savings refer to contextual processes that are specific to
the exposure condition and do not relate to after-effects (Morehead et al., 2015). Finally,
consolidation of motor memory is the process of turning from evanescent motor memory to a
robust and stable motor memory (Criscimagna-Hemminger & Shadmehr, 2008). Mechanisms
underlying the transfer of after-effects likely involve stable, robust, and persistent after-effects
that will relate to the issues of retention and consolidation. However, savings may be entirely
independent because this phenomenon refers to error reduction during exposure to a
perturbation.

In sum, transfer/generalization refers to the transfer of after-effects. After-effects are generally
measured in the same context as the exposure-context, but without any perturbation, in which
case they may include cognitive contributions specific to this context. Assessment of transfer
relates to after-effects measurement with substantial changes in the context compared to the
exposure context. These changes can relate to unpracticed targets or workspaces (spatial
generalization), untrained effectors (e.g. interlimb transfer), untrained task features (e.g.
different speeds, change in amplitude) or other tasks (inter-task transfer).

2. Transfer/Generalization of after-effects in Prism Adaptation

PA is particularly interesting to investigate after-effects transfer. Indeed, PA is applied to usual
movements (e.g. pointing), the perturbation is simply applied through the prisms and feedback
could be directly perceived, without using an external or artificial interface, as compared to
force-field or visuomotor rotation. Therefore, transfer can easily be assessed during post-tests
following exposure. Here, we will discuss studies dealing with the transfer of sensorimotor
after-effects to unexposed targets, limbs, and tasks respectively referring to spatial

generalization, inter-limb transfer, and inter-task transfer.

a. Spatial generalization
In PA literature, spatial generalization refers to the measurement of after-effects during
movements directed to targets not used during exposure (i.e. unexposed or untrained targets)
(Redding et al. 2005). In most studies, after-effects are systematically assessed on an
unexposed target to report the probe of a “true” adaptation (Petitet et al., 2017; Prablanc et al.,
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2019). For example, when tested on a target adjacent to the exposed target by 10 degrees,
after-effects are similar to those tested on the exposed target (e.g. Renault et al., 2020).
However, some studies have specifically investigated spatial generalization by testing other

locations.

Gogel & Tietz (1974) reported a slight reduction of after-effects as one moves away from the
areas explored during exposure. Bedford (1993; Figure 13) specifically investigated spatial
generalization with an abstracted version of PA procedures. During exposure to a prismatic
shift, participants were requested to point to a unique visual LED target in a dark room. When
participants correctly reached the target, another LED placed on their finger was turned on.
Only correct movements provided feedback: when pointing was incorrect, the finger LED
remained turned off. Correct movements corresponded to a unique mismatch between the
visually perceived biased position of the hand (shifted by the prisms) and the unbiased
kinaesthetically perceived position of the finger. Consequently, a unique position pairing
between the visual and proprioceptive coordinate systems was trained, in contrast to the
classical PA procedures in which several pairings are experienced (the visual position is
associated with the “felt” position each time the finger is seen). Thus, participants developed
strong after-effects on the trained target but also a global generalization to untrained targets,
characterized by a zero slope linear function. The same magnitude of after-effects occurred
under the untrained targets conditions, ranging from -25° to +25° compared to the trained
target (0°).

In a subsequent study, Bedford (1993) showed that when the same spatial mapping task was
presented as a cognitive learning task, spatial generalization to untrained pairs showed a
traditional associative generalization gradient: the more the distance between trained target
and tested target was large, the less generalization was observed. These studies suggested
that different processes (perceptual versus cognitive) were associated with distinct

generalization functions.

In the same vein, Redding & Wallace, (2006; Figure 13) showed that recalibration and
realignment were related to distinct generalization functions. Therefore, they proposed distinct
measures for both processes. Recalibration after-effects were assessed through open loop
pointing movements on the same apparatus than during exposure but with a null shift deviation
(participants were not informed that deviation was removed). Realignment after-effects were
separately assessed after removal of the perturbation as follow: visual shift, proprioceptive
shift, and total shift. Pointing was performed to a unique central target during prism exposure
while post-tests were performed to that target and two other new targets (left and right) for both
recalibration and realignment after-effects. The authors showed that recalibration after-effects
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measured on the exposed target were greater than realignment after-effects on the same
targets, suggesting a context-dependent part in the former that was related to the exposure
context. Crucially, recalibration after-effects showed associative generalization gradient, i.e.
after-effects decreased when measured on untrained targets. Conversely, realignment after-
effects showed a global generalization to untrained target, fitted by a zero slope linear function,
comparable to that of Bedford’s previous study. Therefore, some part of after-effects following
prism exposure have been transferred across unexposed locations, provided that the exposure
spatial maps (i.e visual-motor and proprioceptive motor) were also involved during exposure
(dimensional generalization). However, other components generalized only with respect to
similarity between conditions during exposure and post-tests (associative generalization;
Redding & Wallace, 2006). These context-dependent after-effects were related to a kind of
cognitive learning (Bedford, 1993, 1999) and highlighted the different processes involved
during PA (recalibration and realignment). Redding and Wallace (2006) suggested that distinct
adaptive processes during PA can be isolated and compared by manipulating the conditions
for spatial generalization of after-effects. However, assessment of after-effects on unexposed
targets (i.e. spatial generalization) still contains components that are specific to exposure

conditions as long as the same task is used.
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Figure 13 — Spatial generalization of after-effects. Left (adapted from Bedford et al., 1999): the magnitude of after-
effects is plotted as a function of the target position. Only one target has been trained under the perturbation (red). Right
(adapted from Redding & Wallace, 2006): Recalibration after-effects are assessed with null-deviation googles whereas
realignment after-effects are tested upon explicit removal of the prisms. The central target only was trained during
exposure.

b. Inter-limb transfer
Inter-limb (or inter-manual) transfer of after-effects has been studied for several decades. This
type of transfer tests the magnitude of after-effects with the limb that has not been used during
exposure. In a pioneering study, Harris (1963) reported a significant but slight transfer to the
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arm that was not used during exposure (20% of after-effects found on the exposed arm). Since
this first study, a large body of literature highlighted the conditions favouring inter-manual

transfer.

Hamilton (1964) showed that inter-manual transfer occurred only when head and trunk were
unconstrained. However, several other studies reported inter-manual transfer while using a
chinrest maintaining head and trunk positions (Choe & Welch, 1974; Cohen, 1973; Cohen,
1967; Kalil & Freedman, 1966; Taub & Goldberg, 1973). The practice distribution (massed
versus distributed) is another factor that seemed to influence inter-manual transfer. Few
studies reported that distributed practice during exposure (bins of trials interspersed by quick
breaks) better favoured transfer than massed practice (continuous training with no break)
which resulted in no transfer (Cohen, 1973; Taub & Goldberg, 1973). However, Choe and
Welch (1974) reported inter-manual transfer even with massed practice during exposure.
These contrasting findings suggested that other factors probably influenced inter-limb transfer.

Crucially, only the visual shift seems to be transferred to the unexposed hand (Templeton et
al., 1974; Wilkinson, 1971), while the proprioceptive shift would be local. We previously
reported that terminal exposure favoured the change is visual shift compared to proprioceptive
shift (Redding and Wallace, 2001). Yet, the feedback condition during exposure have also
been reported as a determining factor in the generation of inter-manual transfer: Cohen (1967)
showed that inter-manual transfer occurred after terminal exposure but not after concurrent
exposure. However, other studies reported no transfer in terminal exposure (Walsh &
Freedman, 1966) and substantial transfer following concurrent exposure (Choe & Welch,
1974). Altogether, studies about inter-manual transfer reveal substantial inconsistencies
probably related to differences in experimental procedures. Such studies did not cover all

conditions usually requested for inter-manual transfer.

More recently, Renault et al. (2020) investigated whether specific features of movements can
influence the inter-manual transfer of prism acquired after-effects. The authors reported no
inter-manual transfer at the group level, and a large heterogeneity across participants. More
precisely, 4 participants showed no transfer while 9 showed a significant transfer (leftward
after-effects on the non-dominant arm). Interestingly, 7 other participants reported a rightward
after-effects on the non-dominant arm) which were assigned to a transfer in intrinsic
coordinates (shoulder adduction) consistent with recent descriptions of an intrinsic coordinate
system in other learning paradigms (Criscimagna-Hemminger et al., 2003; Galea et al., 2007;
Wiestler et al., 2014). Additional analyses of kinematic variables revealed that peak
acceleration and peak velocity during exposure, together with variability in initial direction

during late exposure were correlated to inter-manual transfer. This may eventually reveal how
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transformations have been encoded, either in extrinsic coordinates or in intrinsic coordinates
and seemed to be dependent on individuals’ characteristics. This study highlighted a strong
inter-individual variability that could account for the contrasting results reported in former
studies.

Substantial inter-limb transfer (mostly from the dominant to the non-dominant arm) should
exist, suggesting that adaptive alterations occurring with one arm are available for the other.
However, this kind of transfer might emerge from a cognitive component as a general rule
integrated by the nervous system and applicable to other effectors as suggested in other
paradigms (Malfait & Ostry, 2004; Wang & Sainburg, 2004). Inter-limb transfer relies on an
arbitrary high-level transformation which may reveal changes different from those reflected by
spatial generalization and transfer to other tasks (Fleury et al., 2019).

c. Inter-task transfer
Another body of literature investigated the transfer of after-effects to movements that differed
from those experienced during exposure. This type of transfer will be central in the present
thesis because it ensures the capture of exposure context-independent after-effects as the
testing task differs from the exposed task. Results from studies investigating inter-task transfer
in healthy participants are combined in Table 1.

Although reaching is usual in PA procedures, Redding & Wallace, (1988) early probed the
possibility to adapt to a prismatic shift during walking. Studies exploring after-effects transfer
in PA subsequently used locomotion tasks. Alexander et al., (2011) reported a significant and
reciprocal transfer between a stepping task requiring precision and an obstacle avoidance
task. However, the transfer pattern was unilaterally symmetric: the left but not the right lower
limb indicated after-effects transfer between the two locomotor tasks (Alexander et al., 2011).
These findings were supplemented by a subsequent study which showed a contribution of the
stepping sequence (i.e. the order in which steps were taken) during the adapted task on
transfer pattern: only the leg that took the second step on the stepping sequence showed
transfer to the unexposed task (Alexander et al., 2013). Interestingly, only transfer patterns
differed regardless the type of task practiced under exposure. This indicates that transfer
provided complementary information beyond the after-effects.

Other studies explored the cross-transfer between walking and reaching. Morton & Bastian,
(2004) found asymmetric transfer from walking to reaching but not from reaching to walking.
They suggested that PA during whole body movements provoked the recalibration of higher
order brain regions between legs: both legs showed comparable after-effects on the exposed
task, that are not dependent to a specific body part. Conversely, PA during isolated movements
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Sensorimotor after-effects transfer between two motor tasks

Authors Task A Task B Outcomes
Inter-task transfer involving a walking task
Morton & Bastian, 2004 Pointing Walking Transfer from walking to pointing but not from pointing to walking
Savin & Morton, 2008 Arm pointing Leg pointing Transfer from arm to leg but less from leg to arm, either during seated or standing
postures
Michel et al., 2008 Pointing Goal-oriented walking Reciprocal transfer between the two tasks.

Alexander et al., 2011

Alexander et al., 2013

Bakkum et al., 2020

Precision stepping task

Precision stepping task

Pointing

task
Obstacle avoidance
walking task

Obstacle avoidance
walking task

Precision stepping task

Reciprocal transfer between the two tasks for the left foot but no transfer for the right
foot.

Reciprocal but unilateral transfer between the two tasks (i.e. only one leg transferred),
explained by a contribution of the stepping sequence. Only the leg that took the second
step during the exposed stepping sequence showed transfer to the unexposed task.
Reciprocal transfer between the two tasks. Additional balance challenging manipulation
during exposure resulted in greater transfer between the two tasks.

Inter-task transfer between similar movements with changes in velocity or postures

Freedman et al., 1965

Kitazawa et al., 1997

Baraduc et al., 2002

Redding & Wallace, 2006

Sagittal pointing movements

Fast pointing movements

Pointing

Pointing

Transverse pointing
movements

Slow pointing
movements

Pointing starting from
different position
Pointing starting from
different position

Reciprocal transfer between sagittal and transverse pointing movements.

Transfer from Fast movements to other velocities and from Slow movement to other
velocities. The magnitude of transfer decreased when differences between velocities
increased, especially for transfer from Slow movements.

Transfer to other starting positions with a gradient of decrease for the furthest starting
positions as compared to the exposed one.

Linear transfer pattern between the different starting positions conditions.

Inter-task transfer between throwing movements

Martin et al., 1996

Overhand throwing

Fernandez-Ruiz et al., 2000 Throwing

Underhand throwing

Throwing with weighed
limb

After-effects specific to the type of throwing performed during exposure.

After-effects specific to the weight condition experienced during exposure — poor to null
transfer to non-weight throwing.

Table 1 — Summary of outcomes from studies investigating after-effects transfer between two tasks in healthy subjects.
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using one particular limb (i.e. pointing) was probably ensued by effector-specific mechanisms,
i.e. the after-effects were specific to the limb used during exposure (Morton & Bastian, 2004).

However, the opposite pattern was found in a subsequent study, i.e. a clear and consistent
generalization from arm to leg but much less from leg to arm during either seated or standing
conditions, suggesting that neither the adaptation of leg movements specifically, nor standing
posture, nor the bilateral component of walking could be the salient feature allowing for a broad
transfer across body parts (Savin & Morton, 2008; Figure 14). Notably, this study could have
been considered as inter-limb transfer between the leg and the arm.

standing test position

vision blocked
target

vision blocked

target

Figure 14 — lllustration of an inter-task transfer set-up. From Savin & Morton, 2008. After-effects transfer was
assessed from arm pointing to leg pointing and vice versa. For the arm pointing task, participants were required to
reach the target with their index. For the leg pointing task, participants had to touch the target on the ground with
their foot. The authors also tested the same tasks with participants sitting instead of standing.

Michel et al., (2008) tested the cross-transfer of after-effects between a manual pointing task
and a goal-oriented locomotor task, following adaptation to either leftward or rightward
prismatic shift. The locomotor task consisted in a blindfolded straightforward locomotor
displacement to a target in front of the subjects. The authors reported a substantial transfer of
after-effects from manual adaptation to the locomotor task and vice versa. In addition, results
revealed larger after-effects for rightward locomotor (following adaptation to a leftward
deviation) than for leftward locomotor after-effects (following adaptation to a rightward
deviation). They associated these findings with the following hypothesis: locomotor task might
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enable the assessment of representational after-effects, i.e. relying on expansion of after-
effects to higher-level functions of spatial cognition.

Finally, Bakkum et al., (2020) explored the cross-transfer between a precision walking task
and a pointing task. The authors also tested additional effect of challenging participants’
balance during exposure by means of inflatable rubber attached to the soles of their shoes.
Both the reaching and walking balance-challenged groups showed greater transfer to the
equivalent unexposed task compared to balance-unchallenged groups, although
generalization was found in all groups (Bakkum et al., 2020). The authors suggested that
challenging participants’ balance during PA increased the relevance (i.e. the importance) of
the updated internal model in the CNS, thus leading to increased transfer of after-effects to
another task.

Altogether, studies investigating after-effects between two walking tasks or between walking
and pointing revealed that prism adaptation led to the transfer of after-effects to other tasks
that differed from the initial exposure task. In addition, such transfer might be unidirectional
(i.e. arising from one task to the second but non vice versa) and should depend on the task
features during exposure. However, once triggered, walking does not exactly remain a
voluntary movement per se but rather a rhythmic movement that is controlled by specific
central nervous system regions. Therefore, testing transfer between walking and reaching

might implied different processes compared to classical reaching PA procedures.

Another body of work investigated the transfer of after-effects from a task performed during
exposure to the same task with, however, modulation of motor programming (i.e. amplitude,
direction, velocity, etc). Freedman (1965) reported that adaptation during sagittal movements
was almost completely transferred to transverse movements (85%). After-effects following
exposure while performing transverse movements were also transferred with a lesser extent
to sagittal movements (62%). Following this study, several features have been investigated:
notably velocity, constraints on the limb, and starting position. Kitazawa et al., (1997)
investigated the extent of transfer from a different pointing velocity. Four experimental pointing
conditions were associated with varying movement durations, i.e. varying pointing velocities:
Fast (<300ms), Semi-Fast (800ms), Semi-Slow (2000ms) and Slow (5000ms). During
exposure, participants performed either Slow or Fast pointing movements. Following exposure,
participants were tested for after-effects under the four conditions. Results showed that
transfer was stronger when the pointing velocity during post-tests was close to that during
exposure. For example, when Fast pointing movements were performed during exposure,
participants showed greater after-effects on the Fast condition during post-tests. The transfer
of after-effects was substantial in the semi-Fast condition (71% of the initial magnitude of after-
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effects) but also in the semi-slow and slow condition (63% and 54% respectively) although the
magnitude was lesser in these two conditions (Figure 15). The decrease of transfer effect was
more pronounced in participants who performed Slow pointing movements during exposure.
Indeed, the percentage of transfer was around 73% for semi-slow movements, 68% for semi-
fast movements and 26% for fast movements. Yet, this study highlighted the possibility to
transfer pointing after-effects acquired during exposure from one velocity condition to others,
with a decrease of transfer linked to an increase of differences between exposure and post-
tests pointing velocities. These results were comparable to older data reporting weak transfer
from fast ballistic to slow pointing movements, with, however, larger transfer from slow to fast

movements (Baily, 1972).
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Figure 15 — After-effects transfer to pointing movements with different velocity. The magnitude of after-effects
is represented as a function of the velocity condition. Participants trained only Fast movements during exposure
and were tested for transfer on the other velocity conditions. Adapted from Kitazawa et al., 1997.

Beyond the kinematic task parameters, some studies also investigated the magnitude of after-
effects transfer to tasks that were similar to exposure task but with varying starting position.
Baraduc et al. (2002) investigated whether differences in initial posture could modify the extent
of after-effects following adaptation to a lateral visuomotor-shift. Participants performed
pointing during exposure to one central starting position. Graded transfer to other starting
positions was reported during post-tests. Although transfer was observable in all tested starting
positions, the pointing errors after exposure revealed a decrease of adaptation with increasing
dissimilarities between exposed starting positions and others. Noticeably, although the
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visuomotor shift was comparable to that induced by prisms, it was induced by a manipulation
of terminal visual feedback in the absence of prisms. Similarly, Redding and Wallace (2006)
trained participants to perform pointing movements under prismatic deviation and tested for
after-effects when pointing in the same direction but under a different starting position, i.e.
moved straight by a few centimetres. Pointing amplitudes then changed from 50 cm to 13 cm.
The authors also tested the reverse combination (13 cm pointing movements during exposure
vs 50 cm pointing movements during post-tests) and reported a substantial transfer of after-
effects in both conditions to the untrained movement amplitude. As for spatial generalization,
the authors provided measures for recalibration and realignment. The first remained greater
when tested on the exposed movement amplitude while the second, controlled by the visual
system (larger part of visual shift compared to proprioceptive shift, related to a terminal
exposure) was unrelated to the similarity between exposure and post-tests amplitudes. This
linear transfer pattern contrasted with Baraduc et al.’s findings, probing that the procedure

used in the latter probably engaged mostly the recalibration process.

The above-mentioned studies involved a pointing task with various movement features. Few
studies using throwing under prism adaptation, specifically tested inter-task transfer. Martin et
al. (1996a) reported that after-effects were partially specific to postural configuration of
throwing during prism exposure (Figure 16). Participants performed overhand throwing under
a prismatic deviation. More than half of the participants did not show any transfer of after-
effects on underhand throwing, although they showed substantial after-effects on overhand
throwing. Overhand throwing after-effects were assessed after underhand throwing after-
effects and visual feedback were available during post-tests. Other participants (n=2) showed
partial transfer to underhand throwing and the two last participants demonstrated full transfer.
Although some participants showed substantial transfer, the authors argued that adaptation
and after-effects were specific to the muscle synergies engaged during prism exposure.

Figure 16 — After-effects transfer between two types of
throws. From Martin et al., 1996a. lllustration ot
performances for one representative subjects that showed
no transfer of after-effects from Overhand throwing (OH) to
Underhand throwing (UH). Note that the participant showed
after-effects on the trained OH throwing task whereas
transfer was null.
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After-effects transfer during throwing PA was also investigated by Fernandez-Ruiz et al.,
(2000). The participants were exposed to the prismatic deviation during throwing movements
while wearing a 750- or 1500-grams bracelets. They were tested for after-effects under the
same weighting condition and for transfer with no added weight. When tested first on the non-
weighted condition, the participants showed substantial but reduced transferred after-effects
compared to control — who experienced PA in a non-weighted condition. In addition, when
weighted in the same way again the participants showed late and stable after-effects. When
participants were tested on the weighted condition first (following a weighted exposure), they
showed strong after-effects on this condition but no substantial transfer to the non-weighted
condition. The authors concluded that information related to load condition were integrated
during PA and that after-effects learnt under a particular weight condition should be fully
retrieved when this particular condition was restored. Together with Martin et al.’s findings,
these results suggest that throwing exposure leads to normal after-effects, whereas remaining
mostly specific to the exposure conditions.

Finally, a small body of work can be found about the transfer of sensorimotor after-effects from
pointing (classical PA procedure used in rehabilitation) to other task or function. In neglect
patients, after-effects gained during PA have been transferred to unusual daily life tasks such
as wheelchair driving (Jacquin-Courtois et al., 2008; Watanabe et al. 2010). Tilikete et al.
(2001) also reported an improvement of postural imbalance following PA in left-hemiparetic
patients, suggesting that adaptation generalized to the postural system. Similar outcomes were
also reported in healthy subjects (Michel et al., 2003). Bultitude et al., (2012) showed that
adaptation to upward-shifting prisms resulted in downward after-effects and in a consequent
transfer to Parkinson’s Disease related gait disorders. Following pointing PA, patients showed
significant improvement on gait initiation, suggesting that arm proprioception adaptation in the
vertical plane may generalized to anterior-posterior postural control. These studies probe the
possibility to transfer sensorimotor after-effects from one task to another and its potential
benefits in rehabilitation. Therefore, understanding such transfer is a crucially relevant
challenge.

Patients’ studies investigating sensorimotor after-effects transfer echo a large literature
concerning the beneficial effects of PA in neglect patients. In a first prism rehabilitation study
involving neglect patients, Rossetti et al. (1998) demonstrated a spectacular reduction of the
rightward bias observed in visuo-manual tasks such as line cancellation, line bisection and
drawing from memory following a short active exposure to a 10° rightward prismatic
displacement. This pioneering work showed that neglect patients adapted to prisms in the
same direction than healthy controls, and that the shift of the proprioceptive reference frame
toward the neglect side elicited considerable improvements of neglect related disorders in
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visuospatial functions. This study paved the way for subsequent numerous studies
investigating the puzzling effects of spatial cognition, and revealing transfer of low-level
sensorimotor after-effects to high-level cognitive functions and also other sensory modalities
such as auditory sense (see Jacquin-Courtois et al., 2013 and Mclintosh, 2019 for a review).
This type of transfer has been named expansion (Jacquin-Courtois et al. 2013), and has also
been reported in healthy individuals (for reviews, see Michel, 2006, 2015). Although expansion
revealed the interesting potential of PA in rehabilitation and emphasizes the interest to study
after-effects transfer using this paradigm, this type of transfer goes beyond the scope of this
thesis as we focused on purely sensorimotor after-effects.

3. Neural substrates of transfer

An open question relates to the neural substrates underlying after-effects transfer. Neural
correlates of adaptive processes at work during PA have been thoroughly investigated but this
is not the case for transfer/generalization of after-effects. A body of work is available about the
neural correlates underlying the expansion of after-effects (for a review, see Panico et al.,
2020). However, to our knowledge, data about neural substrates of spatial generalization and
inter-task transfer of sensorimotor after-effects are almost inexistent in the PA literature. In a
unique study previously mentioned, Morton & Bastian, (2004) suggested the involvement of
the cerebellum in transfer of PA to a walking task as patients with cerebellar damage showed
poor transfer. Investigating neural correlates of after-effects transfer raises up several
challenges. A substantial question relates to the temporality of transfer mechanisms. A first
hypothesis is that processes at work during exposure thus conditioning the feature of after-
effects would also determine whether these would be transferable to other conditions or not.
Although this needs to be experimentally tested, it is likely that transfer of after-effects would
be intrinsically related to initial after-effects (i.e. on the task performed during exposure) and
thus would involve the cerebellum. Another possibility is that transfer mechanisms would
partially operate, during after-effects. Transfer to another task would be thus conditioned by a
kind of retention of initial after-effects and potentially controlled by the primary motor cortex.
One of the hypotheses is that realignment would probably be related to transfer properties. It
is likely that if after-effects as usually measured are absent, transfer to another task would also
be null. Therefore, the cerebellum appears as the major candidate for controlling transfer of
after-effects. Inter-task transfer assessment adds constraints to classical PA procedures and
increase the difficulty to combine them with neuro-imaging studies such as fMRI.
Consequently, non-invasive brain stimulations with tDCS appear more relevant to explore

brain regions involved in after-effects transfer.
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Synthesis

In the sensorimotor adaptation literature, it is crucial to clearly define transfer and
generalization. The present work will focus on transfer and generalization of after-effects
during PA, i.e. the way in which after-effects extend beyond the task features experienced
during exposure. In that sense, PA is a useful scientific design to study transfer. In turn, transfer
can provide substantial information about the processes at work in PA (i.e. recalibration and
realignment). Beyond the classical measure of after-effects, transfer might provide a stronger
probe of realignment, in particular inter-task transfer. In addition, understanding the transfer
processes between tasks represents a crucial interest in the field of rehabilitation. Most studies
investigating inter-task transfer involved walking. However, the processes of after-effects
transfer between two distinct reaching tasks remain unclear. Moreover, although neural
substrates of PA and underlying processes have been thoroughly investigated, this is not the
case for specific transfer mechanisms. tDCS provides relevant conditions to explore brain
regions involved in PA due to its very weak intrusiveness and its compatibility with PA
procedures. Given its role in realignment and after-effects, it is likely that the cerebellum
participates in the after-effects transfer to other tasks.
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E.SYNTHESIS AND OBJECTIVES

This review of the literature described the main principles underlying the control of
voluntary movement. The integration on sensory information is crucial to elaborate motor
commands and to control their execution and their consequences on the environment.
Sensorimotor integration can be referred to the theory of internal models. Such models are

fundamental to perform accurate movements.

The existing literature depicts several sensorimotor plasticity processes that lead to motor
transformations when individuals face changing demands, i.e. adaptation and learning. We
pointed out that some confusion might exist between these processes, which are themselves
composed of sub-processes.

When focusing on adaptation, a key factor is after-effects. The comparison between the main
adaptation paradigms reveals that different sub-processes might work under laboratory
induced perturbations. Generalization/Transfer properties are essential in understanding the
processes at work when facing perturbation.

We then focused the theoretical background on the paradigm of PA. The most prominent
classification suggests two major adaptive processes at work: recalibration and realignment.
The first quickly reduces errors during exposure to the prismatic deviation while the second
leads to after-effects. However, the original contribution of both processes remains difficult to
disentangle. A body of neuro-imaging, lesions and neuro-stimulation studies helped to identify
the major CNS structures involved: the cerebellum and posterior parietal areas.

Sensorimotor adaptation, and particularly PA, presents major advantages in the field of
neurorehabilitation through beneficial after-effects, e.g. in neglect patients. However, it is not
clearly understood to which extent after-effects can be transferred to situations that are
different from the initial context in which they occurred. PA is a useful paradigm to study
adaptive processes through transfer, which, in turn, might help to disentangle between
processes. Indeed, transfer properties related to after-effects following PA may provide crucial

information regarding the nature of the processes involved.

This THEORETICAL BACKGROUND clearly defined transfer and generalization. We particularly
discussed transfer of after-effects in the PA literature and emphasized a lack of knowledge
concerning inter-task transfer. Although after-effects transfer between two distinct tasks might
provide crucial clues regarding the process at work to face the perturbation, the conditions
leading to transfer remain poorly understood. Moreover, their neural substrates have never
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been investigated. Neuro-stimulation methods are particularly interesting to explore neural
correlates of after-effects transfer.

In view of this background, this thesis aims at studying inter-task transfer of after-
effects due to PA and to investigate transfer properties as a feature that might allow to
isolate the contribution of a true adaptation. Thus, we aim to question the knowledge
related to sensorimotor plasticity processes at work during PA through inter-task
transfer properties. Moreover, the purpose is to highlight the required conditions giving
raise to after-effects transfer and to explore the potential role of the cerebellum in these

mechanisms.

The experimental contributions of the thesis will be divided into three axes.

Axis 1 (sTupy 1) explores the cross-transfer of after-effects between throwing and pointing
task. We aimed to determine whether the nature of the task performed during exposure
influenced the abilities to transfer after-effects to another task that has not been experienced
during exposure. This study notably underlined that throwing, if not intensively trained,
provides data that are more variable than pointing. Results provided useful criteria for
designing the subsequent studies.

AXIs 2 (SsTuDY 2) investigates the mechanisms of PA through motor imagery. The aim of
the study was to test whether motor imagery of pointing movements under prism exposure led
to transferable after-effects to a throwing task that has not been performed under exposure.
We also tested whether motor imagery capacities influenced after-effects transfer. This axis
questions the importance of motor execution and the role of feedbacks in a transferable

adaptation.

Finally, the purpose of AXiS 3 (STUDIES 3 AND 4) is to explore the neural substrates
underlying after-effects transfer. More specifically, we tested whether cerebellar transcranial
direct current stimulation during PA influenced inter-task after-effects transfer. STuby 3 tested
whether a cathodal stimulation decreased the transfer of after-effects from pointing to throwing.
STUDY 4 investigated whether anodal cerebellar stimulation favoured the transfer of after-effect
from throwing to pointing.

The EXPERIMENTAL CONTRIBUTIONS part will present the 4 experimental studies across the 3
above mentioned axis, in the form of journal articles. Prior to this, the METHODOLOGICAL
BACKGROUND will describe the methods we used in the various designs we explored.
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Chapter 2
Methodological background
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OVERVIEW OF THE CHAPTER

The THEORETICAL BACKGROUND aimed at providing relevant information to grasp the
purposes of the upcoming experimental contributions. The objective of this METHODOLOGICAL
BACKGROUND is to briefly describe the various methods used in our experiments and to justify
their choices with regard to the scientific literature and the purposes of the thesis. Four sections
will constitute this METHODOLOGICAL BACKGROUND. The section A deals with Prism
Adaptation (PA) procedures and broadly presents the protocol used to assess inter-task
transfer of after-effects throughout all experiments of the thesis (i.e. STUDIES 1, 2, 3 AND 4). The
section B presents the main interests and methods of kinematics analysis of pointing
movements that are used in STUDIES 1, 3 AND 4. The section C depicts the methodological
aspects of motor imagery (MI), a mental process involved in STUDY 2, in particular the different
types of Ml and the assessment of MI quality and ability. Finally, the section D describes
transcranial Direct Current Stimulation methods (tDCS; technique used in STUDIES 3 AND 4)
with an emphasize on tDCS targeting the cerebellum.
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A. PRISM ADAPTATION (STUDIES 1, 2, 3, AND 4)

Prism Adaptation (PA) is the paradigm used to study sensorimotor plasticity processes in
all studies that constitute the present thesis. The CHAPTER 1 (section C) provided a description
of the classical procedures used in PA studies and detailed the adaptive processes at work.
The present section aims at describing some methodological aspects of PA. The first
subsection will present a brief history of the use of prismatic lenses in psychological and
neurosciences research. Then, we will rapidly describe the optical properties of wedge prisms.
Finally, we will present the main procedures used in the experimental contributions to assess

inter-task transfer of after-effects.

1. A brief history of prism lenses

For over a century and a half, scientists have been using optical devices to displace, reverse
or invert the retinal image. Using these methods to alter the visual field provided the most
classical mean to investigate sensorimotor plasticity processes. Stratton is usually
acknowledged to be the first researcher who experimentally used lenses inverting and
reversing the image (Stratton, 1897). When subjects initially wear the reversing lenses, they
could not even stand on their feet because of the perturbation. Although these modifications
of the visual field were considerable, adaptive or compensatory processes even took place
within a few minutes and baseline coordination was retrieved following several consecutive
days of continual exposure (Stratton, 1897). However, Stratton’s procedures implied many
inherent difficulties: the perturbation was huge and required a long period of exposure for the
subject to adapt (Kornheiser, 1976). Therefore, only a few laboratory worldwide carried on the
exploration of this radical alteration of the visual field through several weeks exposure
protocols (e.g. Sekiyama et al., 2000; Sekiyama et al., 2012). A more convenient and simpler
procedure relies on the use of prisms that displace an image in one direction. PA was first
described by von Helmholtz at the end of the nineteenth century (1867). His first investigations
were followed by numerous classical studies (e.g. von Helmholtz, 1962; Kéhlerl, 1951; Held &
Freedman, 1963; Harris, 1965; Kornheiser, 1976; Figure 17) and pursued by an increasing
number of research from the 70’s to the 90’s (e.g. Redding & Wallace, 1985; Redding &
Wallace, 1988, 1993) until the clinical use of PA procedures, which we have mentioned
previously (Rossetti et al., 1998). Although it has a long-standing history, PA has remained
highly used in recent years studies and represents a simply method to study sensorimotor
plasticity that was completed by more recent techniques such as motion capture analysis,

functional brain imaging or neuromodulation techniques.
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Figure 17 — Classical sets-up of PA procedure. Left: device used by Held & Gottlieb (1958) allowing to measure
after-effects with a mirror preventing vision of the hand. Right: PA procedure in monkeys by Bossom & Hamilton
(1963). The device allows terminal exposure conditions: the vision of the moving limb is possible only at the end ot
the movement.

2. How do prisms deviate the visual field?

In optical sciences, the term “prism” designates a wedge-shaped component with a larger edge
(the base) and a thinner one (the apex). A ray of light passing through a prism is deviated
toward the base of the prism (Figure 18). By contrast, when subjects look through the prism,
the image is displaced toward the apex because the image appears to originate from the
direction of the deviated light ray. Displacement of the visual field through prisms is possible
thanks to the optical phenomenon of refraction, i.e. the bending of the light passing from one
medium to another (e.g. from the air to the prism). The orientation of the prismatic effect relative
to the line of sight of the subject depends on the direction of the prism base.

prmetc it pramec st through prism lens. Lefr the
prism lens deviates the visual
field (here by ten degrees
rightward). The subject sees a
“virtual’ image of the target that is
displaced on the right. Right:
illustration of what is seen through
the prismatic lens. The shift is
homogeneous and deformations
are minor: the subject does not
immediately perceive the
displacement.

What is seen
through the
lens

real line
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In most of PA studies, prismatic lenses are fitted in spectacles that prevent unshifted lateral
vision thanks to lateral blinders such as glacier goggles (e.g. Rossetti et al., 1998). The
amplitude of the deviation depends on the thickness of the base: the more the base is thick,
the more the deviation is important. The most classical deviation used is 10 degrees rightward
(Jacquin-Courtois et al., 2013), which corresponds to a deviation of a sufficient magnitude to
produce visuomotor errors, but which remains in the range of physiological errors (Fleury et
al., 2019; Rossetti & Rode, 2016). Therefore, studies included in the present thesis involved
prisms goggles with a 10 degrees rightward deviation (Optique Peter.com, Lyon, France;
Figure 19) that are also commonly used in the rehabilitation field.

B
w ) W

Figure 19 — Prismatic goggles. Adjustable glacier goggles preventing lateral vision of the unshifted environment
(OptiquePeter.com, Lyon, France).

3. From classical procedures to assessment of inter-task transfer of after-

effects

a. Starting from a classical PA procedure
The classical PA procedures entail three distinct phases (Petitet et al., 2017; Prablanc et al.,
2019; Redding et al., 2005): pre-tests (measure of baseline performances), exposure (period
during which participants are actively exposed to the prismatic deviation), and post-tests (to
assess the presence of after-effects). Pointing is the classical visuomotor task used during PA
procedure although other tasks as been used (e.g. throwing, Martin et al., 1996a, 1996Db).

The PA literature (see Redding & Wallace, 2005; Petitet et al., 2017; Prablanc et al., 2019 for
reviews) enables to highlight essential conditions relative to the assessment of after-effects
during post-tests (see THEORETICAL BACKGROUND; section C). The procedures developed in
the present thesis will take into account the following requirements (Figure 20).

Pre-tests and Post-tests

- Pre-tests and post-tests must be strictly similar to enable comparisons. Pre-tests allow
to provide a baseline measure of pointing performances to get a reference that will be
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compared with post-tests performances to assess after-effects. Therefore, pre-tests
conditions will match conditions required during post-tests.

- Participants need to be deprived of visual feedback during post-tests to prevent de-
adaptation. Consequently, participants will be able to see the target between each trial
whereas they will not see their hand neither the target upon initiation of the pointing
movement and during its whole duration for each trial (open-loop pointing). In addition
a chinrest will be used to prevent vision of the hand at the starting position to prevent
any static recalibration. The chinrest will also enable to restrain the head position.

- Post-tests conditions are necessarily different from those during exposure. Therefore,
post-tests assessment may use a different target and must be performed in the
absence of any goggles. They are traditionally performed after explicitly removing the
glasses, but the use of sham glasses may be useful to measure cognitive
compensations (e.g. Redding & Wallace, 2006).

- To assess the presence and the robustness of sustainable after-effects, post-tests
should contain more than a few pointing trials (at least 10 trials).

Exposure

Conditions during exposure strongly influence the development of sustainable after-effects
(see Redding & Wallace, 2005; Petitet et al., 2017; Prablanc et al., 2019 for reviews and
CHAPTER 1 for discussion of the literature). In the present thesis, ecological exposure
conditions will be set-up in STUDIES 1, 3AND 4'.

- Participants will wear prismatic googles that deviate the visual field by 10 degrees
toward the right (OptiquePeter.com, Lyon, France).

- Visual feedback will be available during exposure (closed-loop pointing), in order to
keep both dynamical and terminal errors (i.e. concurrent exposure). However, vision of
the hand at the starting position will be prevented to avoid any static recalibration. For
this purpose, the head of the participant will be constrained using a chinrest that will
block vision of the hand starting position.

- The number of pointing trials needs to be sufficient to allow the development of
realignment process, i.e. at least 50 trials.

- Pointing movements must be rapid enough to limit online corrections and to favour
adaptation. Participants will be required to point the target as fast and accurate as
possible.

1 STUDY 2 involves PA by motor imagery. Consequently, exposure conditions will differ compared to
STUDIES 1, 3 AND 4. Changes in STUDY 2 are presented in the following subsection A.3.c and are detailed
in subsection C.3 of the present METHODOLOGICAL BACKGROUND.
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- Participants will aim at a unique central target during exposure (namely the “exposed
target”). During pre-tests and post-tests, performances will be assessed on the same
central target but also on a right target that is not used during exposure (“unexposed”

target).

ROO (Med RO
PRE-TESTS EXPOSURE POST-TESTS

Baseline After-effects
x20 x60 x20

Figure 20 — Basic PA procedure. Pre-tests and post-tests consist in 20 pointing trials in open-loop conditions (no
visual feedback during each pointing movement) and alternatively directed to a central target and a right target.
Exposure requires 60 pointing trials under the prismatic perturbation in closed loop condition (i.e. vision of the
movement allowed). Movements during exposure are directed to the central target and are performed as fast ana
accurate as possible.

b. Assessment of inter-task transfer of after-effects
Measuring after-effects transfer should necessarily be conducted during post-tests. The
assessment of after-effects on a second task will be added during post-tests (and consequently
also during pre-tests) under conditions matching those of the pointing task (i.e. goal-directed
task, open-loop condition, two targets). However, a unique task will be performed during
exposure, as in a classical PA procedure. The task performed during exposure will be referred
to as the “exposed” task while the task used to assess transfer of after-effects will be the

“‘unexposed” task (Figure 21).

OO el WMOO
PRE-TESTS EXPOSURE POST-TESTS

TASK A TASK A

x20 x20
TASK A

x60

R  Jp——4

Figure 21 — PA procedure for testing inter-task transfer of after-effects. Assessment of performances on a
second task (task B; “unexposed” task) are added during pre-tests and post-tests, under similar conditions as the
task A (i.e. open loop conditions and two targets). Only one task (A) is performed during exposure.
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c. Why choosing throwing to assess inter-task transfer?
Pointing is the conventional task used in PA literature and leads to sustainable and transferable
after-effects. Throwing has also been used in some studies that showed more specific
sensorimotor after-effects (e.g. Martin et al., 1996). Pointing and throwing share common
features: both are goal-directed tasks performed with the upper limb and involve visual-motor
and proprioceptive-motor reference frames. In addition, visual feedback availability can also
be manipulated during a throwing task. By contrast, pointing and throwing present some
different characteristics. While pointing is an over-practiced and mastered task, throwing is
highly variable unless it is specifically trained: in most individuals, throwing is not fully acquired
while pointing is. In daily life, pointing is close from reaching and grasping movements which
are developed very early in humans. Conversely, throwing represents a precise ability that
requires specific training. Throwing is a ballistic movement: the releasing of the projectile
occurs close from a velocity peak. The duration of the movement makes the use of online
sensory feedback more difficult, which could explain the inherent greater variability. Another
difference between the two tasks is that pointing is usually performed in the peri-personal
space whereas throwing is aimed at reaching in a farther space.

Given these similarities and differences, the current thesis will investigate the cross-transfer
between pointing and throwing (Figure 22). As throwing is not over-practiced, we included a
familiarization phase before pre-tests in both tasks. Across the different studies, two main
conditions will be set-up depending on the task performed during exposure. In the pointing
condition, participants will perform the pointing task during exposure, while after-effects will be
assessed on the pointing task and transfer of after-effects tested on the throwing task (STUDIES
1, 2 AND 3). In the throwing condition, participants will perform the throwing task during
exposure, while after-effects will be assessed on the throwing task and pointing (STUDIES 1
AND 4).

° ° Figure 22 — lllustrations of
the tasks. Left: throwing task.
Participants  throw  small
projectiles in the direction of a
target situated on a vertical
board in front of them
(distance: 2 meters). Right;
pointing  task. Participants
make pointing movements to
reach a target on an horizontal
board in front on them
(distance: 57.5 cm from the
eyes). For both tasks,
participants do not see their
hand in the starting position.
They are required to aim
either the black or the red
target depending on the phase
of the experiment.
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d. Order of the tasks
Assessing after-effects transfer requires additional testing during pre-tests and post-tests, and
consequently adds methodological constraints. A crucial aspect is that during post-tests,
participants must not have access to vision and must not move except for performing the tasks.
Consequently, the procedures should allow to perform the two tasks without any additional
active displacement or movement and with no vision of the environment except before each

throwing or pointing trial.

To ensure these requirements, participants in STUDIES 1, 3 AND 4 will be sitting in a movable
chair to be passively moved from the throwing task set-up to the pointing task set-up. Thus,
the order of the tasks is determined as following to minimize the number of displacements
between the two set-ups (Figure 23).

FAMILIARIZATION PRE-TESTS EXPOSURE POST-TESTS
R I------_| 1 After-effects l-;a-nsf-er-I
06 1 1 1 1 1 1
of! & | e~ iied| G 7 7 |1
x30 :I_____)(S_O‘I :___x_20_| x20 x60 x20 :___x_20_|

®0 06 Sk Yo )00

FAMILIARIZATION PRE-TESTS EXPOSURE POST-TESTS
| i T 1 Atter-etiects] I Transter |
'z o |1 Pl 1|l e o o —|! !
oo v G e & & G
X l_____x?:_O‘ l___x_2(l| x20 x60 x20 |___x_20_|

Figure 23 - lllustration of the complete PA procedure for inter-task transfer. A familiarization phase was added to
the procedure and consists in 30 trials on each task. We determined two fixed order. The Order 1 refers to the “Pointing”
condition and the Order 2 refers to the “Throwing” condition, with reference to the task performed during exposure.

e. \Variations in Study 2

The above description of the protocol provides a brief overview of the procedures used in the
present thesis to assess inter-task transfer of after-effects. These global procedures will be
used in the four studies of the thesis. Notably, STuDy 2 will investigate transfer from pointing
to throwing only. In addition, pointing and throwing will be performed from the same position,
and no displacement will be needed between the task set-ups. Therefore, STUDY 2 also
investigates the order of the tasks during pre-tests and post-tests, i.e. the order of the tasks
will vary across the participants. Tasks set-ups and experimental conditions will be specified
in the methods section of each study.
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B. KINEMATICS OF POINTING MOVEMENTS (STUDIES 1, 3,
AND 4)

A vast majority of PA studies investigated the endpoint errors of reaching movements to
describe motor behaviour. Such classical measurements can be fruitfully complemented by
kinematics analysis, i.e. study of reaching trajectories. In the present thesis, STUDIES 1, 3 AND

4 analyse kinematics of pointing movements during PA.

1. Why being interesting in kinematics?

Kinematics refer to a subfield of physics that studies motion and trajectories of an object (or a
limb e.g. the arm) with no consideration of the forces that cause movement. Therefore,
kinematics refer to the description of position, velocity, and acceleration. Most studies in PA
literature investigated only changes in movements endpoints, ignoring informative trajectory
information (O’Shea et al., 2014). However, movement kinematics represent a considerable
source of information concerning the underlying neural processes that drive motor behaviour
(Jeannerod, 1984; 1989). During prism exposure, pointing performance may rapidly return to
baseline performance even though endpoint accuracy can be retrieved without restoring the
pre-exposure kinematics and trajectories (Redding & Wallace, 1996). Although after-effects
assessment provides a measure of realignment, the investigation of pointing kinematics might
also bring additional information as demonstrated by Jakobson & Goodale (1989) and O’shea
et al. (2014). Firstly, it is crucial to describe the normal kinematics of a reaching movement.

2. Kinematic description of a reaching movement

Pointing to a target is a goal-directed reaching movement, also named aiming movement. In a
seminal work, Woodworth (1899) proposed a model for describing goal-directed reaching
movements. From this model, several other contributions enriched the model (see Jeannerod,
1989; Elliott, 2010 for a review). Two distinct phases compose a reaching movement. The
initial part of the trajectory is a ballistic planned (pre-programmed) component that allows to
lift and drive the limb to the target area. The terminal part of the movement is a corrective
portion that allows to reduce any discrepancy between the limb and the target by integrating
visual and proprioceptive feedback. This corrective portion is dependent on availability of

feedback but also on the movement duration. If the movement is too fast, time will not be
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sufficient to integrate sensory feedbacks properly. Therefore, slower movements are reported
to be more accurate because more time is available for feedback adjustment.’

Velocity and acceleration profiles of the limb allow to identify an acceleration phase
(corresponding to the initial ballistic component) and a deceleration phase (referring to the
corrective portion). Peak values of velocity, acceleration, and deceleration (i.e. negative
acceleration) correspond to the classical kinematic landmarks. Thus, several key time points
are identifiable during reaching trajectory (in addition to onset and endpoint times): time at
acceleration peak (TPA), time at velocity peak (TPV), and time at deceleration peak (TPD).
Time at velocity peak is the point between the acceleration and deceleration phase. At the end
of the deceleration phase, i.e. when the limb is very close to the target, a final sub-movement
is also identifiable which has the same profile of the global movement (i.e. an acceleration and
a deceleration phases) but with minor amplitudes. It corresponds to the final limb-target
regulation and cannot be expressed if the duration of movement is too short (Elliott et al., 2010;
Figure 24; Gaveau et al., 2014)

End of primary
submovement

\ /\ End of movement

| |
|

Acceleration
peak

) . N Deceleration
Start of trial Signal to move Movement initiation peak End of trial
Velocity
peak

-«
Preprogramming of movement

+—>

Programming of movement: magnitude and timing of muscular contractions
Formation of expected efference and expected sensory consequences
“«—>
Comparison of expected efference to produced efference and regulation

< »>

Comparison of expected and actual sensory consequences and regulation

< >

Pick-up of information about limb (visual and proprioceptive) and target (visual) positions

«—>
Limb-target regulation
A —

Processing of terminal feedback
Adjustment of strategy and internal sensory and efferent representation

Figure 24 — Movements and processing events during a goal-directed reaching movement. The figure depicts
the acceleration profile of the finger during a reaching movement directed to a small target. Multiple processing
events are illustrated during the different parts of the movement. Adapted from Elliott et al., 2010

! Delays for processing visual feedbacks are approximately 150-200ms while delays for proprioceptive
feedbacks are shorter; 100-150 ms (Cameron et al., 2014)
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3. Kinematics changes during PA and variables of interest

Procedures of kinematics analysis in the present thesis are largely inspired from O’shea et
al.’s work (2014). In this study, authors investigated kinematics of pointing movements during
prism exposure: trajectories were analysed in the X-Y plan, i.e. the small curvature observed
in the vertical axis was ignored. More precisely, they explored changes in the initial versus the
terminal part of the trajectory and hypothesized that they would respectively reflect the different
components of PA. To that purpose, trajectory orientations were computed for each point of
individual trajectory for each pointing movement during exposure. Trajectory orientations
referred to the instantaneous orientation of the tangential velocity vector at a given point of the
trajectory, expressed relatively to the axis between the starting position and the target.
Trajectory orientations for the initial phase of the pointing movements referred to the relative
orientation of the tangential velocity vector at time of acceleration peak while trajectory
orientation for the terminal phase corresponded to that at time of deceleration peak.

We will use the same methods to explore pointing trajectory orientation on-flight during prism
exposure but also during familiarization, pre-tests and post-tests for STUDIES 1, 3, AND 4. We
will analyse instantaneous trajectory orientation at times of acceleration and deceleration
peaks and also at time of velocity peak in order to provide a more complete investigation.
These measures will complement the analysis of the classical horizontal endpoint errors (i.e.
difference between the finger's endpoint and the aimed target) and enable to investigate
changes referring to feedforward control (initial part of the movement) versus feedback control
(terminal part of the movement). Additional kinematic variables will be described, for instance
movement durations, and values of times to acceleration, velocity and deceleration peaks. All
kinematic variables of interest investigated in STUDIES 1, 3 AND 4 are summarized and
illustrated in Figure 25 and 26.
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VELOCITY PEAK

End of movement
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Figure 25 — Position, velocity and acceleration profiles of the index during a pointing movement. Red line:
position in the horizontal X axis; Green line: position in the horizontal Y axis; Blue line: position in the vertical Z axis
(not investigated). Red dotted line: acceleration profile. Yellow dotted line: velocity profile. The figure is issued from

our in-house software written in MatLab and used to analyse pointing movements.
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Figure 26 — Analysis of pointing kinematics: trajectory orientations. Left: illustration of a pointing trajectory
with the velocity vector at acceleration, velocity, and deceleration peaks. Angles of the velocity vectors with the
horizontal line are represented. Right: Evolution of the velocity vector angle during the pointing trajectory (red line).
Red dotted line represents the acceleration profile. Blue dotted line represents the velocity profile.
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4. Motion capture

Motion capture techniques allow to record, classify, and analyse human motion. A common
technique is the use of reflective markers to triangulate the 3D position of the part of the body
on which markers are placed between several cameras that have been calibrated to provide
overlapping projections. In the present thesis, STUDIES 1, 3 AND 4 will involve an optoelectronic
motion capture system (9 cameras, Vicon Motions Systems Ltd, Oxford, 1984) to record
kinematic measures using this triangulation technique. Reflective markers will be positioned
on the index, the wrist, and the elbow of each subject. 9 cameras will surround the pointing
and throwing experimental set-up (Figure 27). Each of these cameras is equipped with infrared
light emitters and receptor. The reflective markers reflect the infrared light which is returned to
the camera. Each camera records a 2D position of the markers. Records obtained by each
camera are combined by the system to reconstruct the 3D position of markers for each sample
of the pointing movement. This is possible thanks to an accurate calibration of the cameras
preceding the data recording.

Then, trajectories are computed using in-house customized software written in Matlab.
Pointing movements are detected using the following thresholds: onset of movement is defined
as the point at which index velocity exceeds 80mm/s while offset of movement corresponds to
the time-point at which velocity dropped below this threshold. Movements are automatically
detected but all trials are cross-checked visually and adjusted manually if necessary. This data
processing allows to obtain endpoint lateral errors and kinematics variables of interest that
have previously been described. It is worth mentioning that we will only investigate pointing
kinematics. As throwing are ballistic movement, we did not expect differential changes in the
limb trajectory. However, the motion capture system will enable to compute throwing
performances by recording the projectile trajectory. Data processing will allow us to detect the
projectile impact on the board for each trial and to compute the lateral distance between the
projectile and the aimed target.
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Figure 27 — lllustration of the motion analysis set-up. a. Superior view of the motion capture set-up and illustration
of the tasks set-up localization in the room. b. Model used for pointing movements with three markers positioned on
the arm (blue: index, green: wrist, purple: elbow) and three markers on the pointing board. c. Model used for detecting
the projectile (pink marker) impact on the board.
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C. MOTOR IMAGERY (STUDY 2)

Motor imagery MI is the mental representation of an action without its concomitant
execution. In the THEORETICAL BACKGROUND we described this approach with a special focus
on the neurofunctional equivalence: the mental representation of an action activates brain
regions similar to those that are active during motor execution. Therefore, mental training with
MI leads to an activity-dependent plasticity (see Guillot & Collet, 2010). Furthermore, we
previously emphasized that PA through mental practice led to substantial after-effects (Michel
et al., 2013).

Although Ml is a research topic on its own, it also represents a way to investigate the cognitive
operations at work to prepare an action regardless of sensory feedbacks from actual execution.
During MI, the action is planned and programmed, involving sensory integration of initial body
and environmental states together with an appropriate motor command. However, the actual
execution in inhibited. Therefore, it offers an original way to investigate the role of motor
planning and motor programming during PA, and particularly on after-effects transfer, while
disregarding the influence of the actual execution, and related sensory and motor feedback
and knowledge of movement outcomes. STUDY 2 aims to investigate the characteristics of PA
through MI, i.e. when the mental representations of pointing movements replace their actual
execution during exposure to the prismatic deviation. The present section describes
methodological aspects of Ml that will be used in STUDY 2. Indeed, MI requires specific advices,

e.g.:

e The main sensory system on which the image will have to be built, i.e. the recall of the
information usually generated by the real action (mainly visual or kinesthetic),

e The initial and final positions which will correspond to the starting and ending points of
the imagined action.

Furthermore, the quality of Ml depends on the participants’ ability to generate vivid and clear
mental representations. Ml abilities can be assessed by different means that will be described
below. Finally, we will also present how to control the quality of motor imagery during prism

exposure.

1. Characteristics of motor imagery

a. Different types of motor imagery
The mental representation of a given action requires the recall of sensory information usually
associated with the actual action. This is a top-down process just as if the sensory information
circulated antidromically (with reference to the usual direction of sensory information from the
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peripheral to the central nervous system). The literature describes two main MI: visual and
kinaesthetic. During visual Ml, the participants recall the visual components of the action (tonic
and phasic information related to static and dynamic cues, colours and shapes) while during
kinaesthetic MI, they recall the physical sensations associated with the actual execution of the
movement (tonic and phasic information related to body segments positions and movements,
muscle stretching, joint pressure, body-environment contact). The kinaesthetic imagery better
involves cerebral motor circuitry, e.g. the primary motor cortex, the pre-motor cortex, the basal
ganglia and the cerebellum (Guillot et al., 2009) and better activates parietal areas (Grezes &
Decety, 2002).

Participants can perform visual Ml with an internal perspective (in other words, imagining
themselves performing the action i.e. first person) or with an external perspective (imagining
someone else performing the action i.e. third person). In the internal perspective, participants
recall the features of the action from their own view. From the external perspective, participants
are required to visualize themselves performing the action as if they observed themselves from
a posterior or lateral view. They can also imagine the action as being performed by someone
else. Jackson et al., (2006) observed that visual M| through an internal perspective activated

neuronal networks that are closer to those involved during actual execution.

b. Postural position
Motor imagery is dependent of sensory information integration regarding the initial state of the
sensorimotor system (Toussaint & Blandin, 2010). The position in which individuals lie when
imagining the movement influences the ability to form mental representations. For example,
Guilbert et al., (2020) recently showed that M| of handwriting was facilitated when the initial
position corresponded to the actual posture of this action. In incongruent posture, the
participants reported greater difficulties with kinaesthetic mental representations

c. Motor Imagery ability
Expertise in a given motor task modulates the neuronal networks involved during motor
execution (Doyon & Benali, 2005). Similarly, when individuals mentally represent an action as
experienced performers, the cortical activation is more diffuse and the subcortical activation is
more intense than in novices performers (Guillot et al., 2009; see Debarnot et al., 2014, for a
review). The ability to form clear and vivid mental images is also different from one individual
to another (Di Rienzo et al., 2014; Suica et al., 2018). As for actual motor performance, motor
imagery ability activates different neural networks (Figure 28). Good imagers better activate
motor areas during motor imagery whereas less activation occurs in individuals who have lower
motor imagery ability (Guillot et al., 2008). As motor imagery ability modulates cerebral
activation during motor imagery, it may influence the activity-dependent plasticity entailed my

101



mental practice (Suica et al., 2018). In sTuDY 2, we will investigate the influence of MI ability
on PA. A crucial challenge in Ml studies is to assess Ml ability. The next subsection will present
the methods that can be used.

INFLUENCE OF MOTOR IMAGERY ABILITY ON THE FUNCTIONAL NETWORKS OF MOTOR IMAGERY

HIGHERACTIVITY IN EXPERT COMPARED TO POOR IMAGERS HIGHERACTIVITY IN POOR COMPARED TO EXPERT IMAGERS

Figure 28 — Influence of Ml ability on the brain activations during MI. From Debarnot et al., 2014. 1. Precuneus;
2. Superior parietal cortex; 3. Inferior parietal cortex; 4. Fusiform gyrus; 5. Lateral premotor cortex. 6. Frontal cortex;
7. Dorsal premotor cortex; 8. Anterior cingulate cortex; 9. Post-central gyrus; 10. Posterior cingulate cortex; 11.
Thalamus; 12. Cerebellar cortex; 13. Cerebellar lobule 1V, 14. Cerebellar lobules IV/V.

2. Assessment of Motor Imagery

Neuro-imaging enables to objectively quantify brain activations during motor MI and to
differentiate neural networks involved in visual or kinaesthetic imagery (Guillot et al., 2009) or
good versus bad imagers (Guillot et al., 2008). The more similar activations are between
mental and physical practice, the more efficient is MI. A simpler method refers to autonomic
nervous system responses during MI. Several studies showed that cardiovascular and
electrodermal responses are highly correlated with MI quality (Collet et al., 2013). However,
although neurovegetative responses are easier to record than metabolic brain responses to
MI, both have strong constraints. Therefore, we will emphasize subjective methods to assess
MI vividness (i.e. the clarity and richness of mental representations) and controllability (i.e. the

ease to manipulate mental representations), two main qualitative abilities of MI.

a. Self-assessment of Ml ability
The most used tool to assess MI ability is the Movement Imagery Questionnaire (MIQ) and its
revised version (Gregg et al., 2010; Hall & Martin, 1997). The MIQ-R is composed of 4 visual
imagery items and 4 kinaesthetic imagery items. Each item involves limbs or whole-body
movements. The questionnaire describes the starting position for each movement. First, the
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participant is required to actually perform the movement once. Then, the participant is asked
to mentally perform the same movement without any concomitant execution. Each participant
uses a 7-point Likert scale to self-report the ease or the difficulty to perceive the image visually
or bodily (kinaesthetic items). The motor image is assessed from 1 (very easy to perceive) to
7 (very difficult to perceive). The KVIQ (Kinaesthetic — Visual Imagery Questionnaire) was
elaborated by Malouin et al. (2007) to be suitable for participants with altered motor functions

and implied gross motor movements.

Although psychometric evaluations of the MIQ and its revised version provided good reliability
and validity (Atienza et al., 1994), its subjective nature encourages to associate paper and
pencil tests with neuro-imaging (Lorey et al.,, 2011), EEG (e.g. Toriyama et al., 2018) or
neurovegetative indices (e.g. Collet et al., 2013). Questionnaires scores were well correlated
with level of cerebral activation during MI: participants that reported the highest scores of motor
imagery ability showed the highest level of motor areas activations (Williams et al., 2012)

b. Self-assessment and chronometric measures to control MI quality
It is crucial to evaluate the vividness of mental representations, i.e. the clarity and sensory
richness. Self-assessment of MI vividness can easily be obtained during experimental
procedures through Likert scales. Saruco et al., (2018) used a 5 point Likert scale from 1 (no
image/no sensation) to 5 (image as clear as in a movie/sensations as intense as during actual

movement). This 5-level rating was that of KVIQ questionnaire (Malouin et al., 2007).

Mental chronometry compares the duration of imagined movements relatively to actual
movements. Isochrony reveals that Ml kept the temporal features of actual movement and is
considered a pragmatic indicator of MI quality (Guillot & Collet, 2005; Guillot et al., 2012).
Decety & Jeannerod (1995) previously showed that imagined and actual movements
presented similar temporal patterns. Subsequent studies confirmed the strong correlation
between imagery and actual movement durations. The capacity to preserve temporal aspect
of the action during Ml is related to the ability to produce precise mental representations. If the
duration of the imagined movement is shorter than the duration needed to perform the same
movement, this could attest inability to produce precise mental representation. By contrast, if
the motor representation takes longer than its actual execution, this could reveal difficulties to
generate mental representations (Guillot, Hoyek, et al., 2012). Actual movement duration might
influence the temporal congruence between imagined and actual movements. Actions shorter
than 5s. are often overestimated during MI while those longer than 30s. are generally
underestimated (Guillot & Collet, 2005). Therefore, pointing movements during PA can be
expected to be overestimated during MI. To overcome this difficulty, STuDY 2 will involve series
of pointing movements (i.e. sequences) in the in PA by motor imagery procedure.
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3. Requirements for PA by motor imagery

In summary, several key methodological aspects need to be taken into account in STuDY 2. In
order to produce the richest mental representations, participants will be instructed to imagine
pointing movements from the first person perspective (i.e. as an actor), and to mentally recall
the clearest perceptions (both kinaesthetic and visual) associated with actual execution. Both
imagined and actual starting position of the hand will be congruent. As recommended by Michel
et al. (2013) the immobile hand in its starting position will remain under visual control during
exposure (Figure 29). To favour isochrony, imagined pointing movements during exposure will
be sequential i.e. several unique ballistic pointing movements for one trial. Finally, we will
control M| quality during exposure using the self-rating scales. Self-assessment of Ml vividness
and mental chronometry will allow to control motor imagery quality during prism exposure. We

will more precisely described these conditions in the methods section of STuDY 2.

Figure 29 — Pointing task set-up for Motor Imagery. The figure illustrates the modifications of the pointing task
for Study 2. Starting position is visible and 5 targets are positioned in front of the subject in order to produce
sequences of pointing.
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D. TRANSCRANIAL DIRECT CURRENT STIMULATION (STUDIES
3 AND 4)

One of the main objectives of the present thesis is to explore the influence of cerebellum
neuromodulation on prism adaptation and specifically in inter-task transfer of after-effects
following exposure. To achieve this objective, STUDIES 3 AND 4 will use transcranial direct
current stimulation (tDCS) of the cerebellum. The present subsection aims at describing tDCS
and its physiological effects and to present tDCS procedures that will be used to target the

cerebellum.

1. Description

Electrical brain stimulations techniques have been studied for around a few hundreds of years
(Guleyupoglu et al., 2013; Stagg et al., 2018). In the early days, suprathreshold stimulations
were used to provoke spontaneous electrical activity in the brain. tDCS differs from these
approaches and consists in the subthreshold modulation of neuronal membrane potentials.
The purpose is to alter the excitability and therefore the spontaneous activity of targeted
neurons. Contrary to suprathreshold techniques (for instance Transcranial Magnetic
Stimulation), stimulation induced by tDCS is too weak to cause a neuronal activity independent
from afferent input arising from other sources. Non-invasive brain stimulation using direct
current was first reported in the 1950’s and subsequently explored in animal models and
humans (Nitsche, Liebetanz, et al., 2003). However, the interest for direct current stimulation
rapidly decreased certainly because of the lack of methods to investigate its effects. tDCS has
known a renewed interest during the last two decades since the publication of a set of studies
that demonstrated the physiological effects of the stimulation (Stagg et al., 2018). More
interestingly, these studies probed the presence of after-effects lasting for several minutes
after the stimulation has been turned off (Nitsche & Paulus, 2000, 2001; Nitsche, Nitsche, et
al., 2003; Priori et al., 1998). From this point, tDCS became a promising approach for basic
neurosciences, but also for clinicians as a potential tool to modulate behaviour. One of its
advantage is that it is more physiological and therefore less subjected to ethical restrictions
than TMS. Consequently, the recent years were marked by an increased number of
publications probing cognitive, behavioural, and clinical effects of tDCS. More than a tool for
rehabilitation treatment, tDCS techniques provide numerous advantages to understand brain
functioning. This method represents a non-invasive way allowing researchers to infer about
the neural processes underlying specific behaviour, for instance those related to sensorimotor
adaptation (e.g. Panico et al., 2016). Indeed, tDCS studies offer the possibility to establish
causal relationship between targeted brain areas and their functions (Filmer et al., 2014). An
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additional advantage is that tDCS is painless and can be delivered during any motor task
(Ferrucci et al., 2015).

2. Physiological effects of tDCS

b. From neuron level to network level

A main particularity of neurons is that they are electrically excitable: the generation of electric
signals, i.e. mostly action potentials, determines their activity. The resting membrane of
neurons is polarized. Action potentials are generated when the resting membrane is
depolarized beyond a given potential threshold. Afferent activity induces variations in the
potential of the neuronal membrane via electrical and chemical synapses and by extra synaptic
substances, which activate specific ions channels and receptors. The purpose of tDCS is to
directly modulate resting neuronal membranes potentials to alter the state of excitability, i.e.
the probability that afferent activity of a specific amplitude results in generation of an action
potential. If the current induces a depolarization of the neuronal membrane, less afferent
activity will be necessary to provoke an action potential, i.e. excitatory stimulation. Conversely,
if the membrane is hyperpolarized by the current, the neuronal excitability will decrease, and
a more intense stimulation will be necessary to trigger spontaneous activity, i.e. inhibitory
stimulation. tDCS is ensured by means of two electrodes: the anode (electrode with a positive
charge) and the cathode (electrode with a negative charge). The current is applied from the
anode to the cathode. The placement of the two electrodes determines the polarity of the
stimulation. Anodal tDCS requires the placement of the anode over the targeted brain area
and is generally associated with increased cortical excitability. Conversely, cathodal tDCS
entails the placement of the cathode over the region of interest and generally induces a
decreased cortical excitability (Filmer et al., 2014; Stagg et al., 2018).

Physiological effects of tDCS arising from changes at the neuron level are also observable at
the whole targeted-area level. For example, anodal tDCS of the primary motor cortex provokes
an increased spontaneous activity while cathodal stimulation of the same area decreases
spontaneous activity and excitability (Bindman et al., 1964; Nitsche & Paulus, 2000). In
addition, tDCS effects are also observable at the network level. For instance, Galea and
colleagues (2009) reported a cerebellar tDCS-induced modulation of the cerebello-brain
connectivity (i.e. in the cerebello-cortical connections with the primary motor cortex). To better
understand the effects at the whole-brain level, it is crucial to depict the neurophysiological
basis of the mechanisms of tDCS at the neuron and synaptic levels (for a recent review, see
Stagg et al., 2018). To that purpose, tDCS can be describe as acute effects versus long-term
effects (i.e. after-effects) that are not underpinned by the same mechanisms.
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c. Acute versus long-term effects

Acute effects refer to the direct effects of tDCS observable during the stimulation and that do
not outlast it. Interestingly, tDCS also induces after-effects whose direction is identical to that
observed during stimulation. These long-term effects can be long-lasting from minutes up to
24 hours following the end of the stimulation and can be related to long-term potentiation and
depression phenomenon (Malenka & Bear, 2004). Notably, acute effects and long-term effects
are not mediated by the same neurobiological processes (Stagg et al., 2018). While acute
effects would be driven by membrane potentials alteration, long-term effects would rather be
supported by changes in synaptic efficacy (Nitsche et al., 2005), i.e. the capacity of the pre-
synaptic neuron to transmit information to the post-synaptic cell. Indeed, Studies using
transmagnetic stimulation to quantify modifications of synaptic efficacy did not show any
synaptic changes underlying acute effects of short-lasting tDCS (Nitsche et al., 2005).
Pharmacological studies confirmed these results: the blockade of voltage-dependent ion
channels involved in neuronal membrane depolarization was reported as precluding any effect
of anodal tDCS on motor cortex excitability which is in favour of membrane potentials changes
in acute tDCS effects. By contrast, enhancing GABA receptors and blocking glutamate ones
had no impact on acute effects, suggesting that changes in neuromodulators activity had no
influence on acute effects of tDCS (Nitsche, Fricke, et al., 2003).

Long-term effects (i.e. after-effects) of tDCS are likely mediated by tDCS-induced changes in
neuromodulators activity. The glutamate is the main excitatory neurotransmitter of the CNS
while GABA in the principal inhibitory one. By enhancing or decreasing their activity, the
pharmacological injection of agonist or antagonist to these neurotransmitters enables to
investigate their role in the long-term effects of tDCS. Thus, it seems that tDCS induces a
calcium-dependent plasticity in glutamatergic synapses. In fact, the blockade of NMDA (N-
methyl-D-aspartate) glutamate receptors inhibits both cathodal and anodal tDCS induced
excitability while the injection of NMDA agonists increases anodal tDCS-induced excitability
enhancement (Nitsche, Fricke, et al., 2003; Nitsche et al., 2004). However, the modulation of
the glutamatergic system induced by tDCS would not be sufficient if GABAergic inhibitory
processes are still efficient. Yet, tDCS also modulate the activity of GABA receptors: Magnetic
Resonance Spectroscopy (MRS) studies showed a reduction of GABA activity after both
anodal and cathodal stimulation to M1 (Bachtiar et al., 2015; Stagg et al., 2011; Stagg et al.,
2009) which was confirmed by TMS studies (Nitsche et al., 2005). tDCS-induced GABA
reduction seems to gate the glutamatergic plasticity in tDCS after-effects (Stagg et al., 2018).
Therefore, tDCS offers the possibility to modulate the cortical excitability (acute effects) but
also the synaptic efficacy (after-effects) which is involved in neuroplasticity processes (long-
term potentiation and depression) underlying sensorimotor plasticity processes.
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3. Targeting the cerebellum

The understanding of the neurobiological effects underlying tDCS was mainly improved using
primary motor cortex models. However, the cerebellum has an entirely different
cytoarchitecture compared to the cerebral cortex. Therefore, findings from M1 tDCS should
not directly apply to cerebellar tDCS. The cerebellum has the highest concentration of neurons
of the brain: although it represents 10% of the brain volume, it contains 80% of its neurons
(Herculano-Houzel, 2009). The position of the cerebellum immediately below the skull implies
that this target should be particularly interesting for an efficient neuromodulation (van Dun et
al., 2017).

a. Is cerebellar tDCS efficient in sensorimotor adaptation studies?

At the behavioural level, cerebellar tDCS has been shown to efficiently alter behavioural
functions. In a recent meta-analysis, Oldrati & Schutter (2018) reported that 1-2 mA tDCS
targeting the cerebellum was effective to modulate cognitive and motor performance in healthy
individuals. However, the meta-analysis did not probe any significant polarity-dependent
effects of anodal and cathodal cerebellar tDCS on respectively improving and disrupting
targeted functions. Concerning sensorimotor adaptation, our THEORETICAL BACKGROUND
depicted a set of studies probing evidence that cerebellar neuromodulation by tDCS influence
prism adaptation components (e.g. Panico et al., 2016, 2018), with various polarity-dependent
effects.

On the neurophysiological level, the physiological effects induced by cerebellar tDCS were
related to functional changes in the cerebellum itself, probably by interfering with membrane
potentials in Purkinje cells and other cerebellar neurons (mossy and climbing fibers; Ferrucci
et al., 2015). Furthermore, modelling studies corroborated this hypothesis by suggesting that
the homogeneous structure of the cerebellum enables a focused and effective direct current
stimulation (e.g. Parazzini et al., 2014; Rampersad et al., 2014). Overall, the literature suggests
that the cerebellum is a relevant target for an effective tDCS. A crucial aspect of cerebellar
tDCS lies on the placement of the electrodes.

b. Montages: electrodes placement
tDCS is applied using a battery-driven stimulation that delivers the current via two rectangular
sponge electrodes embedded in a saline-soaked solution (Dundas et al., 2007). In cerebellar
tDCS studies, it is possible to stimulate either the entire cerebellum or half of the cerebellum.
STUDIES 3 AND 4 of the present work involve reaching movements performed with the right
limb. Therefore, tDCS will target the right hemisphere of the cerebellum (Schlerf et al., 2015).
Most protocols designed to stimulate half of the cerebellum use electrodes of a 25cm? area
(5cm x 5cm; e.g. Galea et al., 2009; Panico et al., 2016; Pope & Miall, 2012). The placement

108



of the electrodes is crucial: it determines the direction of the current and ensures that the good
area is targeted. In cerebellar montages, the stimulating electrode (the cathode for cathodal
stimulation and the anode for anodal stimulation) is placed laterally over one cerebellum
hemisphere, 1-2 cm below and 3-4cm lateral to the inion (e.g. Ferrucci et al., 2013; Herzfeld
et al., 2014; Panico et al., 2016). The return electrode (i.e. the anode for cathodal stimulation
and the cathode for anodal stimulation) is placed on a non-brain region, either over the
buccinator muscle (e.g. Galea et al., 2009) or the right shoulder (i.e. deltoid muscle; e.g. Panico
et al., 2016; Pope & Miall, 2012). In PA procedures coupled with tDCS, the stimulation has
been shown to be effective for a placement using the inion-based shoulder montage (e.g.
Panico et al., 2016, 2018). The placement of the electrodes requires the careful cleaning of
the scalp and the shoulder skin and the identification of the exact place where the stimulating
electrode needs to be placed, i.e. 1 cm below and 4 cm right to the inion for our studies (Figure
30), which is an anatomical landmark easy to identify (Ferrucci et al., 2015). For the placement
of the return electrode over the shoulder, participants are required to realize an elevation of
their right arm in the frontal plan to identify the deltoid muscle contraction. Once placed,
electrodes can be secured in position with an elastic tubular netting or with an ergonomic cap.
Although placement of electrodes should be individualized thanks to neuro-imaging data to
optimize the efficacy of the stimulation, a modelling study showed that varying the position of
the stimulating electrode about around 1 cm did not induce substantial changes in the electric
field distribution suggesting that the use of neuro-navigation system may probably not be
indispensable (Parazzini et al., 2014).

."\""

anode
cathode

Figure 30 — tDCS montage for cathodal tDCS. The cathode is placed 1 cm below and 4 cm right to the inion and
the anode is placed over the right delfoid muscle. The montage is reversed for anodal stimulation. Both electrodes
are connected to the battery-driven stimulator (neuroConn, neuroCare group, Germany).
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4. Safety

Although tDCS is a painless and safe technique to neuromodulate the brain, its application
must follow some safety requirements (for a review of tDCS safety evidences, see Bikson et
al., 2016). For a surface electrode of 25 cm? and an intensity of 2mA, the duration of the
stimulation might not overlast 21 minutes (Nitsche & Paulus, 2000; Woods et al., 2016). To
minimize the risk of burn below the electrodes, investigators should avoid the placement of
electrodes over scars, nevi or other skin abnormalities that could alter skin resistance nor over
skull holes of fractures. The stimulator that delivers the current offers a measure of the voltage
and the impedance. The voltage monitoring allows controlling the safety of the stimulation while
the impedance allows checking that the current actually goes from one electrode to the other.
During stimulation, participants can feel a metallic taste and an itching or tingling sensation. If
the participant complains of persistent pain or burning sensation below the electrodes, the
stimulation must be immediately stopped and the skin below the electrodes inspected. If no
lesion or redness is observed, more saline solution or conductive gel could be added below
the electrodes and stimulation can be restarted. However, if the discomfort persists, stimulation
needs to be definitively stopped (Ferrucci et al., 2015; Woods et al., 2016). Exclusion criteria
that apply for tDCS studies require the participants to be free of any unstable medical
conditions, to not be under a pharmacological treatment related to neurological conditions, to
have no history of epilepsy and to have no metallic implants near the electrodes (Brunoni et
al., 2012).

5. Sham procedures

Sham procedures are used to guarantee that effects of the stimulation are actually due to the
stimulation and not to a practice or placebo effect. The most common sham procedure consists
of ramping up the current to the similar intensity that is used in the active stimulation procedure.
Then, the current is immediately ramped down. This leads to an active stimulation of
approximately 30 to 60 seconds (van Dun et al., 2017; Woods et al., 2016). After that, the
electrodes remain on the head of the subjects. The purpose is to blind the subjects for sham
or active stimulation by producing the same initial itching and tingling sensations. In fact,
Gandiga et al. (2006) reported that sensations associated with turning on the current usually
disappear following the first 30 seconds of the stimulation while ramping down the current
progressively does not induce perceivable sensations. Therefore, participants in sham and
active conditions feel the same sensations and sham procedure with at least 30 seconds of
active stimulation effectively blind the subjects (Kessler et al., 2012). An important observation
is that active stimulation of 30 seconds is too short to induce tDCS after-effects, and it is

necessary not to start the experimental task before the current has ramped down to zero.
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6. PA procedure combined with tDCS

STUDY 3 AND STUDY 4 will combine PA procedure with tDCS to assess inter-task transfer of
after-effects. PA procedure is similar as the one used in STuby 1. tDCS will be turned on before
the beginning of the pre-tests and turned off at the end of post-tests, with a maximal duration

of 21 minutes (Figure 31).
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Figure 31 — lllustration of the procedure for PA combined with tDCS. tDCS is turned on before pre-tests
and turned off at the end of post-tests, with a maximal duration of 21 minutes.
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Chapter 3
Experimental Contributions
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OVERVIEW OF THE CHAPTER

The EXPERIMENTAL CONTRIBUTIONS part aims at presenting the original experimental
research conducted to achieve the objectives of the present thesis. This part is divided into
three axes. The Axis 1, TRANSFER & EXPERTISE, includes the StubDY 1. The AXIs 2,
TRANSFER & MOTOR IMAGERY, comprises the STuDY 2. The Axis 3, TRANSFER & tDCS,
consists of two studies: STuDY 3and STuDY 4. All the experimental contributions are presented
in the form of scientific articles that can be read separately from the remainder of the document.
For this reason, some aspects might be redundant between the different articles and with the
THEORETICAL and METHODOLOGICAL BACKGROUNDS. The manuscripts presented below are
either published (STuDY 1), in the process of revision (STUDY 3) or in preparation for submission
(STUDY 2 and STUDY 4).

A brief overview and a short synthesis of findings are proposed before and after each

manuscript.
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A. AXiIS 1: EXPERTISE AND TRANSFER

1. Study 1: Manuscript

The purpose of this study was to investigate the influence of the task performed during prism
exposure on the transfer of after-effects to a task that has not been performed under the
prismatic shift. STUDY 1 included a total of 50 healthy participants and was divided into three
experiments. Experiment 1A investigated the transfer between throwing and pointing and
between pointing and throwing. Experiment 1B tested whether expertise on the throwing task
influenced the transfer of after-effects to the pointing task. Experiment 1C replicated
experiment 1A and aimed at providing additional information concerning the mechanisms of

transfer by investigating the temporal dynamics of after-effects and kinematics

This work has been accepted in Scientific Reports. The published version of the article is
presented below.
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Inter-task transfer of prism
adaptation depends on exposed
task mastery

Lisa Fleury%3*, Damien Pastor?, Patrice Revol*?, Ludovic Delporte®? & Yves Rossetti(®%%3

The sensorimotor system sets up plastic alterations to face new demands. Terms such as adaptation and
learning are broadly used to describe a variety of processes underlying this aptitude. The mechanisms
whereby transformations acquired to face a perturbation generalize to other situations or stay
context-dependent remain weakly understood. Here, we compared the performance of hand pointing
vs throwing to visual targets while facing an optical shift of the visual field (prismatic deviation). We
found that the transfer of compensations was conditioned by the task performed during exposure to
the perturbation: compensations transferred from pointing to throwing but not at all from throwing to
pointing. Additionally, expertise on the task performed during exposure had a marked influence on the
amount of transfer to the non-exposed task: throwing experts (dart players) remarkably transferred
compensations to the pointing task. Our results reveal that different processes underlying these distinct
transfer properties may be at work to face a given perturbation. Their solicitation depends on mastery
for the exposed task, which is responsible for different patterns of inter-task transfer. An important
implication is that transfer properties, and not only after-effects, should be included as a criterion

for adaptation. At the theoretical level, we suggest that tasks may need to be mastered before they

can be subjected to adaptation, which has new implications for the distinction between learning and
adaptation.

The transfer of motor transformations remains a crucial issue both in the fields of cognitive neuroscience of
action’ and neurorehabilitation of movement disorders®. Imagine a patient being able to transfer motor compen-
sations acquired during an ideal, unique rehabilitation session onto all other daily life situations. Then, the aim
for therapists would be to solicit sensorimotor plasticity processes implying transformations that can generalize
beyond the context in which they were developed®.

Humans are remarkably capable of producing smooth and precise movements despite continuously varying
demands and fluctuating internal resources. The plasticity that characterizes our nervous system encompasses
the capacity to acquire new motor program and the capacity to modify existent pattern to face new conditions.
Bastian relates these definitions respectively to learning and adaptation®*. As such, skill learning is related to the
establishment of a ‘new control policy’ while adaptation refers to the ‘recalibration of an existing control policy™.
Practically, learning is characterized by error reduction curves and associated with transformations that are stored
and directly available in the appropriate context: individuals can switch between acquired patterns of movement
depending on the specific situation. By contrast, although it also involves an error reduction curve, adaptation
specifically implies the presence of compensatory after-effects (i.e. the presence of behavioral changes once the
perturbation ceased)**. Few theoretical proposals have been made to clarify the terminology of learning and
adaptation**%7, and there seems to be no consensus on this issue. In addition, only few specific empirical research
is available on this distinction®®. Consequently, these terms are widely used indiscriminately and interchangeably
in sensorimotor plasticity literature. In an attempt to offer empirical bases on the distinction between learning
and adaptation, we hypothesized that the presence of generalization beyond the exposure context may provide
interesting clues about which process is predominantly used in a given situation. Patterns of transfer deliver clues
about the nature of transformations that occurred in the central nervous system to face a given perturbation'”’.
We therefore explored whether transfer properties could distinguish between processes involved in the compen-
sations set up during exposure to a visual distorsion relatively to the expertise level on the exposed task.

1INSERM U1028 CNRS UMR 5292, ImpAct Team, Lyon Neuroscience Research Center (CRNL), 69500, Bron, France.
™Mouvement et Handicap” platform, Neurological Hospital, Hospices Civils de Lyon, 69500, Bron, France. *Claude
Bernard University of Lyon 1, 69100, Villeurbanne, France. *email: lisa.fleury @univ-lyonl.fr
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Prism exposure is a classic and efficient paradigm that allows to study the implication of sensorimotor plas-
ticity processes, respectively named as strategic recalibration and sensory realignment*®!°, In a typical prism
exposure protocol, subjects are actively exposed to a shift of the visual field induced by prism spectacles while
performing a pointing task at least until performance regains baseline level. Then, the compensatory after-effects
are measured once the prisms are explicitly removed to assess visuo-motor compensations toward untrained
locations (i.e. spatial generalization)'!. Caution for specific realignment assessment include pointing to untrained
locations and explicitly removing the distorting glasses (e.g. Weiner et al.'?). Recalibration allows to quickly
reduce errors but not to generalize compensations. However, realignment enables to set up new body parame-
ters and thus lead to a potential transfer of after-effects beyond the task context'®. It is usually accepted that the
respective contribution of strategic and realignment components of the compensation varies as a function of trial
number, and that longer exposure increases the contribution of the sensory realignment!*!5.

Numerous studies have investigated the generalization of prism after-effects and contrasted results are drawn.
Several authors argue that transformations are specific to the context in which the participant was exposed to the
perturbation. For example, after-effects would remain relatively specific to the velocity of movement trained!®, the
starting position, and effector!” or the task pattern'®!”. However, other studies described alterations that trans-
ferred beyond the task context: to non-learned locations??! or to other effectors®* 5. Much variability in the
similarity between exposure and after-effect testing conditions can be found across these studies. According to
the classical view of prism adaptation, proper adaptation should give rise to modifications that remain visible
when the exposure context has been removed*®’. As such, cross-transfer between two tasks should provide a
strong measure of context-independent adaptation by subtracting the part of after-effects potentially linked to
exposure-contextual cues.

This study aimed to compare the transfer of visuo-motor transformations acquired during prism exposure
between two oddly mastered tasks: throwing and pointing, the main two tasks used in the classical “prism adap-
tation” literature. Pointing is the most extensively used and is a casual, overlearned task associated with stable and
precise performance. In contrast, throwing is far less practiced in everyday life, highly projectile dependent (e.g.
dart vs basketball), usually with low accuracy constraints, and generally not fully mastered unless it is specifically
trained. Despite their apparent similarities, these two aiming tasks are associated with very different level of mas-
tery and therefore variability in performance®-®. Qur prediction was that the asymmetrical degree of mastery
for these tasks should yield to an asymmetrical pattern of transfer. First, we showed that these two tasks pro-
duce highly comparable mean error-reduction curve and after-effects although variability was much higher for
throwing than pointing. Crucially the transfer test revealed a unidirectional transfer from pointing to throwing
and null transfer from throwing to pointing (Experiment 1). Second, throwing experts (dart players) transferred
prism compensations from throwing to pointing. These findings suggest that expertise determines preference for
context-independent processes to face sustained perturbation (Experiment 2). Finally, we attempted to investi-
gate the mechanisms underlying the unidirectional transfer and showed that kinematics of pointing movements
uncover potential mechanistic explanations for our results (Experiment 3).

Results

Experiment 1: Influence of the task performed during prism exposure on transfer. In experi-
ment 1, we randomly assigned 24 participants to two groups according to the goal-directed task realized during
exposure to the optical shift. The pointing group performed finger pointing during exposure while the throwing
group threw small spheres during exposure. We first familiarized participants on both tasks. Then we measured
participants’ performances on both tasks (pre-tests). Participants were then asked to wear prismatic glasses that
induced a 10 degrees shift of the visual field toward the right while performing the exposed task (throwing or
pointing). Immediately after exposure, we removed prisms and assessed after-effects with the exposed task (clas-
sical measure of adaptation) and then with the non-exposed task (transfer). The different steps of the experiment
are illustrated in Fig. 1 and the specific conditions of each step are summarized in Table 1. Performance was
measured as the lateral deviation between the index endpoint (pointing) or ball impact (throwing) and the aimed
target and are reported in degrees (see Methods section for a precise description of measurements). Trial-by-trial
average endpoint errors during the whole experiment are presented in Supplementary Figure 1 (Supplemental
information). Statistical analysis results are detailed in Tables 2-5. Means are reported together with standard
deviations.

No difference during familiarization except in variability. ~Average individuals’ performance, i.e. mean endpoint
errors, was similar between groups (F(1,22)=0.13; p=0.71) and close to zero (non-significant t-test against zero
for both groups and both tasks). However, the mean variability of endpoints errors was much larger for throwing
movements (mean variance = 4.84 & 3.25 degrees® for the throwing group; 3.83 £ 2.40 degrees® for the pointing
group) than for pointing movements (mean variance =0.26 + 0.16 degrees® for the throwing group; 0.27 + 0.43
degrees? for the pointing group) in both groups (significant task effect, F(1,22) = 49.37; p < 10~ 7), see Fig. 2.

No difference in baseline performance. Participants showed the same average performance (close to zero) regard-
less of the task performed (F(1,22) = 0.16; p = 0.69). The mean variability of throwing movements was also about
8 times larger than pointing movements for both groups.

Similar error reduction during prism exposure. Both groups exhibited similar error reduction curves. A
repeated-measure ANOVA (rmANOVA) comparing mean individuals’ endpoint errors between groups (Pointing
and Throwing) and across blocks (1 to 6) revealed a significant effect of Block (F(1,22) = 36.46; p < 10~7) but no
main effect of Group and no interaction. Thus, during exposure subjects reduced their errors similarly regardless
of the task performed during exposure.
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Figure 1. Different steps of the experimental protocol. Solid-line boxes represent the steps in which
participants performed the exposed task and dotted-line boxes are related to the non-exposed task. For each
step of the experiment, tasks performed are illustrated for the pointing and the throwing groups. Early tests
(specific to experiment 3) are not represented.

Familiarization Pre-tests | Exposure Early tests | Post-tests
Prisms OFF OFF ON OFF OFF
Visual Feedback Available None Available None None
Central or Central or Central or
Targets Central Right Central Right Right
Number of trials 2%30 2420 60 2%20 2%20

Table 1. Summary of the specific conditions for each step of the experiment. Note: early tests are specific to
experiment 2.

Noticeably, error reduction was not complete at the end of the exposure for both groups. Indeed, the mean
endpoint error during late exposure (10 last trials) was significantly greater than during late familiarization (10
last trials) in both group (1.01 4-0.85 vs 0.27 + 1.05 in the throwing group, t(11) = —2.68, p < 0.05; 0.68 + 0.38 vs
0.1240.23 in the pointing group, t(11) = —4.42, p < 0.05).

Similar after-effects.  After-effects as well as transfer values are reported after subtracting mean baseline
performances (pre-tests) for each subject. Participants showed significant errors opposite to the prismatic
deviation in both Throwing (mean = —4.51 £ 1.68 degrees; t,.,,(11) = —9.26, p < 10 °) and Pointing group
(mean=—4.43+0.09 degrees; t,.., (11)=—13.99, p < 1077). Participants showed the same amount of after-effects
on the exposed movement, regardless the task performed during exposure (t(22) =0.72, p = 0.48), see Fig. 3.

Unidirectional transfer. The pointing group showed a significant transfer of compensations to the throwing
task (mean = —1.76 £ 1.00 degrees, t,.,,(11) = —6.08, p <. 107°) while the Throwing group showed no transfer to
the pointing task (mean =0.01 £0.92 degrees, t,..,(11) =0.04, p=0.97), see Fig. 3. Thus, the amount of transfer
was greater in the pointing group compared to the throwing group (t(22) =4.62, p < 10~ *), see Fig. 3. We quan-
tified the transfer of compensation as the percent of the average endpoint errors on the non-exposed movement
divided by the average endpoint error on the exposed movement. The Pointing group demonstrated as much as
44.39+29.65% transfer whereas the Throwing group did not exhibit any transfer (—6.02 +25.67%). Results from
experiment 1 highlight a strictly unidirectional transfer of compensations from pointing to throwing but not from
throwing to pointing. However, we did not find any apparent dissimilarities on baseline performances, neither on
error reduction during exposure nor on the amount of after-effects on the exposed task. One possible explanation
is that adaptation would not transfer from the far space of throwing to the near space of pointing. An alternative
explanation relates to motor variability. Both groups showed a higher variability on the throwing task compared
to the pointing task at all stages of the experiment, which confirms that throwing was less mastered than pointing
in our sample. To specifically test for this mastery hypothesis, we recruited 6 high-level French dart players as
experts in throwing (Experiment 2). If mastery rather than target distance explains the occurrence of transfer,
then throwing experts should exhibit some transfer of after-effects from the throwing task to the pointing task.

Experiment 2 - Influence of the expertise degree on the transfer.  Six high-level dart-players with
practice experience ranging from eight to forty years (Expert group) completed the experimental protocol follow-
ing the same steps as the Throwing group in experiment 1. They were exposed to the prismatic deviation while
performing throwing and tested for the transfer to the pointing task. Statistical analysis results are detailed in
Tables 2-5.
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ANOVAs Familiarization and Pre-Tests
Experiment 1
Throwing group Pointing Group
Throwing task | Pointing task | Pointing task Throwing task | Significant Effect | dl F P Post-Hoc significant
(4) (B) (€) (D)
Familiarization o 0,194 1,06 0084022 | 0,12+0,23 —0,01+093 | — No significant effect
Variance 4,84 +3,25 0,25+0,15 0,27 £0,43 3,82+2,40 Task (1,22) ‘ 49.37 ‘ 1077 ‘ A,D=B, C**
Pre-Tests Mean —0,01+ 2,40 —0,47 + 2,40 —0,23+1,68 —0,77 +1,37 — No sr'gn[ﬁmnr e_ﬁl’cr
Experiment 2
Throwing Comfortable Experts | Throwing Uncomfortable Experts
Throwing task | Pointing task | Throwingtask | Pointing task Significant Effect | dl F P Post-Hoc significant
(E) (F) (G) (H)
Mean 0,16 0,74 0,09+ 1,16 0,21 £0,80 0,05+0,14 — No significant effect
Familiarization Variance 1,48 £0,57 0,08 £0,04 2,00£0,00 0,08 0,05 Task (3,26) 20.93 104 ﬁ;l,} G>BGEFE
Pre-Tests Mean —0,434+1,54 0,32+1,46 3,77+1,83 —0,504+0,07 Task*Group (3,26) 3.37 0.03 |G=>EEH
Experiment 3
Throwing group Pointing Group
Throwing task | Pointing task | Pointing task Throwing task JSEiﬁ::::icant dl F P Post-Hoc significant
(A) (B) (€) (D)
Familiarization | Mean 0,18+£0,72 0,83+£0,57 0,99 £0,44 0,26 £ 0,65 Task (1,18) 15.59 10-* | B,C>A,D*
Variance 541+3,68 0,28 +0,22 0,32+0,53 9,191 6,55 Task (1,18) 34.21 1075 | A,D=B,C**
No
Pre-Tests Mean 0,68 41,25 0,064+1,01 0,62 40,88 0,84+1,3 — Zj%:fcam

Table 2. Statistical analysis: ’IMANOVAs during familiarization, and pre-tests in Experiments 1, 2, 3. Notes:
HSD Tukey’s were used for experiment 1 and 2. LSD Fisher’s were used for experiment 3. Both were significant
at p < 0.05(*) and p < 0.01 (**). Only significant effects are reported. Mean values for each group are reported
on the left side of the table in degrees (mean) and degrees® (variance) together with standard deviations.

Similarities between laboratory throwing task and dart throwing movement. Two expert participants reported
very poor scores of task comfort and movement similarity relative to their usual dart throwing movements (see
Table 6). Therefore, we divided our Experts group into two sub-groups: comfortable Experts (n =4) and uncom-
fortable Experts (n = 2). Results from the two expert groups were compared to the results obtained in experiment
1. Trial-by-trial mean endpoint errors are represented in Supplementary Figure 2.

Motor variability associated with expertise. During familiarization trials, comfortable Experts showed a signif-
icantly lower variability on the throwing task compared to the control groups (Throwing and Pointing groups in
experiment 1) (mean = 1.48 £ 0.57 degrees®; F(3,26) = 20.96, p < 10~%). This stronger consistency in throwing
movements compared to the throwing control group is related to the expertise on these throwing movements
despite the dissimilarities between dart throwing and experimental throwing (see Fig. 4). Uncomfortable Experts
showed an intermediate level of variability (mean =2.00 £ 0.00 degrees®) that was also lower compared to the
throwing control group.

No difference in baseline.  Average endpoint errors were around zero and were not significantly different between
Experts (both Comfortable and Uncomfortable) and controls (Pointing and Throwing groups) (F(3,26) =1.16,
p=0.34).

Similar error reduction and after-affects.  Expertise was not associated with a faster error reduction during expo-
sure. Indeed, experts showed no difference in their performance while they were exposed to the prismatic devi-
ation compared to the pointing and throwing control groups. The rMANOVA (Group*Block) revealed only a
significant effect of blocks (F(3,26) =46.02, p < 10 7).

Concerning after-effects, comfortable Experts exhibited the same amount of after-effects on the
trained task than the two other controls group (Pointing and Throwing) (mean = —4.48 + 0.86 degrees;
F(3,26) = 0.78, p < 0.51), see Fig. 5. Uncomfortable experts also showed a comparable amount of after-effects
(mean = —6.00 4 0.34 degrees).

Reciprocal transfer in experts.  Except for variability, Experts did not display differences compared to the Pointing
and Throwing control groups for the previous classical variables of prism adaptation. However, our results crucially
revealed a significant presence of after-effects on the non-exposed task (i.e. pointing) in the comfortable Experts
group (t(3) =—5.49, p=0.01), see Fig. 5. In fact, comfortable Experts showed transfer to the task they did not practice
during exposure (i.e. pointing) that was comparable to the Pointing group, and obviously greater than Throwing
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T-Tests against zero: Pre-Tests, Early-Tests, Post-Tests
Experiment 1
Group | Task Mean (degrees) + SD | t ‘ dl ‘ P
Pre-tests
Exposed task (Throwing) —0,01+2,40 —-0.01 0.99
Throwing
Non exposed task (Pointing) | —0,47 42,21 -0.72 0.48
Exposed task (Pointing) —0,23+1,68 —0.47 11 To64
Pointing m‘;{fﬁﬁ;)ﬁ‘d task 0774137 195 0.08
Post-tests
After-effects (Throwing) —4,87 + 1,81 —9.33 10
Throwing Transfer (Pointing) 0,05+0,97 0.19 0.85
Transfer Ratio (%) —6,02 428,90 —0.72 11 0.48
After-effects (Pointing) —4,43 +1,09 —13.99 10—¢
Pointing Transfer (Throwing) —1,80+ 1,00 —5.49 103
Transfer Ratio (%) 44,39 + 30,33 5.07 104
Experiment 2
Group Task Mean (degrees) + SD | t ‘ dl ‘ P
Pre-tests
Exposed task (Throwing) —0,43+1,54 —0.54 0.62
Comfortable Experts 3
Non exposed task (Pointing) | 0,32 £ 1,46 0.45 0.69
Exposed task (Throwing) 3,77+1,83 2.9 0.21
Uncomfortable Experts 1
Non exposed task (Pointing) | —0,50 +0,07 —10 0.06
Post-tests
After-effects (Throwing) —4,47 +0,86 —10.41 103
Comfortable Experts Transfer (Pointing) —1,72+£0,62 —549 3 0.01
Transfer Ratio (%) 31,61+12,99 4.86 0.01
After-effects (Throwing) —6+0,34 —24.59 0.02
Uncomfortable Experts Transfer (Pointing) —0,124+0,9 —0.19 1 0.87
Transfer Ratio (%) 1,65+ 14,92 0.16 0.91
Experiment 3
Group Task Mean (degrees) + SD | t ‘ dl ‘ P
Pre-tests
Exposed task (Throwing) 0,68+1,25 1.71 0.12
Throwing
Non exposed task (Pointing) | 0,06 £ 1,01 0.32 0.85
Exposed task (Pointing) 0,62+ 0,88 2.21 9 0.06
Pointing Non exPosed task 084413 0.41 0.07
(Throwing)
Early Tests
Throwing Exposed task (Throwing) -2,82+1,71 —5.23 0 10~
Pointing Exposed task (Pointing) —3,7942,02 —5.91 10—
Post-tests
After-effects (Throwing) —4,88 +1,63 —9.48 10—°
Throwing Transfer (Pointing) —0,16 £0,87 —0.6 0.56
Transfer Ratio 6,69+ 38,24 0.55 0.59
After-effects (Pointing) —5,07+1,08 —9.05 ’ 10—°
Pointing Transfer (Throwing) —3,08+2,19 —4.45 103
Transfer Ratio (%) 54,71 4+53,78 322 0,01

Table 3. Statistical analysis: T-tests against zero during pre-tests, early-tests and post-tests in Experiments 1, 2,
3.

control group (mean = —1.72+0.62 degrees, (F(3,26) =9.13, p < 10~*). However, uncomfortable Experts did not
show any significant transfer of after-effects to the non-exposed task (mean= —0.12 £0.90 degrees).

Relation between motor variability and transfer. ~ As explained previously, during our laboratory throwing task, two
expert participants were not able to fully reproduce the feelings and comfort associated to their usual dart-practice.
Consistently, they displayed a greater variability than other experts in the group, meaning that their dart expertise
was not entirely beneficial during our laboratory throwing task. Moreover, these two participants showed no transfer
to the pointing task. In addition, a highly significant correlation (R*>=0.89) was found between variability during
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Figure 2, Experiment 1: mean variances during familiarization. Mean group variances are represented in black
for the pointing group and in grey for the throwing group, respectively on the left for the pointing task and on
the right for the throwing task. Error bars refers to standard deviations. **means p < 0.01.
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Figure 3. Experiment 1: mean endpoints errors during post-tests. Mean group endpoint errors during post-
tests are represented in black for the pointing group and in grey for the throwing group, respectively on the left
for after-effects (i.e. endpoint errors on the exposed task) and on the right for transfer (i.e. endpoint errors on
the non-exposed task). Error bars refers to standard deviations. **means p < 0.01.

the last ten familiarization throwing movements and the transfer ratio in the whole expert group, indicating that the
more variable the participants, the less they were able to transfer compensations to the non-exposed task, see Fig. 6.
However, this correlation remained far from significance in the novice control throwing group.

As a matter of fact, the second experiment revealed that mastery of the exposed task (throwing) promotes the
transfer of acquired compensations to the non-exposed task (pointing). Thus, context-independent processes
seem to be involved to compensate for a given perturbation while performing a mastered motor task. Transfer
exhibited by comfortable experts also allowed us to rule out the idea that transfer may operate only from near to
far space. However, the previous experiments do not allow to understand the physiological mechanisms underly-
ing the link between expertise and transfer. A third experiment was conducted in order to better understand the
strict unidirectionality of transfer between throwing and pointing. In this experiment, we analyzed the kinematics
of pointing movements performed during pointing task in order to investigate whether different phases of the
trajectory may be differentially affected by prism adaptation (see O’Shea et al.®).

Experiment 3: Mechanisms underlying the unidirectional transfer between throwing and
pointing. Our specific aim was to investigate whether differential after-effects would provide a predictive
variable for transfer. We also provide kinematic analyses of pointing trajectories in order to better understand the
mechanisms underlying the absence of transfer in the throwing group. The design of the experiment was the same
except that we introduced early post-tests and measured pointing kinematics with motion capture (see Online
methods for details). Statistical analysis results are detailed in Tables 2-5,7, 8.
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Experiment 1

Pointing group Throwing group t dl P
After-effects —4,43+ 1,09 —4,87 +1,81 072 |22 0.48
Transfer —1,80£1,00 0,054+0,97 4.62 104
Experiment 2%

Comfortable Experts Uncomfortable Experts R? dl F P
After-effects —4,47 £ 0,86 —6+0,34 0.08 |3.26 |0.78 0.51
Transfer —-1,72+0,62 -0,12+0,9 0.51 326 |[9.13 10—4
Experiment 3

Pointing group Throwing group t dl P
Early-Tests —5,07£1,08 —4,88 1,63 024 |18 0.81
After-effects —5,07+£1,08 —4,88+1,63 0.24 10-3
Transfer —3,08+2,19 —0,16+0,87 39 103

Table 4. Statistical analysis: T-tests between groups during post-tests, in Experiments 1, 2, 3. "For experiment 2,
reported values refer to a 1-way ANOVA comparing experts groups and throwing and pointing control groups.
Post-Hoc analyses revealed significant differences between comfortable Experts and throwing controls group
(p<0.05).

Experiment 1
Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 dl F P Significant effects
Throwing group 5,02 2,40 291+1,98 2,13+ 1,42 1,654+1,20 1,114+0,58 1,01+0,85
1,22 | 36.46 10-7 | Block
Pointing Group 4,29+291 2,38+2,95 1,57+ 1,85 1,13+1,04 0,78 +0,55 0,68+0,37
Experiment 2
True Experts 5,38 £ 1,06 3,64+1,70 1,884 1,08 1,204+0,83 0,96+ 0,92 0,88+0,94
3,26 | 46.02 107 | Block
False Experts 4,28 1,33 2,72+0,51 2,03£0,19 0,89+0,01 0,96 +0,38 0,47 £0,10
Experiment 3
Throwing group 4,16 +2,10 3,54+ 1,40 1,244+ 1,15 1,18 40,88 0,904 0,84 0,95+0,80 16.27"
1,18 107 | Group', Group*Block?
Pointing Group 2,10+0,81 1,77 +1,12 1,304+0,74 1,214+0,58 1,314+0,54 1,31+0,60 6.21°

Table 5. Statistical analysis: IMANOVAs during exposure in Experiments 1, 2, 3.

1 40 Reg (3rd) 2 2
2 8 Nat (2nd) -3 -2
3 15 Nat (9th) -1 -1
4 15 Nat (12th) -1 2
5 15 Reg (10th) -3 -3
6 13 Reg (20th) 3 1

Table 6. Throwing experts characteristics. Note: comfort and similarity scores refer to the self-rate performed
by dart players so as to assess the likeness between dart throwing and our experimental throwing task. Comfort
and Similarity were rated from from —3 (“not at all comfortable” and “very different”) to 3 (“very comfortable”
and “very similar”).

As expected, the overall pattern of results was similar to experiment 1, i.e. similar average results through
familiarization, pre-tests, exposure and post-tests. The transfer test also confirmed a unidirectional transfer from
pointing to throwing but not from throwing to pointing (see Fig. 7).

A significant effect of Group on error reduction during exposure was observed during the first two blocks of
exposure in which average endpoint errors were larger in the throwing group compared to the pointing group
(4.1642.10 and 3.54 & 1.40 degrees for block 1 and 2 in the throwing group vs 2.10£0.81 and 1.77 £ 1.12 for
the pointing group), which is compatible with lowering speed stress imposed on subjects (see supplementary
information, Supplementary Figure 4).

As in experiment 1, a significant variability difference was found between throwing and pointing in both group
during familiarization (F(1,18) = 34.25, p < 10~°) (see supplementary information, Supplementary Figure 3).
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Figure 4. Experiment 2: mean variances during familiarization. Mean group endpoint errors during post-tests
are represented in black for the pointing group, in grey for the throwing group, in hatched for the throwing
expert group, respectively on the left for the pointing task and on the right for the throwing task. Experts group
refer to the comfortable experts only. Uncomfortable experts’ results are not represented. Error bars refers to
standard deviations. **means p < 0.01.
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Figure 5. Experiment 2: mean endpoints errors during post-tests. Mean group endpoint errors during post-
tests are represented in black for the pointing group, in grey for the throwing group, in hatched for the throwing
experts group and respectively on the left for after-effects (i.e. endpoint errors on the exposed task) and on the
right for transfer (i.e. endpoint errors on the non-exposed task). Experts group refer to the comfortable experts
only. Uncomfortable experts’ results are not represented. Error bars refers to standard deviations. **means
p<0.01.
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Figure 6. Experiment 2: correlation between transfer ratios and variability of throwing movements in the
experts group. Variability refers to the mean variances of the ten last familiarization throwing trials for each
subject. Both comfortable (empty marks) and uncomfortable (solid marks) experts are represented.
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Kinematic alterations: T-Tests (Experiment 3)
Movement directions during Pre-tests (both groups)

Pointing group Throwing group t dl P
Initial direction —6,37 47,02 —8,424£3,95 0.8 18 | 043
Intermediate direction 2,62+3,14 2,38+2,08 0.19 0.85
Terminal direction 5,35+5,42 3,6242,68 . 0.86 0.4
Movement directions alterations during Post-tests (both groups)

Pointing group Throwing group t dl P
Initial direction —4,844+3,25 —3,13+1,48 —-1,51 18 0.15
Intermediate direction —6,251+ 3,58 —6,134+4,09 —0,07 0.94
Terminal direction —5,69+5,76 2,37+2,72 —4,00 10-*
Movements direction alterations during Early-Tests and Post-Tests (Pointing group)

Early Tests Post-tests [t [a P
Initial direction —5,55 —4,84 —0,45 9 0.66
Intermediate direction 0,12+3,58 —6,25+3,58 3.89 103
Terminal direction —3,77+791 —5,69+5,75 1.92 0.49

Table 7. Kinematic alterations of pointing movements: T-tests between Throwing and Pointing groups in

Experiments 3.

Temporal dynamics of after-effects in early tests and post-tests:
T-Tests (Experiment 3)
Early-tests
Pointing group Throwing group |t dl |p
Shrst | 95001 —3,36+2,57 11 |18 |0.29
trials
5 last
. —3,45+1,99 —1,17+1,85 2,66 0.01
trials
Post-tests
Pointing group Throwing group |t dl |p
Sfist | 569417 ~592+ 1,89 029 |18 |077
trials
5 last
. —5,05+1,99 —2,56+2,87 2.24 0.03
trials

Table 8. Temporal dynamics of after-effects: T-tests between Throwing and Pointing groups in Experiments 3.
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Figure 7. Experiment 3: mean endpoints errors during post-tests. Mean group endpoint errors during post-
tests are represented in black for the pointing group, in grey for the throwing group, and respectively on the left
for after-effects (i.e. endpoint errors on the exposed task) and on the right for transfer (i.e. endpoint errors on
the non-exposed task. Error bars refers to standard deviations. **means p < 0.01.
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Figure 8. Experiment 3: mean pointing trajectory orientation and alteration during initial, intermediate

and terminal) phases of movements. Comparison between pointing (in black) and throwing (in grey) groups
during Pre-tests (PRE), and Post-tests (POST). **means p < 0.01. Note: for Post-tests, mean baseline trajectories
orientation have been subtracted for each subject. Trajectories alterations are represented.

Concerning the early measures of compensation, no significant difference between groups were observed,
which means that subjects showed apparently similar magnitude of after-effects on the exposed task after the first
block of exposure independently from the trained task (t(18) =1.62, p=10.12).

Kinematics show a symmetrical transfer during initial direction. Mean pointing trajectories are reported in sup-
plementary information (Supplementary Figure 5) for Throwing and Pointing groups. Movements’ instantaneous
directions were compared at the main kinematic landmarks: acceleration peak (initial direction), velocity peak
(intermediate direction), and deceleration peak (terminal direction) between groups, during pre-tests, early tests
and post-tests (Fig. 8). Directions were measured as the angle between instantaneous velocity vector at each
peak and the straightforward line between the starting position and the target. Reported values only concern
the central target. We first compared mean movement directions at each kinematic landmark during pre-tests
for both groups. The results revealed that the mean movement direction at initial, intermediate and terminal
phases of pointing movements did not differ between groups during Pre-Tests (t(18) = 0.8; 0.19; 0.86 respectively
and p=0.43, 0.85; 0.4. Mean values are reported in Table 7), thus the two groups initially produced comparable
trajectories.

Then, we compared alteration of movements’ directions during Post-tests as the difference in movement
directions between Pre-tests and Post-tests respectively for initial, intermediate, and terminal directions. After
exposure, the same substantial alteration was observed during Post-tests on the pointing task in both groups for
initial and intermediate directions (t(18) = —1.51; —0.07 and p = 0.15; 0.94 respectively). It suggests that a similar
compensation took place in the two groups in term of initial motor commands. However, mean terminal direc-
tion of movements was altered differently in Throwing group compared to the Pointing group during Post-tests
(mean =2.37 & 2.72 degrees for Throwing group and —5.69 + 5.76 degrees for Pointing group, t(18) = —4.00,
p < 107%). This again confirms that despite apparent similarities the nature of the compensation differed between
the two groups. Results showed that participants in the Throwing group were able to transfer compensations in the
initial and intermediate phase of movements but corrected trajectories in the final phase of movements, which lead
to an absence of transfer when endpoints are considered. This analysis may provide explanations for the crucial
differences observed between transfer of the two groups that are masked on the endpoint accuracy measures.
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Discussion

In the present study we explored the cross-transfer between two manual visuo-motor tasks: throwing and point-
ing. Our observations yield four main findings: (1) prism exposure during pointing and throwing movements
produced strikingly similar error reduction curves and after-effects after prism removal, (2) in spite of this appar-
ent similarity, transfer of compensations was radically unidirectional, i.e. reliably present from pointing to throw-
ing and fully absent from throwing to pointing, (3) kinematic analyses of pointing trajectories suggested plausible
physiological mechanisms underlying findings 1 and 2, (4) expertise on the throwing task (dart throwers) was
associated with the transfer of compensations from throwing to pointing task. Altogether we argue that a proper
definition of adaptation should include transfer properties in addition to the classical after-effect criterion.

Unidirectional transfer provides a signature for different processes. Our results show that two
manual aiming tasks yield to apparently similar results in terms of pre-tests performance, error reduction during
prism exposure and after-effects, which may have suggested that similar compensation took place in the two
groups. According to the classical definition of adaptation, i.e. simply based on the presence of compensatory
after-effects upon explicit removal of the perturbation, throwing and pointing would be considered as produc-
ing identical adaptation. In spite of this apparent evidence, a strictly unidirectional transfer occurred, which
suggests that compensation resulted from different process according to the task exposed. As a matter of fact,
participants performing throwing during prism exposure showed no transfer to the pointing task upon prisms
removal. It suggests that during exposure, participants set up visuomotor corrections to address the visual-motor
discrepancy encountered and finally managed to compensate for the deviation to return to their baseline perfor-
mances. Although participants showed after-effects on the trained task (i.e. throwing), these after-effects did not
transfer to the non-exposed task (i.e. pointing). This implies that the underlying processes of this compensation
remained context-specific. Whereas the compensations set up during classical prism exposure can be explained
in terms of changes in the alignment of spatial maps (visual head-eye and proprioceptive head-hand)***, the
lack of transfer from throwing to pointing with the same limb instead suggests that compensation at work relied
on motor commands rather than sensory realignment®!’. One fundamental implication of this result is that the
classical definition of adaptation, i.e. based on the presence of compensatory after-effects, may not be sufficient to
clearly outline the boundary between different processes at work, which might be related to learning and adapta-
tion. True adaptation may actually require further specifications in terms of spatial generalization®' and transfer
to other contexts. This finding is reminiscent of the observation that compensations acquired during exposure
to force-fields do not transfer to unconstrained arm movements*>. We may speculate that participants in our
throwing group solicited a more strategic level of compensation than true low-level realignment. Since post-test
conditions for the exposed movement (classical after-effects) were close from the exposure condition even upon
prism removal (same task, trained target), participants after-effects may result from associative generalization
(i.e. toward close conditions). Conversely, the pointing group exhibited after-effects both on the exposed task and
the non-exposed task, i.e. an associative and dimensional (i.e. above initial conditions) generalization at the same
time. Thereby, the pointing group seemed to show a higher implication of the realignment processes while the
throwing group seemed to rely mainly on strategic processes of error correction®.

Our third experiment was conducted to refine our analysis and to investigate potential explanations for this
unidirectional transfer. We showed that early compensations were not different between Throwing and Pointing
groups and thus could not explain the differences observed in transfer capacities across groups. However, analysis
of pointing movement kinematics showed that a transfer from throwing to pointing seems to be present at the ini-
tial and intermediate phases of movements but disappears during the terminal phase of movements, which leads
to an absence of transfer concerning the endpoint error. In a previous study, O’shea et al.® showed that kinematics
allowed to distinguish two different error corrective processes during prism exposure: a strategic feedforward
motor control process (initial part of the trajectory) and a slower feedback-driven correction process (terminal
part of the trajectory). Echoing this previous study, the present analysis showed that kinematics reveal crucial
information about the nature of processes involved in addition to endpoint errors. A possible explanation may be
relative to the proprioceptive component in prism adaptation. The felt position of the hand is not shifted by the
prism while the visually perceived location of the target is. As such, proprioceptive feedback will tend to guide the
hand toward the virtual target location, away from the real target location®'°. It is admitted that prism exposure
of pointing movements alters the felt limb position sense!*****, Qur results suggest that novice participants in the
throwing groups may not exhibit such change, and the available literature does not allow to know whether prism
exposure by throwing produces a similar proprioceptive after-effect when throwing movements are exposed to
the optical shift. Instead, they might have relied more on the feedforward motor control process, i.e. the adjust-
ment of motor plan for the subsequent trial®'’. Thus, when subjects from the throwing control group made
pointing movement during post-tests, they were able to correct their trajectory once proprioceptive feedback was
at work, as the proprioceptive modality was not altered during prism exposure.

Expertise enables transfer of compensations. Two differences between tasks might explain this uni-
directional transfer: the space of action (near space for pointing vs far space for throwing) and the variability
associated with each task. Motor variability related to throwing movement may have influenced the processes set
up to compensate for the prismatic perturbation?”. Throwing experts enable us to address these two hypotheses.
In the first experiment, both groups showed a higher variance in throwing than pointing. This can be
explained by the fact that pointing is a usual and highly mastered task while throwing needs a lot of practice to
be controlled. Relationships between motor variability and learning capacities have been recently studied. Some
authors suggested that variability, instead of being an unwanted noisy consequence, would rather be linked to
the capacity of exploring multiple motor solutions. This action exploration would be associated with a better
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performance in sensorimotor learning in a non-mastered manipulandum task movements*** and related to an

increased interlimb transfer®®. In our second experiment, we recruited throwing experts to investigate the influ-
ence of expertise on the transfer of visuo-motor compensations acquired during prism exposure. Experts inter-
estingly showed a significant transfer of compensations on the non-exposed task (i.e. pointing) while the control
throwing group did not. In contrast to the aforementioned studies, our results showed that the less subjects were
variable during the familiarization phase on the exposed task, the better they transferred visuomotor compensa-
tions to the non-exposed task. Darts experts showed a decreased variability compared to control groups which
confirms that consistency (i.e. low variability) is a suitable marker of expertise*®*”. Moreover, we found that trans-
fer rates are correlated with variability and expertise. Thus, expertise seems to influence the transfer properties
following prism exposure. Indeed, the results suggest that a higher implication of sensorimotor adaptive processes
was present in the expert group, similar to the pointing control group. The correlation between variability and
transfer in the expert group may be interpreted cautiously due to the small number of experts. Nevertheless, the
absence of correlation in the novice groups may suggest that an expertise threshold conditions transfer. As such,
we speculate that novices have no option but opt for the establishment of a new control policy, i.e. prompt learn-
ing, in order to face a new sensorimotor situation. Conversely, sensorimotor expertise appears to be necessary to
adjust an existing control policy to face a perturbation, i.e. to activate adaptation. Our results are congruent with
previous findings that emphasized the influence of expertise on the processes used to face varying conditions*??,

Therefore, expertise on the task performed during prism exposure seems to play a role in conditioning the
transfer of after-effects to an unexposed task. An interesting question is whether expertise on the transfer task
also influences the amount of transfer on this task. Healthy individuals can be considered as natural experts on
the pointing task. However, their pointing expertise did not allow those who performed the throwing task during
prism exposure to transfer the acquired compensations to the pointing task. Hence, we can argue that performing
an over trained task during prism exposure favors “true” adaptation and thus, the transfer of visuo-motor com-
pensations to a non-trained task. Conversely, before the exposed task is fully controlled; one relies on cognitive
strategies - strategic errors reduction® in a greater way and is not allowed to set up a “true” adaptation process in
response to prismatic deviation.

A speculative explanation of the link between expertise and transfer relates to the role of proprioception in
movement control. Kinematics analysis from experiment 3 suggest that proprioceptive modality was not altered
when novice participants performed throwing under prism exposure. As such, prism exposure may have altered
experts felt limb position in such a way that they exhibited transfer of after-effects over the whole pointing trajec-
tory. Several studies showing that expertise in a given motor task modifies proprioceptive abilities already support
this hypothesis (e.g. Lin, Lien, Wang, & Tsauo, 2006)*' and it remains to be specifically tested. Future studies
measuring kinematics data for experts will allow us to test whether transfer also appears in the terminal phase of
movements in expert participants.

Implications for learning and adaptation. From a theoretical perspective, our results provide empir-
ical arguments for the distinction of processes leading to context-dependent vs generalizable after-effects, con-
gruent with several distinctions proposed earlier’*'2, We speculate that the context-dependent process which
leads to local transformations obtained during exposure to throwing may be classified as learning, while trans-
ferable compensations in a different context would pertain to adaptation. Our study supports the fact that
context-dependency of elicited transformations may be crucially related to the very nature of the plastic process
involved in the compensation of the visual shift produce by prisms. The fact that throwing experts, who have
over-learned the throwing movements, exhibit transfer from throwing to pointing (with a magnitude comparable
to the transfer exhibited by subjects from pointing to throwing) strongly supports the idea that true adaptation
can occur once a visuo-motor task has been sufficiently practiced to give rise to learning. In principle, it would
not seem optimal to adapt sensorimotor transformation parameters before they have been defined in a sufficiently
accurate way, i.e. adaptation may not be useful until the range of adaptation falls below the variability of the task
performance. As a consequence, discrepancies experienced when practicing an unmastered task during prism
exposure would not be relevant enough to give rise to adaptation®”. Therefore, one may speculate that adaptation
of a given task may only take place once this task has been sufficiently acquired through learning, and further
investigations will be required to further test this hypothesis.

Conclusion

Our study compared two tasks during prism exposure, with a high level of similarity in terms of both compen-
sations developed during the perturbation and classical after-effects. In spite of similar after-effects, transfer of
compensations after the perturbation occurred only from the most mastered task to the least mastered task. This
strictly unidirectional transfer was demonstrated by means of both traditional manual measurement (experiment 1)
and sophisticated motion tracking technique (experiment 3). In addition, motor expertise in darts players for the
exposed task appears to promote transfer capacities. In light of these results, we speculate that context-dependent
learning (i.e. cognitive, strategic) processes are mainly at work to first stabilize performance in novice participants
while experts use context-independent adaptation (i.e. sensorimotor) processes to face the perturbation. Thus,
future full definitions of adaptation should include transfer properties in addition to after-effects.

Our study uncovered a unidirectional transfer of prism-acquired after-effects from pointing to throwing and
we put forward several hypotheses (i.e. the role of proprioceptive feedbacks and the likely relationship between
variability/expertise and transfer) that need to be tested. Open questions relate to the threshold of expertise
needed to enable transfer, and to the neural substrates underlying such capacities. Further investigations are
needed to explore how the brain switches from learning to adaptation over the course of expertise acquisi-
tion, to define optimal adaptation procedures and to design rehabilitation strategies based on the elicitation of
context-independent adaptation that would transfer benefits to daily life situations.
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Methods

Our study was divided into three distinct experiments illustrated in supplementary information (Supplementary
Figure 6). Every participant gave informed consent to participate in these experiments. All procedures were
designed following relevant guidelines and regulations and were approved by the ethics evaluation committee of
Inserm (IRB of the French Institute of medical research and Health, IRB00003888, IORG003254, FWA00005831).

Experiment 1. Participants. 24 healthy volunteer subjects participated in the study. They had normal or
corrected to normal vision, no neurological disorder and had never experienced prisms before the experiment.
Participants were asked to perform two goal-directed visuo-motor tasks -throwing and pointing - which are
detailed in the further section.

Participants were divided into two groups depending on the task performed during prism exposure (which
was called « exposed movement » in contrast to « non-exposed movement »). Thus, for the first group, the exposed
movement was pointing while the non-exposed movement was throwing (Pointing group, n =12, 6 males and 6
females, mean age =22.58 4= 1.73 years old). For the second group, the exposed movement was throwing, and the
non-exposed movement was pointing (Throwing group, n = 12, 6 males and 6 females, mean age =22.16 +2.79
years old), see Fig. 1.

Experimental paradigm. Participants followed the four stages illustrated in Fig. 1 with varying tasks performed.
Tasks were performed either with vision allowed (closed-loop) or without (open-loop), and toward one central or
two targets (central (0°) and right (10°)). Specific conditions for each step of the experimental are detailed in this
section and summarized in Table 1.

Familiarization. The aim was to familiarize participants with both tasks and with experimental settings.
They were asked to perform trials of the exposed movement then trials of the non-exposed movements. As point-
ing is an over-trained task, participants performed only 10 trials versus 30 trials for the throwing task. Trials were
performed in a closed-loop condition (vision allowed) toward the central target.

Pre-tests. Participants performed two blocks of ten trials of the non-exposed movement and then two blocks
of ten trials of the exposed movement. Trials were performed in open-loop condition (no vision) and toward both
targets in a randomized order (which was the same for all participants).

Exposure. Participants were asked to perform six blocks of ten trials while wearing prismatic lenses that
shifted the visual field ten degrees toward the right (OptiquePeter.com, Lyon). Trials were performed in a
closed-loop condition (vision allowed) toward the central target at a maximal speed. Before positioning the gog-
gles, participants were asked to keep their eyes closed. They were also instructed not to look at their own body or
to move in any way (except to perform the task) while they were wearing the goggles.

Post-tests. Once the prisms were removed, participants were asked to perform two blocks of ten trials of the
exposed movement to assess after-effects. Then, they performed two blocks of ten trials on the non-exposed task
to measure the transfer of after-effects. The four blocks were realized in the same conditions than during pre-tests:
no vision allowed, both right and central target in a randomized order.

Pointing and throwing task set-ups. At the beginning of the experiment, participants were asked to sit in an
adjustable and movable chair and to stay on this chair for the whole duration of the experiment. Investigators
were in charge to move the participant from the throwing experimental set-up to the pointing one when it was
necessary. During each transitional phase, participants were wearing eye patches to be deprived of vision and to
prevent influences of environmental vision on visuo-motor compensations. The experimental set-ups for each
task are detailed in the following section.

Pointing task. Participants were sitting in front of a pointing desk, with their head on a chinrest. The starting
position of the finger was situated below the chinrest, lined up with the body midline. Chinrest was used to avoid
participants to see their hand starting position in order to prevent any static recalibration of the prism induced
shift and thus slow down the error reduction, see supplementary information (Supplementary Figure 7).

Two targets were positioned on the pointing desk in front of participants, at a distance of 57.5cm from
their eyes. The central target (exposed target) was situated straight ahead of the participant’s body midline (0
degrees) and the right target (non-exposed target) at 10 degrees to the right. During open-loop pointing (pre,
early, post-tests), no vision was allowed during the entire movement. To control visual feedback, the investigator
manipulated a cover board in front of the participants. Before each trial, the investigator lowered the cover board,
so the participants were able to see the targets while their index lied on the starting position. Before the beginning
of the trial, the investigator lifted the cover board to prevent vision of the targets and movements. This condition
was used in order to reliably measure after-effects without the subject detecting and correcting for after-effect
induced biases.

During closed-loop pointing (familiarization and exposure), the investigator did not manipulate the cover
board and full vision was allowed. In both conditions, participants were asked to point as quickly as possible. To
control movement duration, participants were previously trained to reach the target in less than 250 ms. The start-
ing signal was given by the investigator for each trial. A color code indicated which target to reach in open-loop
conditions and a vocal « go! » was provided during closed-loop conditions (using only one target).
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Throwing task. Participants sat on a comfortable, adjustable chair in front of a vertical board, at a distance
of 2 meters. They were wearing a ball-dispenser helmet illustrated in Supplementary Figure 7. Two targets were
materialized on the board. The central target (exposed target) was situated forward the participant’s body midline
(0 degrees) and the right target (non-exposed target) at 10 degrees to the right. All the setting was surrounded by
light spots connected to a switch placed on the helmet. During open-loop throwing, participants had to pick a
ball and to press down the light-switch mounted on the helmet, so as to be able to see the target. Once they initi-
ated movement and released the switch, lights were immediately turned off so they were not able to see anymore.
Thus, participants had no visual feedback concerning their movements and consequences. During closed-loop
throwing (familiarization and exposure), lights were turned on and participants were able to see their movement
all time. As for pointing, in both conditions, participants were asked to throw as fast and accurate as possible. The
starting signal was given by the investigator for each trial: the target color to reach in open-loop conditions and «
go » during closed-loop conditions.

Data collection.  For the pointing task, graduations were present on the pointing desk, opposite to the subject.
The investigator reported manually the endpoint error of each reaching trial. For the throwing task, an optoelec-
tronic motion capture system (9 cameras, Vicon Motion Systems Ltd, Oxford, 1984) was used to record the ball
impact on the vertical board for each throwing trial. Reflective markers were placed on the throwing board to
identify the targets. Moreover, the projectiles were reflective themselves.

Data processing.  Markers trajectories were recorded for each trial and filtered with a Butterworth low-band pass
filter at a cut-off frequency of 6 Hz. For the throwing trials, the time-point corresponding to the contact between
the projectile and the board was automatically detected. This time point was used to compute the lateral errors
between the impact of the projectile and the aimed target using MatLab customized routines.

Thus, we computed performances on each trial, i.e. angular deviation between the ball impact and the aimed
target.

Statistical analysis. Dependent variable was the endpoint lateral error for each trial, expressed in degrees. The
distance between the aimed target and either the final position of the index (pointing trials) or the ball impact
(throwing trials) in centimeters was converted into degrees through classical trigonometric rules, taking in
account the distance between the eyes and the target. rIMANOVAs (Group*Task) were performed to assess dif-
ferences between groups during familiarization and pre-tests in terms of endpoints errors and variability (com-
parisons of variances during familiarization). A rMANOVA (Group*Block) was performed to assess differences
during exposure. For post-tests measurements, mean baseline performances (during pre-tests) were subtracted
to after-effects and transfer values individually for each subject so as to correct for any baseline deviation. T-tests
against zero were used to identify significant alterations during post-tests (after-effects and transfer). T-tests were
also to compare both group during after-effects and transfer assessment. Statistical analysis was performed on
Statistica 7.1 (StatSoft Inc., Tulsa, 1984). All mean values are reported together with standard deviations.

Experiment2. This second experiment aimed to test the influence of expertise on the task performed during
exposure on the transfer of compensations to the non-exposed task. We recruited six dart players to constitute an
Experts group (6 males, mean age =32 £ 11.22 years old). They were all practicing darts for at least 8 years and
ranked at a national (or excellent regional) level. Although dart throwing presents several high similarities with
our throwing experimental set up, there were some differences concerning the distance (2.37meters from the
targets in dart throwing vs 2m in our experimental protocol), the posture (standing up vs sitting facing forward),
the starting position (hand seen vs hand hidden), and of course the projectile (dart vs ball). To check whether dart
expertise correlated with expertise in our throwing task, we asked experts to self-rate the task comfort and the
movement similarity between dart throwing and our throwing set up from —3 (“not at all comfortable” and “very
different”) to 3 (“very comfortable” and “very similar™).

Then, they followed the same protocol as the Throwing group of experiment 1: they were exposed to the pris-
matic deviation while performing throwing and tested for the transfer of compensations on the pointing task.

Data from Experts were compared to control pointing and throwing groups whose data were recorded in
experiment 1. All procedures concerning data collection and data processing were similar to procedures used in
experiment 1. Statistical analysis was performed similarly to experiment 1, except that we used a 1-way ANOVA
in order to test for differences between the three groups in terms of after-effects and transfer.

Experiment3. The aim of this experiment was to identify the possible mechanisms underlying the unidirec-
tional transfer pointed out in the first experiment. As such, we aimed to test the early compensations set up at the
beginning of exposure. The two compensatory processes involved in prism exposure are known to be associated
with different timings: recalibration would occur firstly while realignment would take a longer time to be set up
(see Oshea et al., 2017). Given these differences, we aimed to test whether the presence and the amount of early
after-effects would highlight any difference in the implication of both processes. We also aimed to investigate
pointing kinematics to refine our analysis of differences between groups. Qur purpose was to examine pointing
trajectories to shed light on potential clues appearing before the end of the movement, i.e. at initial and inter-
mediate trajectory directions. The same general procedures and methods were used. Thereafter are detailed the
changes operated.

Participants. 'We recruited 20 other healthy participants (n= 10, 5 males and 5 females, mean age=38.3 1+ 18.73
years old for the Pointing group, and n =10, 5 males and 5 females, mean age =37 4+ 17.26 years old for the
Throwing group) following the same inclusion criteria as in experiment 1.
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Familiarization. We decided to keep to the same amount the number of trials for throwing and pointing task
even though pointing is over-trained.

Early compensations. 'We can hypothesize that the amount of after-effects consecutively to the first trials dur-
ing exposure may be different between the two groups, according to the task performed. In order to test for this
hypothesis, we designed an experiment in which we introduced additional probe trials following the first block
of exposure. Right after the ten first trials of exposure, we removed the goggles and asked participants to keep
their eyes closed. Thein, they immediately performed 20 trials of the exposed movement to assess the presence of
early after-effects, in an open-loop conditions (with no vision allowed during movement) and toward the central
or the right target.

Pointing task. In experiments 1 and 2, subjects were instructed to reach the target as quickly as possible and
trained to perform movement under 250 ms. In order to investigate pointing trajectories in more ecological con-
ditions, the investigator instructed the subject to point “as fast and accurate” as possible without training them
to reach under a specific movement duration. In addition, we automatized the control of visual feedbacks during
open-loop condition. Participants wore electronic liquid-crystal glasses connected to a switch placed on the start-
ing position. The participants were able to see the targets while their index finger lied on the starting position.
Upon movement initiation the glasses turned opaque and subjects were deprived of visual feedback. When they
went back to the starting position, the glasses turned transparent again.

Data collection and data processing. 'The motion capture system were also used to record pointing trajecto-
ries. Reflective markers were positioned on the index, the wrist and the elbow of the subject. The endpoint of
each pointing movement was computed automatically (using in-house custom software written in Matlab).
Movements were detected using the following thresholds: onset was defined as the point at which hand velocity
exceeded 80 mm/s while offset was defined as the time-point at which velocity dropped below this threshold.
After automatic detection, all trials were cross-checked visually and adjusted manually if necessary. Index end-
points were then used to obtain lateral endpoint errors from the aimed target. Only pointing movement kinemat-
ics were analyzed.

Statistical analysis. The statistical analysis was performed similarly to previous experiments We added T-tests
to test for differences in pointing movement directions between both groups. We compared initial, intermediate,
and terminal directions between the throwing and the pointing group during pre-tests. We also compared move-
ment direction alterations between groups as the difference between pre-tests and post-tests pointing movement
directions. Finally, we also compared movement direction alterations between early tests and post-tests in the
pointing group. Additionally, we analyzed the temporal dynamics of after-effects in early tests and post-tests for
both groups. T-tests were performed to compare the mean deviations in the five first trials and in the five last trials
between the throwing and the pointing group.
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2. Study 1: Synthesis

The first experiment (1A) showed a strictly unidirectional transfer from pointing to throwing but
not from throwing to pointing. Notably, error reduction during exposure and after-effects on the
exposed task were remarkably similar in the two groups, i.e. irrespective of the task performed
during prism exposure.

The second experiment (1B) crucially revealed that expertise for throwing made transfer
reciprocal: expert dart throwers transferred after-effects to pointing, unlike experiment 1A

involving novice throwers.

Finally, the third experiment (1C) confirmed that no transfer occurred from throwing to pointing
and provided additional insights from kinematics analysis of pointing behaviour. First, the initial
direction of pointing during post-tests was biased to the left in both groups, i.e. regardless the
task performed during exposure. However, the terminal direction of movements was corrected
in the throwing group, so that there were no terminal errors and after-effects in the participants
who performed throwing movements during prism exposure. Because proprioceptive feedback
allows correction of the terminal part of pointing trajectory during post-tests, we hypothesized
that the proprioceptive modality was not biased by prism exposure in the throwing group.
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B. AXIS 2: TRANSFER AND MOTOR IMAGERY

1. Study 2: Manuscript

STUDY 2 aimed at testing whether prism adaptation (PA) by motor imagery (MI) of pointing led
to transferable after-effects. In addition, the purpose of this study was to test the influence of
MI abilities on after-effects and transfer. 44 healthy volunteers participated in the study. The
procedure used in STUDY 2 are mainly inspired from the first experiment of the STubY 1, but
only pointing prism exposure is involved. Besides, main changes are present concerning the
conditions of prism exposure to match the requirements for PA procedure using MI. These

modifications are detailed in the methods section.

The manuscript presented below is in preparation for submission.
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Abstract

Prism adaptation (PA) is a useful method to investigate short-term sensorimotor plasticity.
Following active exposure to prisms, individuals show consistent after-effects probing that they
adapted to the perturbation. Whether after-effects are transferable to another task or remain
specific to the task performed under exposure represents a crucial interest to understand the
adaptive processes at work. Motor Imagery (MI; i.e. the mental representation of an action
without any concomitant execution) offers an original opportunity to investigate the role of
cognitive aspects of the motor command preparation disregarding actual sensory and motor
information related to its execution. The aim of the study was to test whether prism adaptation
by motor imagery led to transferable after-effects. Forty healthy volunteers were exposed to a
rightward prismatic deviation while performing actual (Active group) versus imagined (Ml
group) pointing movements, or while being inactive. Upon prisms removal, participants in the
MI group showed consistent after-effects on pointing and, crucially, a significant transfer to
throwing compared to the Inactive group. Interestingly, only participants with high Ml abilities
adapted to the prismatic shift. These findings suggest that exposure to an intersensory conflict
is responsible for sensory realignment during prism adaptation. Conversely, the sensorimotor
motor conflict driven by actual feedbacks related to motor execution is not necessary to

develop a transferable adaptation.

Key-words: prism adaptation, motor imagery, transfer, after-effects, sensory realignment
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Introduction

Sensorimotor plasticity allows human beings to set up adaptive processes to keep
movement accuracy and smoothness when facing sustained perturbations or new situations.
The processes involved to face perturbations can be reflected by transfer properties, i.e. the
capacity to apply modified sensorimotor settings from the initial perturbation context to other
situations (Fleury et al., 2019; Poggio & Bizzi, 2004). In addition, the understanding of such
transfer mechanisms represents a crucial issue in the field of neuro-rehabilitation (Roemmich
& Bastian, 2018).

Prism adaptation (PA) is one of the oldest paradigm aimed at investigating short-term
sensorimotor plasticity processes (Prablanc et al., 2019; Redding et al., 2005, von Helmotlz,
1962). Individuals’ baseline pointing performance is first assessed. Subsequently, individuals
are actively exposed to a visual field shift through prismatic goggles. During the first pointing
trials under prism exposure, they experience pointing errors in the direction of the prismatic
deviation. Among a couple of trials, the participants rapidly compensate for errors until they
turn back to their baseline performance. Once prisms are removed at the end of exposure,
they make pointing errors in a direction opposite to the initial prismatic deviation, called
“negative after-effects”. The proof of a “true” adaptation is attested by after-effects assessment,

relatively to baseline performances (Prablanc et al., 2019; Weiner et al., 1983).

Several interpretative frameworks have been proposed to describe processes at work during
PA. Redding and Wallace (2002) supposed two distinct mechanisms: strategic control
(recalibration) and sensory realignment. Strategic control is the process rapidly reducing errors
as soon as the exposure began, by means of a strategic adjustments of motor plans. During
the very first trials, the participants use previous errors to correct the subsequent pointing trial
using cognitive-compensatory modifications of motor commands, even, for example, including
voluntary pointing-off target strategies. Realignment is a slower and automatic process needed
to re-organize the sensory references frames (visual and proprioceptive). Visual information is
biased by the prismatic lenses while proprioceptive information remains unbiased, resulting in
a mismatch between the two sensory maps. Realignment aims at reducing this mismatch by
updating relationships between visual and proprioceptive reference frames. Realignment is at
the origin of after-effects and is considered as “true” adaptation (Petitet et al., 2017; Prablanc
et al., 2019; Redding et al., 2005).

However, disentangling strategic control and realignment and their specific contribution to
prism adaptation is still not fully elucidated. The conditions required to develop after-effects
have been deeply investigated but remained somewhat unclear.
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Over the building of PA literature knowledge, conscious error detection and/or correction
during prism exposure was needed to develop adaptation. Recent pieces of work challenged
this assumption, for example, by developing adaptation with a multiple step paradigm, i.e.
gradually inducing prismatic deviation by steps of two degrees (Michel et al., 2007). Therefore,
participants remained unaware of the prismatic perturbation and did not detect errors although
they showed substantial after-effects once prisms were removed (Gaveau et al., 2014;
Hanajima et al., 2015; Hatada et al., 2006; Michel et al., 2007; Panico et al., 2018).

Another stronger assumption was that active movements were necessary to develop
adaptation when exposed to prisms, in order to generate actual sensory feedbacks (Prablanc
et al., 2019; Held & Freedman, 1963; Held & Mikaelian, 1964). This was shown by passive
exposure (i.e. absence of movement) which did not elicit after-effects. However, Michel et al.
(2013) demonstrated that MI was able to develop an adaptation when exposed to prisms.

Motor imagery (MI) is a mental representation of an action without any concomitant execution.
MI shares temporal features with actual movement and activates common cortical areas
(Guillot et al., 2012; Jeannerod, 2001). This neuro-equivalence is correlated with Ml ability, i.e.
the capacity to easily form vivid mental representations. Good imagers demonstrate greater
activation of motor areas during MI compared to poor imagers (Debarnot et al., 2014).
Importantly, MI has the potential to improve actual motor performance through mental training,
leading to motor performance enhancement (Di Rienzo et al., 2016; Ruffino et al., 2017). Ml
also led to adaptation when exposed to a visual perturbation (Michel et al., 2013). In fact,
participants who performed pointing movements through Ml (i.e. with no actual execution of
pointing movements) while exposed to a 15° prismatic deviation showed significant after-
effects following exposure. After-effects were nevertheless less than half smaller compared to
those following actual pointing. Crucially, no after-effect occurred in the control groups. Control
groups data showed that in the Prisms-Imagery group, after-effects were not attributable: (1)
to simple exposure to prisms (without MI, with or without focused attention on hand or targets),
(2) neither to simple practice of Ml (without wearing prisms). Importantly, the last control group
probed that viewing the hand while imaging movements under prism exposure was necessary
to develop after-effects: participants who performed pointing movements through MI under
prism exposure but with no vision of their hand did not show any adaptation. This result
evidenced that sensorimotor conflict (i.e. the mismatch between predicted and actual
consequences of movements) was not required to develop an adaptation. However, the inter-
sensory conflict between biased visual information and unbiased proprioceptive information

was strong enough to produce after-effects.
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A possible interpretation of such results relies on the internal models framework (Kawato,
1999; Miall & Wolpert, 1996). Ml involves the internal forward model (Kilteni et al., 2018), which
predicts the future sensorimotor state through the consequences of motor command, by
integrating the efferent copy of the motor command and the current state of the sensorimotor
system (Miall & Wolpert, 1996). In this case, while imagining pointing movements under prism
exposure, the participants integrated the efferent copy of their successful pointing movement
as well as the initial sensory information, i.e. the visually perceived position of the targets and
the perception of their hand through visual and kinaesthetic information. Yet, seeing the target
position and hand was biased by the prisms, while the kinaesthetic position of the hand was
not. This inter-sensory conflict may have conducted participants to adopt an intermediary hand
position between the visual shifted and the proprioceptive stable hand locations. Through the
repetition of Ml pointing trials, participants progressively realigned the hand toward the target,
thus eliciting after-effects. A complementary experiment showed that proprioception was
realigned on vision. Crucially, the process of strategic control was precluded in this study
because no error correction was possible. These results showed that sensorimotor predictions
were sufficient to update internal models and to generate adaptation (through sensory
realignment) as long as the inter-sensory conflict goes on (Michel et al., 2013).

Nonetheless, although previous works determined which conditions are likely to trigger
adaptation (i.e. after-effects), there is no information about the extent to which after-effects
elicited through pointing mental practice are transferable to other tasks.

An important feature of PA methodology is the need to assess after-effects using a different
context as to that of the exposure (without googles and toward different targets). This is
required to attest “true” adaptation (Petitet et al., 2017; Prablanc et al., 2019). Yet, testing after-
effects transfer allows to better capture sensorimotor after-effects that are not specific to the
context of exposure (Fleury et al., 2020) and provides crucial information related to the
processes involved when facing the perturbation. During prism exposure, compensations
could easily be measured in a different context by changing target locations (e.g. Bedford,
1993; Redding & Wallace, 2006), limbs (e.g. Girardi et al., 2004; Michel et al., 2008; Morton et
al., 2001), or even tasks (e.g. Fernandez-Ruiz et al., 2003; Jacquin-Courtois et al., 2008). We
recently tested how after-effects transferred between throwing and pointing in PA (Fleury et
al., 2020). A first group of participants was exposed to the prismatic deviation while performing
throwing, with the aim to test how after-effects transferred from throwing to pointing. Another
group tested how after-effects developed during pointing prism exposure transferred to
throwing. We reported a single transfer from pointing to throwing but not the other way around.
However, expertise in throwing (i.e. reduced variability) made transfer reciprocal, suggesting
that the absence of transfer from throwing in novices may be explained by a greater variability
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trajectory during throwing than during pointing. This study revealed that transfer capacities
may uncover the contribution of different processes at work when facing a similar perturbation.
Therefore, transferable after-effects may imply “true” adaption due to sensory realignment.

However, understanding the processes underlying inter-task transfer remains incomplete.

The present study aimed to test whether PA by MI (imagined pointing movements) triggers
after-effects transfer to a task that has previously not been experienced under prism exposure
(throwing). An additional aim was to test whether Ml abilities influenced adaptation and transfer
processes. Therefore, the purpose of this article is to provide additional knowledge about the
conditions needed to develop transferable after-effects, but also to test whether Ml has the

potential to induce short-term plasticity when facing a visuomotor perturbation.
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Methods

Participants

44 right-handed with normal vision participated in the present study. All participants had never
been exposed to prisms and were naive about the paradigm. They had no history of
neurological condition nor right upper limb orthopaedic trouble. All the procedures were
conducted in accordance with relevant guidelines and regulations and were approved by an
ethics evaluation committee (CEEI'" n°19-578; IRB00003888). All participants gave their

written informed consent before starting the protocol.

Participants were divided into three groups “Active” (ACT), “Inactive” (INA), “Motor Imagery”
(MI). All participants were first assessed for their M| ability using a revised version of the
Movement Imagery Questionnaire (MIQ-R, Hall & Martin, 1997). This questionnaire is made of
4 movements involving the upper limbs in visual and kinaesthetic modalities (8 items in total).
The experimenter demonstrated each movement before the participant was asked to
reproduce it once, then performing the mental representation of the movement either visually
or kinaesthetically. Thereafter, they had to self-report on a 7-points Likert scale the ease to
mentally represent the action, from 1 (very hard to see/feel) to 7 (very easy to see/feel). The
20 participants assigned to the MI group exhibited an average score of at least 4.5. This group
was then subdivided into two subgroups depending on their Ml ability: 10 participants with high
MI ability (i.e. good imagers, mean = 6.51 + 0.41) were assigned to the “Motor Imagery+” (MI+)
group while the 10 others with lower scores (i.e. lower imagers, mean = 5.65 + 0.59) were
assigned to the “Motor Imagery-* (MI-) group. Participants of the “MI+” group also reported a
MI vividness score of at least 3.5 over 5 during prism exposure (see section Exposure for
details). 24 other participants were randomly assigned to the Active (“ACT”; n=13) or Inactive
(“INA”; n=11) group.

Experimental procedure

Participants followed the four same stages as shown by Figure 1: pointing (« exposed » task)
and throwing (« unexposed » task). Tasks were performed either with vision (closed-loop) or
without (open-loop), and toward a central target (see the next section for details). Specific
conditions are detailed hereafter. Familiarization, pre-tests, and post-tests were similar for all
participants, regardless of their group. Both tasks were performed in a pseudo-randomized

order. Exposure conditions varied depending on the group in which they were assigned.

1 Ethics Evaluation Committee of Inserm

139



n N
EXPOSURE £y

FAMILIARIZATION  PRE-TESTS POST-TESTS
I —— — I — — —----‘
I el ACTIVE . 1 =
e I S, 1 @ . o I3
e 1 3le -.‘.: SR
1 & | x20 seq. Iz
I x30) I x20 § 1 x201
°0O
° @°O (.
P 2 x20seq. R >
[ ] .
) = INACTIVE o g
& @& o0g:.| |@ °|:
3 i i i}
X6 seq. x20 5 minutes i x20) &
closed-loop open loop closed-loop open loop
®o® & ®o® @b

Figure 1 — Experimental procedures. Participants followed four steps: familiarization, pre-tests, exposure, ana
post-tests. Visual feedbacks were available during familiarization and post-tests and were precluded during pre-
tests and post-tests. During exposure, participants in the Active group actively performed 20 sequences of pointing
while participants in the Imagery groups (Ml+ and MI-) imagined these 20 sequences. Participants in the Inactive
group remained inactive during exposure and responded to trivial questions asked by the investigator.

Familiarization

To familiarize with both tasks and experimental settings, participants of each group performed
30 throwing movements, and 30 pointing movements (6 sequences of 5 pointing movements,
as detailed in Tasks section). All trials were performed in a closed-loop condition, with vision
toward the central target. Each sequence of 5 successive pointing was timed to be compared

to that of MI pointing.
Pre-tests

Baseline was assessed on each task during pre-tests. Participants of both groups realized 20
throwing movements and 20 pointing movements performed one by one in open-loop condition

(no vision).

Exposure

All participants wore prismatic googles that shifted laterally the visual field 10 degrees toward
the right (OptiquePeter.com, Lyon). Before wearing the goggles, participants were asked to
keep their eyes closed. They were also instructed not to look at their own body or to move any
limb (except to perform the task) while they wore the prismatic googles. Before exposure,
participants’ right index was placed in the starting position (see Figure 2). All participants saw

their right hand and targets.
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In the Active group, participants performed 20 actual ballistic sequences of pointing (100
pointing movements in total) as fast and accurately as possible, in a closed-loop condition.
Participants should act after a vocal signal provided by the investigator.

In the MI group, participants performed 20 sequences of mental representations of pointing.
They should imagine themselves performing accurate pointing sequences toward the different
targets, with both kinaesthetic and visual information. They were allowed to look at either their
hand or the targets through the prisms and were asked not to look to other parts of their
environment. Every 5 sequences, participants were asked to self-report Ml vividness on a 5-
points Likert scale. More precisely, they should report the intensity/clarity of their mental
representations from 1 (no sensation/no image at all) to 5 (sensation as intense as during
physical execution/images as clear as during watching a videoclip). Additionally, each pointing
sequence was timed to test whether durations were close to those recorded during actual

pointing sequences during familiarization.

In the Inactive group, participants saw both their hand and targets through the goggles and
should watch their motionless hand with their index landing on the starting position, during 5
minutes. They were instructed to remain motionless, without looking at any part of the
environment. They did not receive any other information. To ensure that participants did not
imagine any movements, the investigator asked them trivial questions so they did not deal with
any mental material during the experiment. At the end of exposure, all participants were asked
to keep their eyes closed, before removing the goggles.

Post-tests

Once the prisms were removed, after-effects were assessed in both tasks under open-loop
condition (no vision allowed). Participants performed 20 actual throwing and 20 actual pointing

toward the central target.
Tasks

The participants sat in an adjustable chair during the whole experiment. They were in front of
the pointing desk and kept this position with their head resting on a V-shaped chinrest until the
end of the experiment. During each transitional phase, they were asked to close their eyes to
be deprived of visual information and to prevent visuomotor compensations. The following

section details the experimental set-up of each task.
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Figure 2 — Tasks set-up. Left panel: superior view of the experimental set-up of the pointing task (left) and the throwing
task (right). Right panel: posterior view of the experimental set-up of the throwing task.

Pointing task

The starting position of the finger was lined up with the body midline either below the chinrest
(out of view; pre-tests and post-tests) or a few centimetres ahead (visible; familiarization and
exposure - Figure 2). Five targets were placed horizontally on the pointing desk (Figure 2).
Participants had to perform two types of pointing depending on the step of the experiment: i)
sequence of pointing directed to the five targets, and ii) unique straightforward pointing directed
to a central target.

¢ Sequences of ballistic pointing movements (familiarization and exposure)

Full vision was allowed in this condition and participants saw both their hand and the targets.
To complete the sequence, participants had to reach each target (starting from target 1 to
target 5, see Figure 2) as fast and accurate as possible, while going back to the starting
position between each target. Each sequence was made of 5 ballistic pointing movements
(from starting position to each target) with no interruption. The starting signal was given by the
experimenter before each sequence. During familiarization, all participants performed actual
movements. During exposure, only participants in the Active group performed actual
movements while those of the MI groups imagined movements. Finally, participants in the
Inactive group did not execute nor imagine any movement during exposure. Sequential
pointing provided sequences of appropriate duration to perform vivid MI. In fact, non-sequential
movements lasting less than 5s make mental representations more difficult (Guillot & Collet,
2005).

¢ Unique straight-forward pointing movements (pre and post-tests)

During this type of pointing, no vision was allowed during the entire movement and participants
had to produce a unique and straightforward reach toward the central target (target n°3, see
Figure 2, left panel). To control visual feedback, the experimenter manipulated a cover board
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in front of the participants. Before each trial, she lowered the cover board, so that the
participants saw the targets while their index was still invisible in the starting position below the
chinrest. Before each trial, the experimenter lifted the cover board to prevent target vision and
movement. This procedure was used to reliably assess after-effects and to prevent de-
adaptation (Petitet et al., 2017; Prablanc et al., 2019). During pre-tests and post-tests, all
participants performed the same pointing task, irrespective of their group.

Throwing task

Participants were in the same position as during the pointing task, with their head in the
chinrest. A vertical board was placed 2 meters in front of the participants. A central target was
displayed on the board, at the height of participants’ eyes. The starting position requested to
keep the right hand close to their right ear. Before each trial, the experimenter placed a ball in
the participant’s right hand. He or she could then throw the ball toward the central target. There

were two different conditions as for the pointing task, described just below
e Closed-loop throwing movements (familiarization)

The participants saw their movements and the associated result. None performed the throwing
task during exposure.

Open-loop throwing movements (pre-tests and post-tests): Starting position was similar to that
in the closed-loop condition. Before each trial, participants had to hold the ball placed in their
right hand by the experimenter, and to look at the central target. Before initiating throwing, they
were instructed to close their eyes and to throw the ball without visual feedback on execution
and final outcome. They could open their eyes before the next trial and thus see the target
before each trial. We also placed a cover board so that participants did not have any visual
feedback during throwing.

Data collection and processing

We recorded pointing and throwing performance during pre-tests and post-tests with a high-
resolution camera (4K digital camera HCVX990EF, Panasonic, Kadoma, Japan) placed
between the pointing desk and the throwing board. We then processed the data with a motion
analysis software (Kinovea, Charmant, 2004). The software provided the lateral distance
between the target and the index or the distance between the ball impact and the target. Lateral

distances were then converted into angular deviations before statistical analysis.

Statistical analysis

The variable of interest was the subjects’ performance, i.e. the terminal errors on throwing and

pointing before (pre-tests) and after (post-tests) exposure. First, we performed paired-sample
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t-tests independently for each group, thus comparing pre-test and post-test performance
during pointing and throwing.

Then, we computed after-effects for each task as the differences between pre-tests and post
-tests performance. We conducted two independent ANOVAs to assess the effect of Group
(ACT, MI+, MI-, INA) on pointing and throwing after-effects separately. Finally, we conducted
an ANOVA with repeated measures with the task (pointing after-effects vs throwing after-
effects) as a within-subject factor and the group (ACT, MI+, MI-, INA) and order of the tasks
during post-tests (pointing first (1) vs throwing first (2)) as inter-subject factors.
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Results

Comparisons between pre-tests and post-tests performances

Pointing performances

Post-tests pointing performance was significantly shifted leftward in the ACT (t(12) = 9.50, p <
.01) and MI+ (1(8) = 2.91, p = .01) groups. However, post-test pointing errors did not differ from
the pre-test in MI- (t(9) = .89, p =.39) and INA (1(8) = 1.62, p = .14) groups (see Figure 3). PA
by physical practice and mental practice for individuals with high scores of MI abilities
significantly increased negative errors in pointing while participants with lower scores of Ml
abilities showed no differences in their pointing performance after prism exposure compared

to pre-tests.

Pre-tests and post-tests pointing errors
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Figure 3 — Pointing terminal errors during pre and post-tests. Values are reported with standard deviations.
means significance at p<.01.

Throwing performance

Analyses revealed no differences between pre-tests and post-tests during throwing in the MI-
(t(9) =.72, p=.52) and INA (1(8) = .82, p = 0.43) groups. Participants in the ACT group showed
a non-significant leftward shift (1(9) = 1.10, p = .30). However, difference between pre-tests
and post-tests was significant in the MI+ group (t(9) = 2.43, p = .038): throwing performance
was significantly shifted leftward after PA by mental practice only for participants with high Ml

abilities (see Figure 4).
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Figure 4 - Throwing terminal errors during pre and post-tests. Values are reported with standard deviations.
* means significance at p<.05.

Comparisons between groups

We performed two independent ANOVAs to assess the differences between groups related to
pointing and throwing after-effects (post-tests performances with baseline subtracted, Figure
5).

For pointing after-effects, ANOVA revealed a significant effect of Group (F(3,37) = 6.71, p <
.01). Post-hoc analysis showed that pointing after-effects were larger in the ACT group (mean
=-2.18 £ .90 degrees) compared to the INA (mean = -.54 + 1.01 degrees, p < .01) and IMG-
groups (mean = -.31 + 1.10 degrees; p < .01). Pointing after-effects in the MI+ group (mean=
-1.39 + 1.42 degrees) were larger compared to MI- and INA groups without reaching

significance.

ANOVA for transfer to throwing did not reveal a significant difference between groups (F(3,35)
=.52,p=.67).
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Pointing and throwing after-effects
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Figure 5 — Pointing and Throwing after-effects. Performances during post-tests with baseline subtracted.
Values are reported with standard deviations. * means p < .01.

B

Task order influence on pointing and throwing after-effects

We conducted an ANOVA with repeated measures on after-effects performances with Task as
a within-subjects factor (Pointing vs Throwing) and Group and Task Order (Pointing first vs
Throwing first) as between-subject factors.

Task, Task*Group, Task*Task Order, Task*Group*Task Order and Group*Task Order
interaction effects did not reached significance. However, results showed a Task Order main
effect (F(1,30) = 6.48, p = .01) showing that averaged after-effects (over the levels of Group
and Task) were significantly larger when Pointing after-effects were assessed firstly during

post-tests.

Post-hoc analysis also showed a slight specific Task*Task order effects but no 3 way
interaction. Specifically, mean pointing after-effects were larger when assessed firstly
compared to mean throwing after-effects when assessed firstly (puwkey = .02). In addition, mean
throwing after-effects were larger when assessed in second compared to mean throwing after-
effects when assessed in first (pukey = .04). None of these effects was significant when tested

within each group.
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Discussion

The aim of this study was to test whether PA by MI of pointing enabled to transfer after-effects
to a throwing task that was not experienced under prism exposure. We also investigated the
influence of MI abilities on adaptation and transfer.

This work showed that post-tests in pointing were significantly shifted leftward in “MI+” and
“‘ACT” groups following prism exposure, demonstrating that adaptation took place. However,
post-tests in pointing were similar to pre-tests in the “MI-“and “INA” groups, showing no
adaptation. Participants who were actively exposed to prisms during pointing showed
substantial negative after-effects during post-tests. This is consistent with classical prism
adaptation, showing that active concurrent exposure (with hand vision during the whole
movement) leads to adaptation and after-effects (Prablanc et al., 2019). In addition, mental
representation of pointing by MI during prism exposure (without any concurrent movement)
elicited a substantial leftward shift of pointing errors for participants with a high Ml score. These
results replicate the findings of Michel et al. study (2013) and provide an additional evidence
that PA likely relies on sensory realignment based on inter-sensory conflict without the need
of being exposed to sensorimotor conflict (Michel et al., 2013). It is noteworthy that exposure
to prisms in absence of M| does not produce consistent after-effects as shown by the present
experiment, consistently with classical studies using passive exposure (e.g. Held & Freedman,
1963). The sensory realignment was ensured by the comparison of computed initial hand
position (between visual-shifted and proprioceptive unbiased locations; Rossetti et al., 1994)
together with the efferent copy of pointing movements. Noticeably, participants in the “Active”
group showed a greater magnitude of after-effects although it was not twice as large as in the
“MI+” group as in Michel et al. study (2013).

The main objective of this study was to determine whether PA by mental practice transferred
after-effects to throwing. Participants with high MI abilities who performed imagined pointing
movements under prism exposure transferred after-effects to throwing, despite they did neither
perform nor imagine throwing movements under prism exposure. Interestingly, this amount of
transfer was comparable to the initial magnitude of after-effects during pointing. This result is
all the more significant when considering that both participants in the MI- and INA group during
exposure did not show any transfer to throwing. This provides evidence that sensory
realignment elicited by MI during intersensory conflict resulted in strong, robust, and
transferable after-effects. An interesting hypothesis emerging from such findings is that the
process of recalibration (which was absent during prism exposure through motor imagery) may
favour contextual sensorimotor alterations, i.e. poor transfer. Yet, recalibration is absent during

prism exposure by MI because movements are not actually executed. Thus, we may

148



hypothesize that the relative contribution of sensory realignment increased when recalibration
was suppressed. Assuming that, we propose that sensory realignment, by directly updating
internal models inherent to the participants’ intrinsic references frames, led to a “true”
adaptation (Weiner et al., 1983) allowing to generalize after-effects to extended motor
situations (Fleury et al., 2020).

Another interesting and original finding relates to the difference between good and poor
imagers. Participants with high MI abilities showed substantial pointing and throwing after-
effects while participants with lower abilities did not. Therefore, high MI abilities were needed
for successful PA through mental practice and to generalize after-effects to the unexposed
task. These differences may be explained by the relationships between MI abilities and the
neuro-functional correlates of MI. When mentally representing movements, individuals with
high M| capacities should recruit motor-related areas to a greater extent compared to
participants with low Ml abilities, suggesting a greater induced-plasticity (Debarnot et al., 2014;
van der Meulen et al., 2014). Good imagers also showed better isochrony between actual and
imagined movements (Guillot & Collet, 2005) and increased neurovegetative responses during
mental practice (Roure et al., 1999).

Altogether, these findings are very encouraging in probing transferable adaptation by means
of Ml under prism exposure. Nevertheless, we did not show a significant difference between
the “MI+” group and both the “MI-“ and “INA” groups about the magnitude of pointing and
throwing after-effects although pre and post-tests were significantly different in MI+ but not in
the two other groups. A speculative hypothesis is that the magnitude of pointing after-effects
exhibited by good imagers was lower in our study that in the study by Michel et al. (2013). A
potential explanation may refer to several differences in experimental procedures. Optical
deviation was 10° whereas it was 15° in the study by Michel et al. (2013). In addition, pointing
movements imagined under prism exposure were slightly different: we used sequences of
pointing while Michel et al. requested the participants to perform 100 ballistic pointing, each
trial being interspersed by 5 seconds. Although the total number of trials was identical,
exposure duration was shorter in our study than in that by Michel et al. (2013). A recent paper
showed that slight differences in experimental procedures of motor adaptation can lead to
inconsistent results (Jalali et al., 2017). We can hypothesize that a greater optical deviation
and extended number of sequences of pointing during exposure (increased exposure duration)
may lead to an increased magnitude in pointing and throwing after-effects. Accordingly,
differences between after-effects in MI+ and other groups (MI- and INA) might have been
under-evaluated in the present study.
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Surprisingly, the difference between throwing pre-tests and post-tests did not reach
significance in the ACT group. Contrary to expectations, the present study failed to show
substantial transfer of after-effects from pointing to throwing for participants who performed
active pointing movements under prism exposure. Although we observed increased throwing
leftward errors following exposure compared to pre-tests errors, this difference was not
significant. Yet, transfer from pointing to throwing has been strongly demonstrated and
replicated in a previous study (Fleury et al., 2020). Possible explanations for such results may
be related to the divergence in exposure conditions. In the current study, active exposure was
concurrent: hand vision was available from the starting position and during the whole reaching.
Concurrent exposure may lead to reduced after-effects (Redding & Wallace, 1992; Redding &
Wallace, 1988). Moreover, movements were sequential, and not interspersed with consistent
breaks, while in Fleury et al. study (2020), the participants performed six blocks of ten pointing
movements. The total duration of exposure may have been reduced in the present study
compared to the previous. Altogether, these observations provide additional features related
to the exposure conditions needed to observe transferable after-effects following prism

exposure.

A last point of discussion is the influence of task order during post-tests on the magnitude of
pointing and throwing after-effects. We found a global task order effect during post-tests
suggesting that mean overall after-effects (averaged over the levels of groups and tasks) were
larger when the exposed task (pointing) after-effects were first assessed. This may suggest
that a potential part of transfer is developed first by experiencing after-effects on the exposed
task. In addition, mean throwing after-effects were higher when assessed in second, when
compared to throwing after-effects tested first. This corroborates the previous hypothesis.
Finally, mean pointing after-effects were larger when measured first as compared to mean
throwing after-effects when measured first. A logical explanation is that after-effects on the
exposed task would be greater than after-effects on the unexposed task when both are tested
immediately after exposure. Nonetheless, these effects had no influence on differences
between groups because task order during pre-tests varied within each group (task order
effects disappeared when tested within each group).

Altogether, these findings provide encouraging support to develop PA and transfer through MI.
This study emphasized the fact that the contribution of sensory realignment (through sensory
prediction error-based processes) might be related to transferable after-effects. Crucially, the
perception of external errors through actual feedback of pointing movements appears as not
necessary to trigger transfer. Furthermore, the absence of execution might have increased the
contribution of sensory realignment because good imagers showed a nearly complete transfer

150



of after-effects to the throwing task. In addition, we also highlighted the importance of Ml
abilities in such adaptation and transfer abilities.

The current conclusions will need to be confirmed and extended to larger samples and more
powerful adaptation paradigm. In the meantime, they already pave the way for investigating
sensorimotor adaptation by mental practice to develop transferable after-effects. Therefore,
the present study raises the possible use of Ml in neurological rehabilitation for patients with
motor alteration but preserved motor imagery capacities (Di Rienzo et al., 2014). For example,
PA by MI could be generalized in the rehabilitation schedule of neglect patients. Future work
should test how the association of MI and physical practice under sensorimotor perturbation
could enhance adaptation and transfer of sensorimotor after-effects.
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2. Study 2: Synthesis

The results showed that PA resulted in meaningful pointing after-effects in participants who
actively performed pointing during exposure but also in participants who only imagined pointing
without any concomitant physical execution. In comparison, those who wore the prismatic
glasses while being inactive during exposure (no movement, no MI) did not show any after-
effects in pointing. Decisively, PA by mental practice resulted in significant after-effects transfer
to throwing, although throwing was nor imagined neither executed during exposure. This was
not observed in the Inactive group.

Crucially, only participants who displayed high MI abilities exhibited pointing after-effects
following PA by mental practice as well as transfer to throwing. This was not observed in
individuals with low MI abilities.

Altogether, these findings demonstrated that the intersensory conflict combined with Ml during

exposure was responsible for pointing after-effects and transfer to throwing.

154



C. AXis 3: TRANSFER AND TDCS

The aim of the third axis was to investigate the potential role of the cerebellum in after-
effects transfer. For this purpose, we used transcranial direct current stimulation applied to the
right cerebellum during PA procedure, from pre-tests to the end of post-tests. The methods
used were similar to STuby 1 (experiment 1C) in the pointing condition for STubY 3 and in
throwing condition for STuDY 4.

1. Study 3: Manuscript

Results from STuDY 1 showed a transfer of after-effects from pointing to throwing. Assuming
that, the aim of STUDY 3 was to test whether cathodal stimulation of the cerebellum interfered

with this transfer. 27 healthy volunteers participated in this study.

The manuscript presented below is currently on the process of a minor revision for Brain &

Cognition.
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Non-invasive brain stimulation shows possible
cerebellar contribution in transfer of prism adaptation

after-effects from pointing to throwing movements.
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Abstract

Whether sensorimotor adaptation can be generalized from one context to others represents a
crucial interest in the field of neurological rehabilitation. Nonetheless, the mechanisms
underlying transfer to another task remain unclear. Prism Adaptation (PA) is a useful method
employed both to study short-term plasticity and for rehabilitation. Neuro-imaging and neuro-
stimulation studies show that cerebellum plays a substantial role in online control, strategic
control (rapid error reduction), and realignment (after-effects) in PA. However, the contribution
of the cerebellum to transfer is still unknown. The aim of this study was to test whether
interfering with the activity of the cerebellum affected transfer of prism after-effects from a
pointing to a throwing task. For this purpose, we delivered cathodal cerebellar transcranial
Direct Current Stimulation (tDCS) to healthy participants during PA while a control group
received cerebellar Sham Stimulation. We assessed longitudinal evolutions of pointing and
throwing errors and pointing trajectories orientations during pre-tests, exposure and post-tests.
Results revealed that participants who received active cerebellar stimulation showed (1)
altered error reduction and pointing trajectories during the first trials of exposure; (2) increased
magnitude but reduced robustness of pointing after-effects; and, crucially, (3) slightly altered
transfer of after-effects to the throwing task. Therefore, the present study confirmed that
cathodal cerebellar tDCS interferes with processes at work during PA and provides evidence

for a possible contribution of the cerebellum in after-effects transfer.

Key-words: prism adaptation, after-effects, transfer, cerebellum, tDCS, plasticity
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Introduction

Over a lifetime, human beings remain capable of producing smooth and precise
movements despite continuously varying demands. Indeed, the plasticity of the nervous
system allows the acquisition of new motor programs and the modification of those previously
acquired to face new conditions. The possibility to transfer formerly acquired motor
transformations from one context to others brings important information on the nature of the
processes involved to face perturbations (Poggio & Bizzi, 2004). Moreover, the understanding
of the mechanisms underlying transfer represents a crucial interest in the field of neuro-
rehabilitation (Roemmich & Bastian, 2018).

Prism Adaptation (PA) is an experimental paradigm used to study sensorimotor plasticity
processes (Prablanc et al., 2019; Redding et al., 2005; Welch, 1974). In a typical PA protocol,
individuals are actively exposed to a shift of the visual field induced by prismatic lenses while
performing a pointing task. Initially, subjects make errors in the direction of the prismatic
deviation (terminal error). Following a few trials, subjects rapidly reduce terminal error gaining
accurate performance. When prisms are removed, following sustained exposure, subjects
experience errors in the direction opposite to the initial prismatic deviation. These errors are
called “after-effects” and attest the presence of “true” adaptation (Prablanc et al., 2019;
Redding et al., 2005; Weiner et al., 1983).

According to several authors (O’'Shea et al., 2014; Redding & Wallace, 2002; Rossetti et al.,
1993; Weiner et al., 1983), two mechanisms seem to be at work during PA. The first
mechanism aims to quickly reduce errors during the first trials of exposure by means of a
strategic adjustment of motor plan on the subsequent trial based on the previous errors
(O’Shea et al., 2014; Rossetti et al., 1993). These cognitive-compensatory modifications of
motor commands are referred to with the term strategic control and include conscious and
voluntary strategies such as pointing-off target or mental rotation. The second mechanism is a
slow and automatic process that is necessary to re-organize the sensory maps (visual and
proprioceptive references frames) that have been disrupted by the prismatic shift. This
process, called realignment, is related to “true” adaptation and is thought to be relevant for
developing after-effects (O’Shea et al., 2014; Petitet et al., 2017; Prablanc et al., 2019; Redding
et al., 2005).

Although these two processes are frequently described within the PA literature, distinguishing
their specific contributions remains contentious. After-effects need to be assessed in a context
that is different from the exposure context (without googles and toward different unexposed
target) to reflect the presence of true adaptation (Petitet et al., 2017; Prablanc et al., 2019).
However, after-effects may also contain a part of cognitive after-effects, related for example to
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a pointing-off target strategy that leads to use-dependent modifications of movements’
trajectory (McDougle et al., 2016; Redding & Wallace, 2002). Therefore, testing the transfer of
after-effects allows to better capture sensorimotor after-effects that are not specific to the
context of exposure (Fleury et al., 2020).

Using the classical prism exposure procedure, after-effects could be easily measured in a
different context, as an instance by using other target locations (Bedford, 1993; Redding &
Wallace, 2006), other limbs (Girardi et al., 2004; Michel et al., 2008; Morton et al., 2001), or
other tasks (Fernandez-Ruiz et al., 2003; Jacquin-Courtois et al., 2008). Recently, inter-task
transfer between a throwing and a pointing task was investigated in a prism exposure study
(Fleury et al., 2020). Results revealed a clear-cut unidirectional transfer from pointing to
throwing but not from throwing to pointing. The authors attributed the absence of transfer from
throwing to the fact that throwing is more variable than pointing. Indeed, reduced variability in
individuals with throwing expertise (expert dart throwers) made the transfer reciprocal (Fleury
et al., 2020). The type of task practiced during exposure seemed to affect the transfer of after-
effects to a task that was not practiced under the prismatic deviation, possibly suggesting that
different processes have been involved to face the perturbation. Crucially, the classical
assessment of after-effects on the task practiced during exposure (e.g. after-effects on pointing
for participants who practiced pointing during prism exposure) did not allow to unravel the
presence of different processes because the magnitude of after-effects was comparable
regardless the task practiced during exposure. By contrast, the assessment of transfer might
have revealed important information concerning the nature of processes involved in
sensorimotor adaptation (Fleury et al., 2020). However, understanding the mechanisms
underlying inter-task transfer remains unclear and brain regions involved in transfer properties

are not clearly identified.

The neural correlates of PA have been examined through lesion studies, neuro-imaging
studies, and recently by means of non-invasive brain stimulation techniques (see Panico et al.,
2020 for a review on neuro-imaging and neuro-stimulation studies in PA). Neuro-imaging
studies showed an involvement of several parietal areas in the processes or error detection
and early error correction (Chapman et al., 2010; Clower et al., 1996; Danckert et al., 2008;
Luauté et al., 2009). These studies also highlighted the role of cerebellar areas from early
(Kuper et al., 2014) to late exposure until the development of after-effects (Chapman et al.,
2010; Luauté et al., 2009), i.e. realignment. Although neuro-imaging studies allow the
correlational observation of dynamics changes in brain activity and are characterized by a high
temporal and spatial resolution, some constraints of these methods are not compatible with
optimal PA experimental settings (Bultitude et al., 2017). As a consequence, non-invasive
brain stimulation methods represent a complementary approach that enables to directly
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investigate causal relationships between brain and behaviour by modulating activity in
targeted-brain areas in an inhibitory or facilitatory way. Although they suffer a weaker spatial
resolution as compared to neuro-imaging, non-invasive brain stimulation techniques can be
applied in ecological settings in a causal perspective, and are more compatible with prism
exposure procedure experimental requirements (Panico et al., 2020).

Neuro-imaging findings were completed by neuro-stimulation studies, in which cathodal
cerebellar stimulation during prism exposure resulted in larger errors during early, middle, and
late exposure, as well as during post-test measures (increased after-effects; Panico et al.,
2016). Moreover, in a multiple steps PA protocol (Panico, Sagliano, Nozzolillo, et al., 2018),
cathodal cerebellar stimulation induced larger errors in the direction of the prismatic deviation
during both initial and late exposure at each incremental step and reduced after-effects. In this
procedure, participants were unaware of the optical deviation because of stepwise increases
of the prismatic shift (Michel et al., 2007), thus preventing strategic corrections of pointing
movements (i.e. recalibration). Findings from this study supported a causal role of the
cerebellum in realignment since stimulation affected performance during late exposure and
after-effects assessment. In addition, as stimulation affected also the initial component of
exposure, authors pointed out a possible contribution of the cerebellum in online motor
corrections and feedforward control of reaching movements (Panico, Sagliano, Nozzolillo, et
al., 2018). Two neuro-stimulation studies also emphasized a possible role of the primary motor
cortex in the persistence and the reactivation of after-effects (O’Shea et al., 2017; Panico et
al., 2017). Altogether, findings from neuro-imaging and neuro-stimulation fields are compatible
with results of patient studies concerning a cerebellar function in PA. Indeed, cerebellar
damage impairs primarily after-effects and accessorily error-reduction (Baizer et al., 1999;
Hanajima et al., 2015; Pisella et al., 2005; Weiner et al., 1983), while cortical injuries lead to
altered error reduction during exposure but spared after-effects (Newport & Jackson, 2006;
Pisella et al., 2004).

As a matter of fact, to date clinical neuropsychological, neuro-imaging, and neuro-stimulation
studies have not provided detailed investigation of brain structures involved in inter-task
transfer of prism acquired after-effects. The assessment of after-effects transfer should attest
the presence of a “true” adaptation because the classical measure of after-effects might not
be sufficient to unravel the presence of different processes at work during exposure (Fleury et
al., 2020; Prablanc et al., 2019). A likely hypothesis is that transfer of after-effects might
depend on the initial magnitude of after-effects on the task practiced during exposure.
Therefore, processes involved during exposure might directly determine the nature of after-
effects and whether they could be transferred to another task or not. Thus, given the above-
mentioned evidences of a crucial role played by the cerebellum in the development of after-
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effects (i.e. realignment), one possible hypothesis is that the cerebellum may also be involved

in after-effects transfer.

Hence, a crucial unanswered question relates to the role of the cerebellum in generating after-
effects that are transferable to a task that was not practiced under prism exposure. Therefore,
the aim of the present study was to investigate the influence of cathodal cerebellar transcranial
direct current stimulation (C-tDCS; Nitsche & Paulus, 2000) on the magnitude of inter-task
transfer. As transfer was already observed from pointing to throwing (Fleury et al., 2020), we
specifically tested whether cathodal stimulation of the cerebellum would decrease the
magnitude of after-effects transfer from pointing to throwing. Our main hypothesis was that
cathodal stimulation of the cerebellum would impair individuals’ ability to transfer after-effects
from pointing to throwing because it would alter adaptive processes during exposure that allow
the development of transferable after-effects (i.e. “true” adaptation). Therefore, we also
expected that cerebellar tDCS would affect PA mechanisms (i.e. error reduction during
exposure and development of pointing after-effects) in line with previous studies (e.g. Panico
et al. 2016).
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Methods

The study followed a pre-post design including a total of 27 healthy participants. Every
participant gave informed consent to take part in in this experiment. All procedures were
designed following relevant guidelines and regulations and were approved by an ethics
evaluation committee of Inserm (“CPP SUD-EST IV”, ID-RCB: 2010-A01180-39).

Participants

27 right-handed participants were involved in the study. They had normal or corrected to
normal vision, no neurological disorder and had never experienced prisms before the
experiment. Participants performed two goal-directed visuomotor tasks —throwing and pointing.
They were divided into two groups accordingly to the tDCS parameters: an experimental “C-
tDCS” group (n=16, 8 males and 8 females, mean age = 22.8 + 3.0) and a control “SHAM”
group (n=11, 5 males and 6 females, mean age = 26.7 £ 8.2). Both groups followed the same
procedures except that participants in the C-tDCS group received a cathodal cerebellar
stimulation while participants in the SHAM group received a placebo cathodal stimulation.

Experimental paradigm:

The experimental procedure involved four stages (familiarization pre-tests, exposure, and

post-tests) as illustrated in Figure 1.

®Q ® 00 e ® ® OO

FAMILIARIZATION PRE-TESTS EXPOSURE POST-TESTS
- ——— - = =
1 1 1 I After-effects 1 Transfer I
S HE SRR St e & & |1
aof L___oeob Loy L x20 60 x20] L __x20

| tDCSOFF | tDCS ON

Intensity : 2.0 mA | Duration : 21 minutes

Figure 1 — Experimental procedures. The figure depicts the different steps of the study and the conditions of each
step, i.e. the task performed (throwing or pointing), the availability of visual feedback (bared eye or normal eye), the
number of trials (i.e. 20, 30 or 60), the presence of prism goggles the number of targets (one black target, or two
targets — black and red), and tDCS conditions (Off or On). Solid boxes refer to the practice of the exposed task (i.e.
pointing) while dotted boxes refer to the practiced of the unexposed task (i.e. throwing).

According to each specific experimental stage, pointing and throwing tasks were performed
either with vision of the movement (except the starting position) and of endpoint accuracy
(closed-loop) or without (open-loop). Depending on the stage, movements were directed to
one central targets (0°) or alternatively to two targets (0° and 10° right).
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Pointing task set-up

Participants sat in front of a pointing table, with their head on a chinrest. This was used to
prevent participants to see their hand starting position, thus precluding any static recalibration
of the prism-induced shift and slowing down the error reduction. The starting position of the
finger was located below the chinrest, lined up with the body midline. Two targets were placed
on the pointing table in front of the participants, at 57.5 cm from their eyes. The central target
(exposed target) was situated straight-ahead of the participant’s body midline (O degrees) and
the right target (non-exposed target) at 10 degrees to the right.

During open loop pointing (pre, early, post-tests), no vision was allowed during the entire
movement. Participants wore electronic liquid-crystal glasses connected to a switch placed on
the starting position. The participants were able to see the targets while their index lied on the
starting position. Upon movement initiation, the glasses turned opaque and the subjects were
deprived of visual feedback. When they went back to the starting position, the glasses turned

transparent again.

During closed-loop condition (familiarization and post-tests), the participants had to reach the
central target. They did not wear the liquid-crystal glasses and had visual feedbacks about
their pointing movements (except the starting position) and their outcomes (endpoint errors).
The investigator gave the starting signal for each trial. A colour code indicated which target to
reach in open-loop conditions and a vocal « go! » was provided during closed-loop conditions
(using only one target).

Throwing task set up

Participants sat in front of a vertical board, at 2 meters from their body axis and wore a ball-
dispenser helmet. Similarly to the pointing set-up, two targets were presented on the board.
The central target (exposed target) was situated forward the participant’'s body midline (0
degrees) and the right target (non-exposed target) at 10 degrees to the right. All the setting
was surrounded by light spots connected to a switch placed on the helmet.

During open-loop throwing, participants had to pick a ball and to press down the light-switch
mounted on the helmet, to be able to see the target. Once they initiated movement and
released the switch, lights were immediately turned off so they had no visual feedback about

their movement and its outcomes.

During closed-loop throwing (familiarization and exposure), lights were turned on and
participants saw their movement all time. As for pointing, in both conditions, participants were
asked to throw as fast and accurate as possible. The starting signal was given by the
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investigator for each trial: the target colour to reach in open-loop conditions and « go » during
closed-loop conditions.

General procedures

Specific pointing and throwing conditions for each stage of the experimental protocol are
detailed in the following sections and illustrated in Figure 1.

Familiarization: to familiarize with both tasks and with experimental settings, participants in
each group performed 30 trials of the pointing task, then 30 trials of the throwing task. All trials

were performed in a closed-loop condition toward the central target.

Pre-tests: baseline performances were assessed for each task during pre-tests. Participants
of both groups performed 20 trials of the throwing and the pointing tasks. Trials were performed
in open-loop condition and toward both targets in a pseudo-randomized order (which was the
same for all participants).

Exposure: participants performed 60 pointing trials while wearing prismatic goggles that
shifted laterally the visual field 10 degrees toward the right (OptiquePeter.com, Lyon). Trials
were performed in a closed-loop condition toward the central target, as fast and accurate as
possible. Before positioning the goggles, participants were asked to keep their eyes closed.
They were also instructed not to look at their own body or to move before starting the
experimental tasks while they were wearing the prismatic googles.

Post-tests: once the prisms were removed, after-effects were assessed on the pointing task:
participants performed 20 pointing trials in an open-loop condition toward both targets. Then,
transfer was measured on the throwing task. To this purpose, participants performed 20
throwing trials in an open-loop condition toward both targets.

Order of the tasks

The design of the study required testing participants in two distinct tasks during pre-tests and
post-tests. The experimental set-up for the two tasks necessitated the participants to be moved
from the throwing set-up to the pointing set-up. Yet, it was crucial that participants had no
access to vision during these transitional phases and did not actively move, to prevent any de-
adaptation during post-tests. To that purpose, participants sat in an adjustable and movable
chair throughout the whole experiment and wore eyes patches during each transitional phase.
They were not allowed to move the chair and investigators were in charge to move participants
between the throwing and the pointing task set-up according to the experimental procedure.
Nevertheless, to limit the number of transitional phases, we specified the order of the tasks
throughout the experimental procedure in a fixed manner that was identical for all the
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participants: pointing — throwing (familiarization); throwing — pointing (pre-tests); pointing
(exposure); pointing — throwing (post-tests).

tDCS protocol

tDCS settings were based on the protocol used in a previous study by Panico et al. (2016).
tDCS was turned on before pre-tests and turned off right after post-tests. A battery-driven
stimulator (neuroConn, neuroCare Group, Germany) delivered a constant current of 2.0mA
intensity through a pair of surface saline-soaked sponge electrodes (area = 25cm?).

The cathodal electrode was placed over the right cerebellum (1 cm below and 4 cm right to the
inion) and the anodal electrode was placed over the right deltoid muscle, to ensure selective

stimulation over the right cerebellum.

Stimulation was delivered over the right cerebellum as participants used their right arm to
perform the tasks (Schlerf et al., 2015). Sham stimulation was performed in the same way as
active stimulation, but the stimulator was turned off after 30 s. This procedure ensured that
participants felt the same itching sensation at the beginning of tDCS as participants assigned
to the experimental group, and were thus blinded for the stimulation condition they had been
assigned to (Gandiga et al., 2006). For both sham and active conditions, stimulation was
gradually increased to 2mA with a fade-in of 30 seconds.

Safety guidelines recommended a maximum stimulation time of 21 minutes (Nitsche & Paulus,
2000; Woods et al., 2016). Therefore, participants were timed to complete the experimental
tasks within 21 minutes after the stimulation was turned on. Participants who did not manage

to complete the procedure in the maximum stimulation time were excluded from the analysis.

Data collection

An opto-electronic motion capture system (9 cameras, Vicon Motion Systems Ltd, Oxford,
1984; Mouvement et Handicap platform, Hospices Civils of Lyon) was used to record ball
impact on the vertical board for each throwing trial. Reflective markers were placed on the
throwing board to localize the targets and the projectiles were reflective themselves. The
motion capture system was also used to track movement trajectories during pointing trials.

Reflective markers were positioned on the index, the wrist and the elbow of the subject

Data processing

Throwing and pointing terminal errors

Markers trajectories were recorded for each trial and filtered with a Butterworth low-band pass
filter at a cut-off frequency of 6Hz. For the throwing trials, the time-point corresponding to the
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contact between the projectile and the board was automatically detected. This time-point was
used to compute the lateral errors between the impact of the projectile and the aimed target
using MatLab customized routines. Thus, we computed performances on each trial, i.e. the
angular deviation between the ball impact and the aimed target.

For pointing trials, the endpoint of each pointing movement was computed automatically (using
in-house custom software written in Matlab). Movements were detected using the following
threshold: onset was defined as the point at which hand velocity exceeded 80mm/s while offset
was defined as the time-point at which velocity dropped below this threshold (O’Shea et al.,
2014). After automatic detection, all trials were cross-checked visually and adjusted manually
if necessary. Index endpoints were then used to obtain the lateral endpoints errors from the
aimed target.

Pointing kinematics analysis

We used in-house software written in MatLab to compute kinematics of pointing movements.
Two phases constitute a pointing movement: an acceleration phase (initial balistic component)
and a deceleration phase, referring to the target approach phase (Elliott et al., 2010). The initial
part of the trajectory reflects feedforward movement planning while the second part of the
trajectory involves online feedback corrections (O’Shea et al., 2014). We analysed trajectories
of pointing movements by specifically investigating the orientations (i.e. angles between the
velocity vector and the line formed by the starting position and the central target) of velocity
vectors at acceleration, velocity and deceleration peaks. Only pointing movement kinematics

were investigated.

Statistical analysis

We analysed two main dependent variables. First, we computed terminal errors between index
endpoint (pointing task) or ball impact (throwing task) and the aimed target for each trial.
Moreover, pointing trajectories orientations were computed as the magnitude of velocity
vectors at acceleration peak (initial orientation), velocity peak (intermediate orientation) and

deceleration peak (terminal orientation).

It is worth mentioning that all values for post-tests are baseline subtracted, i.e. for each group,
we subtracted pre-tests values for each individual and for each task, as recommended in PA
literature (Prablanc et al., 2019). In fact, quantifying after-effects requires to take into account
the physiological baseline deviation within the same group of testing.

We calculated linear mixed models (Singer & Willett, 2003) separately for each stage of the
experiment and for each dependent variable, i.e. terminal errors and pointing trajectories
orientations at initial, intermediate, and terminal directions. Each trial during the different
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phases of the procedure represented a time point. These time points were the level-one unit
nested in the different individuals (level-two units). Random intercept models tested the
longitudinal effect of trials’ repetition (factor TIME) and the effect of the stimulation condition
(factor GROUP; C-TDCS versus SHAM). The interaction GROUP*TIME assessed whether the
slopes of the curves differed between groups. Results from these models provided estimates
for each of the factors tested and indicate whether their effects were significant. All analyses
were conducted using R package labelled Ime4 (Bates et al., 2015) and the reference group
was set up as the C-tDCS group. A p-value of 0.05 was used to indicate statistical significance.

These statistical analyses were chosen to analyse not only mean individuals’ values (e.g. mean
of 20 post-tests trials) but also their longitudinal evolution. Moreover, linear mixed models are
a flexible method appropriate to deal with intra-individuals’ variability within each group (Wright
& London, 2009). This approach allows to assess inter-subject differences considering the
intra-individual changes over time (through trial-by-trial repetition).

Moreover, to refine the longitudinal analysis of the variables, we also divided some phases of
the experiment into multiples series of trials, particularly during exposure. PA literature
describes several adaptive processes characterized by different timing (e.g. fast vs slow
processes; Inoue et al., 2015; Petitet et al., 2017; Rossetti et al., 1993; Smith et al., 2006). For
this reason, we decided to analyse early exposure (trials 1 to 10) separately from the remaining
trials during exposure (trials 11 to 60). We also analysed separately each block of 10 trials
under exposure to obtain a complete description of pointing behaviour under prismatic
perturbation, and to investigate effect of C-tDCS on this behaviour at different times of
exposure. Furthermore, to provide a qualitative analysis of early exposure, we analysed the
five first trials separately given that error reduction is greatest during the very first trials of
exposure. Besides, we also cut post-tests phases into bins of five trials.

Finally, to test the differences between mean group terminal errors and mean group trajectories
orientation during familiarization, we also performed independent samples T-test. As no
stimulation and no prismatic deviation were present during familiarization, we considered no

reason to test for any longitudinal variation across trials.
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Results

The majority of participants, except two in the C-tDCS group, managed to complete the
procedure within 21 minutes. These two participants were thus excluded from the following
analysis. None participant reported any conscious awareness on the prismatic deviation during
exposur. When verbally asked following the experiment, no one reported any knowledge about
the stimulation condition they had been assigned to. Table 1 presents the descriptive statistics
of mean group terminal errors during the different phases of the procedure. Figure 2
represents trial-by-trial mean group terminal errors during each step of the procedure.

Table 1 — Descriptive statistics of mean group terminal errors

C-tDCS group Sham group
Pre-tDCS Pointing -0.08 + 0.34 0.04 <+ 0.23
Familiarization Throwing -0.37 + 1.11 -0.84 + 0.79
Throwing 0.58 + 1.99 052 + 2.02
Pre-tests
Pointing 035 + 1.22 -0.51 + 145
Trial 1 452 + 3.20 3.10 + 3.12
Trial 2 299 + 1.81 217 + 1.65
Trial 3 253 + 1.96 0.79 =+ 1.39
Trial 4 1.28 + 1.49 054 =+ 1.07
Trial 5 099 + 0.86 0.24 <+ 0.59
Exposure Pointing Trials 6-10 0.67 + 0.66 0.51 + 0.59
Trials 11-20 0.45 + 0.52 022 + 045
Trials 21-30 0.25 + 0.58 028 + 0.34
Trials 31-40 0.10 =+ 0.65 0.16 =+ 0.32
Trials 41-50 0.20 <+ 0.63 0.13 =+ 0.30
Trials 51-60 0.09 =+ 0.79 0.11 =+ 0.34
Pointing 519 + 1.22 -4.38 + 0.91
Post-tests
Throwing -1.46 + 2.06 -1.65 + 155

Values are reported in degrees with standard deviations.
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Trial-by-trial average terminal errors

FAMILIARIZATION PRE-TESTS EXPOSURE POST-TESTS
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Figure 2 - Trial-by-trial average terminal errors. Trial-by-trial average group terminal errors are
represented with standard deviations for each group (C-tDCS group in black, Sham group in grey) and
for each step of the procedures.
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Familiarization

Independent samples t-tests revealed no difference between group in the pointing task
(t(23)=.632 ; p=.534) and the throwing task (t(23)=1.178 ; p=.251) concerning terminal errors
during familiarization (Figure 3). Moreover, no difference between groups in mean pointing
trajectories orientations during familiarization was found. Results showed that there was no

difference in the two groups during familiarization.

Familiarization
Mean terminal errors

4 =
1

J

®ctDCS B Sham

Mean performances (degrees)
o

Figure 3 — Mean group terminal errors during familiarization. Mean group terminal errors are
represented with standard deviations for each group (C-tDCS group in black, Sham group in grey) ana
for each task (pointing on the right, throwing on the left).

Pre-tests

Terminal errors

Models showed no effect of TIME, GROUP, nor TIME*GROUP interaction on trial-by-trial
terminal errors (i.e. longitudinal values of terminal errors) during pre-tests both on the throwing

and the pointing task (Supplementary materials, Table 2).

Pointing trajectories orientations

A significant negative linear effect of TIME was reported on pointing trajectory orientations at
initial direction on both central (8 = -.35, SE = .15, t(223) = -2.27, p = .02) and right (8 = -.47,
SE = .14, t(225) = -3.30, p < 10?) targets; without any group distinction (no effect of GROUP
neither GROUP*TIME). Concerning intermediate and final trajectory orientations, results
revealed no effect of TIME, GROUP, nor GROUP*TIME interaction (Supplementary Materials,
tables 3-6). These results indicate that C-tDCS had no significant effect on terminal errors and
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pointing trajectories during pre-tests. However, TIME had an influence on initial orientations of
pointing trajectories without any group distinction: in both groups, the values of initial pointing
orientations decreased across trial repetition, i.e. were slightly deviated to the left direction.

Exposure

Terminal errors

Models showed a negative main effect of TIME (8 < -103, SE = .00, t(1475) = -10.76, p < 10
1%) and a negative effect of GROUP*TIME interaction (8 = -103, SE = .00, t(1475) = 3.15, p <
102) on the whole exposure (60 trials), but no significant effect of GROUP (Supplementary
materials, Table 2). This indicates that terminal errors decreased across trial repetition, in both
groups. In addition, the slope of the error reduction curve was lower in the Sham group as
compared to the C-tDCS group. We may observe that both groups rapidly recovered practice
level of accuracy, although both between-subjects (see Figure 1) and within-subject variability
remained larger in the C-tDCS group.

During the 10 first trials of exposure, models showed significant effects of TIME (8 = -.03, SE
= .00, t(225) = -6.86, p < 107%), GROUP (B = -1.09, SE = .00, t(42) = -2.63, p = .01) and
GROUP*TIME (B = .02, SE = .01, 1(225) = 2.27, p = .02) on pointing terminal errors. This
suggests that C-tDCS had an influence on terminal errors values and their evolution across
time during early exposure (10 first trials): mean terminal errors were lower, and the slope of
the error reduction curve was more pronounced in the Sham group as compared to the C-
tDCS group. During the 50 subsequent trials (trials 11-60), results revealed a significant
negative effect of TIME (B = -.01, SE = .00, t(1225) = -6.58, p < 10"'%) and GROUP*TIME
interaction (B <-102, SE = .00, t(1225) = 2.28, p = .02) but no effect of GROUP (Supplementary
materials, Table 2). From trial 11 to trial 60, terminal errors decreased in both groups, although
the slope of the curve was less pronounced in the Sham group.

Trajectories

The Figure 4 plots the mean pointing trajectories during the five first trials of exposure. The
Figure 5 represents the mean group orientation of pointing trajectories at initial, intermediate
and terminal direction. Significant results revealed by LMMA concerning pointing trajectories
orientations are reported below (see Supplementary Materials, Tables 3-6 for all effects).
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Figure 4 - Mean trial-by-trial pointing
trajectories during exposure (trials 1 to 5).
The figure represents trial-by-trial mean
pointing trajectories for trial 1 to 5 (shades of
blue for C-tDCS, shades of orange for Sham).
Baseline mean trajectories are also
represented for each group in black (C-tDCS
group) and grey (Sham group) corresponding
to mean pointing trajectories  during
familiarization. Times at acceleration (initial
direction), velocity (intermediate direction) ana
deceleration (terminal  direction) are
represented_approximately (mean between C-
tDCS and Sham groups) showing no
substantial difference between groups (see
Table 7 for exact values).
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Figure 5: mean group orientation of pointing trajectories at initial, intermediate and terminal direction. The
figure depicts mean group orientations of velocity vectors at initial (acceleration peak), intermediate (velocity peak)
and terminal (deceleration peak) direction of pointing movements during exposure. Group mean values are plotted
for trial 1, 2, 3, 4, 5 and then for subsequent blocks (mean values for trials 6-10, 11-20, 21-30, 31-40, 41-50, 51-
60). Analyses revealed no effect of TIME during trials 11 to 60 except for terminal direction. For initial ana
intermediate direction, values seem to rapidly reach a plateau. However, concerning terminal direction, values still
decrease during late exposure, but without any difference between groups.
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Over the whole exposure (trials 1 to 60), analyses revealed a main effect of TIME (8 = -.04,
SE = .01, t(1453) = -4.16, p < 10*) and GROUP*TIME (B = .04, SE = .01, {(1453) = 2.88, p <
10?) for initial direction (at acceleration peak). This indicates that initial trajectory orientations
were deviated toward the left in both groups across trial repetition. Moreover, the slope of the
curve was more pronounced in the Sham group, as compared to the C-tDCS group.
Additionally, results showed a main effect of TIME for intermediate (8 = -.03, SE = .01, t(1454)
= -5.58, p < 107) and terminal (8 = -.08, SE = .01, t(1455) = -8.14, p < 10") directions:
trajectory orientations at velocity and deceleration peaks were deviated toward the left across
trial repetition without any group distinction.

During early exposure (trials 1 to 10), results showed an effect of TIME (8 = -.96, SE = .11,
t(222) = -8.44, p < 10"), GROUP (B = -4.04, SE = 1.58, t(43) = -2.55, p = .01) and
GROUP*TIME (B = .41, SE = .17, 1(222) = 2.40, p = .02) on initial direction. In both groups,
trajectory orientations at acceleration peak were deviated to the left throughout the 10 first
trials. However, the slope of the curve was more pronounced in the Sham group. In addition,
the models showed that mean values were lower in the Sham group, i.e. mean initial
trajectories were more deviated to the left. Concerning intermediate direction of trajectories,
models showed a negative effect of TIME (8 = -1.13, SE = .10, 1(222) = -11.16, p < 10%), i.e.
trajectory orientations at velocity peak were deviated to the left throughout the 10 first trials in
both groups, with a higher slope for the Sham group (GROUP*TIME effect; 8 = .46, SE = .15,
t(222) = 3.01, p < 102). Finally, trajectories at deceleration peak were also deviated to the left
during the 10 first trials in both groups without any distinction (TIME effect; 8 =-1.04, SE = .17,
t(222) = -6.24, p < 10%).

During the remaining part of exposure (trials 11 to 60), we found no effect of TIME, GROUP,
nor GROUP*TIME for initial and intermediate direction. However, results showed an effect of
TIME (B = -.04, SE = .01, t(1207) = -3.00, p < 10?) on terminal direction without any effect of
GROUP neither GROUP*TIME. This signifies that trajectory orientations at deceleration peak
continued to be deviated toward the left across trial repetition until the end of exposure, without
any group distinction.

Moreover, significant effects were found in late blocks of exposure: slight effects of TIME (B =
-.24, SE = .11, 1(218) = -2.11, p = .04), and GROUP*TIME (8 = .34, SE = .17, 1(218) = 2.05, p
= .04) on initial direction during trials 41 to 50 and effects of GROUP (8 = 12.56, SE = 4.63,
t(227) = 2.71, p = .01) and GROUP*TIME (B = -.21, SE = .08, t(219) = -2.54, p = .01) on
intermediate direction during the 10 last trials (trials 51 to 60). These results show that values
of initial orientations decreased again from trials 41 to 50 in both groups with a greater slope
for the Sham group. In addition, during the 10 last trials of exposure, mean intermediate
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direction appeared to be more deviated to the left with a more marked evolution across trials
in the Sham group.

Post tests
Pointing task: after-effects

Terminal errors

Analyses showed an effect of TIME (8 = .10, SE = .01, t(473) = 11.14, p < 107"%), GROUP (B =
1.16, SE = .44, 1(30) = 2.60, p = .01) and GROUP*TIME interaction (8 = -.04, SE = .01, t(473)
=-2.51, p =.01) on pointing longitudinal terminal errors values during post-tests (see Table 2).
The positive effect of TIME shows that terminal errors values increased across trial repetition
while the effect of GROUP*TIME interaction indicates that this evolution was less pronounced
in the Sham group. In addition, the GROUP effect suggests that mean values were more
negative in the C-tDCS group. These results suggest that the stimulation had an influence on
the magnitude of pointing after-effects and more specifically on their evolution across trials: in
C-tDCS participants, after-effects were initially larger but decreased more rapidly compared to
the Sham group. Therefore, we may conclude that after-effects in the C-tDCS group were
about 20% larger but more labile, such that they turned similar at the end of the testing period.

Trajectories

Mean pointing trajectories are represented in Figure 6. Models analyses were performed on
pointing movements’ orientations at initial, intermediate, and terminal directions. All effects are

reported in tables 3-6 (Supplementary Materials).

We found no effect of TIME, GROUP, nor GROUP*TIME for initial direction and for both
targets. However, results showed effects of TIME (8 = .39, SE = .08, 1(224) = 4.73, p < 10?),
GROUP (B = 3.44, SE = 1.23, 1(39) = 2.80, p =.01) and GROUP*TIME (B8 = -.36, SE = .13,
t(224) = -2.84, p < 107?) for intermediate direction concerning pointing movements performed

toward the central target.

A significant effect of TIME only (8 = .22, SE = .09, 1(223) = 2.40, p = .02) was found for
intermediate direction of pointing movements performed toward the right target. For terminal
direction, analyses revealed an effect of TIME both on central (8 =.28, SE = .12, 1(224) = 2.42,
p = .02) and right (8 = .40, SE = .16, 1(224) = 2.54, p = .01) targets.

These results reveal that initial direction of pointing movements during post-tests was similar
between groups and did not evolve across trial repetition. Trajectories start to differ from
intermediate direction, which is illustrated in Figure 6. In both groups, trajectory orientations
at velocity peak were initially deviated to the left, and evolved to the right across post-tests
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trials. This evolution was less pronounced in the Sham group. However, trajectory orientations
were initially more deviated to the left in the C-tDCS group as compared to the Sham group.

Mean Pointing trajectories Mean Pointing trajectories
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Figure 6 - Mean group pointing trajectories during post-tests. Mean pointing trajectories with baseline
trajectories subtracted, central target (left) and right target (right).

Throwing task: transfer

Models showed no effect of TIME, GROUP or GROUP*TIME when considering the 20 throwing
post-tests trials. However, we found moderate but significant effects of GROUP (8 =-4.13, SE
= 2.03, 1(239) = -2.03, p = .04) and GROUP*TIME (B = .26, SE = .13, {(222) = 2.03, p = .04)
when considering trials 11 to 20 and pooling the two targets. These effects may indicate that
transfer was greater in the Sham group, with a slope of the curve that was steeper as compared
to the C-tDCS group.

Analyses also revealed significant effects of TIME (B8 = -.66, SE = .21, 1(99) = -3.06, p < 10?),
GROUP (B = -5.65, SE = 2.44, 1(120) = -2.32, p = .02), and GROUP*TIME (B = .68, SE = .32,
t(99) = 2.09, p = .04) for trials 6 to 10 on the right target (see Supplementary materials; Table
2 for all values). Terminal errors during post-tests tended to decrease across these five trials
on the right target in both groups. This evolution was more marked in the C-tDCS group.
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However, mean values were more negative in the Sham group, i.e. throwing performances

were more deviated to the left in this group.
Discussion

The aim of the study was to explore the effects of cathodal cerebellar tDCS on the
transfer of prism-acquired after-effects from pointing to throwing. Results revealed that
participants in the C-tDCS group showed (1) altered error reduction and pointing trajectories
during exposure, mainly during the first trials; (2) increased magnitude but reduced robustness
of pointing after-effects; and crucially, (3) slightly altered transfer of after-effects to the throwing
task. These results will be discussed in the light of former neuro-stimulation studies to highlight
the possible role of the cerebellum in prism adaptation mechanisms.

Cerebellar C-tDCS interferes with pointing deviations and trajectories during exposure.
C-tDCS interferes with pointing terminal errors during exposure.

During early exposure (10 first trials), error reduction (i.e., correction of the terminal error
induced by the optical shift) was greater for the Sham group. This effect was visible from the
very first pointing trial under prism deviation, which shows that error correction was also faster.
As there was no difference in movement durations and movements velocities between groups,
a slower movement execution cannot explain differences in error reduction during exposure.
Moreover, trajectories during the first trials and the overall terminal errors reliably point to
showing higher errors in the C-tDCS group. Therefore, it is unlikely that the presence of a
transient speed-accuracy trade-off in the Sham group explain these differences although we
cannot fully exclude this possibility.

Findings on early exposure suggest that C-tDCS impaired fast strategic adjustment (i.e.
recalibration) in accordance with previous conclusions (Klper et al., 2014; Panico et al., 2016;
Panico, Sagliano, Nozzolillo, et al., 2018). As far as data on the very first pointing trial are
concerned, a possible interpretation is that the cerebellum plays a role in online control (Panico
et al., 2018). In Panico et al. (2018), authors provided three measures of pointing deviations
during exposure: initial, early, and late components, which reflected respectively online control,
recalibration, and realignment. Interference of C-tDCS on the initial component (average of the
2 first trials and not only the first trial) was interpreted as a sign of impaired online control,
which seems to be in line with the present results. Another possible explanation is that C-tDCS
impaired feedforward control of pointing movements under exposure. This is compatible with
recent evidences indicating that the cerebellum plays a major role in predictive (feedforward)
control of movement and in adaptive mechanisms of sensory predictions needed to adjust
movement commands based on previous experiences (Bastian, 2006; Therrien & Bastian,
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2019). Nonetheless, the present study is the first in showing C-tDCS influence on the very first

trial of exposure.

Surprisingly, the difference between groups in term of terminal errors was found only during
early exposure (10 first trials) while in Panico et al.’s studies (2018, 2016), differences were
found across the entire exposure phase. Importantly, the number of trials during exposure was
smaller in our study compared to Panico et al.’s studies. However, a closer look to kinematics
of pointing movements during exposure revealed differences of movements’ orientations at

intermediate direction during late exposure.

C-tDCS interferes with initial direction of pointing movements during early exposure and with

intermediate direction during late exposure.

C-tDCS seemed to interfere with initial direction of pointing movements during early exposure
(trials 1 to 10), which is in favour of an altered predictive control. However, on the first trial of
exposure, initial direction of pointing movement was similar in both groups. Trajectories started
to differ from intermediate direction, which is in favour of C-tDCS influence on online control
rather than predictive control. Predictive control of a subsequent pointing movement depends
on error feedbacks experienced at the end of the previous trial (Bastian, 2006; Rossetti et al.,
1993). Moreover, feedforward control of movement could also be adjusted relatively to online
feedback-dependent corrections implemented in the previous trial (Diedrichsen et al., 2005).
Therefore, the role of the cerebellum in online versus predictive control under prismatic
exposure remains difficult to disentangle. A closer examination of pointing trajectories during
early exposure could provide additional information about the possible effects of C-tDCS in
early exposure. While initial direction was similar across groups on the very first trials, it
appears that feedforward correction of initial direction of subsequent pointing movements
differed between groups: participants in the stimulated group implemented a smaller correction
compared to the sham group. This observation becomes crucial when one also considers that
subjects in the C-tDCS group experienced a larger endpoint error on the first trial. In fact, C-
tDCS participants seemed to benefit less from feedback during the first trial (i.e. impaired online
control), so they were exposed to a greater amount of errors. However, they still exhibited a
minor correction on subsequent trials (i.e. impaired feedforward adjustment), compared to
participants of the Sham group. Yet, C-tDCS may interfere with the integration of errors to
adjust movements both during pointing movements (online control) and before each
subsequent trial (feedforward control). Alternatively, impairment of feedforward control might
also be related to difficulties in developing an aiming solution in response to the perturbation
during exposure, as suggested by Butcher et al. (2017).
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Another interesting finding is that C-tDCS did not interfere with the evolution of terminal
direction of pointing movements during exposure (time effect only). However, stimulation
altered the evolution of intermediate pointing directions during early exposure (group*time
effect) and during late exposure (group effect). As in O’Shea et al. (2014), results suggest that
terminal direction of pointing movements during exposure evolved until the end of exposure,
while initial and intermediate directions seem to have reached a plateau. In fact, initial and
intermediate deviations showed a quite stable trend following the very first trials but the slope
in terminal direction was decreasing from the very first to the very last trials. These findings
suggest that the adaptation of the terminal direction of pointing movements has not been
completed by the end of exposure (60 trials). Either way, C-tDCS had no influence on this
component. However, we may hypothesize that an increased number of trials during exposure
would have led to a complete correction of terminal component, and potentially revealed an
effect of C-tDCS on this very late component. These propositions are in line with Inoue et al.’s

findings (Inoue et al., 2015) who suggested the existence of an ultra-slow process in PA.

Altogether, the above findings on deviations and pointing trajectories provide strong evidence
of an impaired recalibration in C-tDCS participants compared to participants in the Sham
group. The analysis of after-effects described in the next section will enable us to highlight the
effects of C-tDCS on the realignment process (Prablanc et al., 2019; Redding et al., 2005).

C-tDCS interferes with the magnitude and the robustness of pointing after-effects.
C-tDCS participants seem to develop larger but labile after-effects.

A main objective of this study was to investigate the effects of C-tDCS on pointing after-effects
and their transfer to throwing. Results showed larger after-effects in the pointing task in the C-
tDCS group. Surprisingly, cathodal polarity of the stimulation did not lead to a reduction of
after-effects. This finding is compatible with a previous study using similar procedures and
reporting larger after-effects though larger errors during exposure (Panico et al., 2016). By
contrast, this outcome is not coherent with a more recent study by Panico et al. (2018), in
which reduced after-effects were found. However, the latter used a multiple-step prism
adaptation procedure and C-tDCS was applied during exposure exclusively. These variations
in the experimental procedures may have led to relevant differences in results concerning the
observed effects of C-tDCS as previously described by Jalali et al. (2017). Strikingly, while
after-effects in the present study were initially larger in the C-tDCS group, it seems that they
were less stable and decreased more rapidly across post-tests trials compared to the Sham
group. Although it is not straightforward to explain this apparently paradoxical result, we may
speculate on several aspects. As suggested in Panico et al. (2016), as C-tDCS interfered with

error reduction under prism exposure, it might also have impaired the restoration of non-
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perturbed motor programs during post-tests, leading to greater after-effects. In addition, as
error reduction was impaired in the C-tDCS group, participants were exposed to greater errors
under prism deviation and possibly developed greater initial after-effects on the pointing task.
Finally, the fact that after-effects looked less stable in the C-tDCS group may be related to a
greater cognitive component in after-effects, which is known to be more labile (Redding &
Wallace, 2006). An interesting prospective of this observation will be to prolong the after-effect
assessment period to determine whether the weaker stability of the after-effects observed
during tDCS would ultimately bring their magnitude below that of the control group.

C-tDCS interferes with intermediate direction of pointing trajectories during post-tests.

Results showed no difference between groups in initial direction of post-tests pointing
trajectories. Trajectories started to differ from intermediate direction, thus leading to differences
in endpoint terminal errors, and on the magnitude of after-effects. A possible explanation is
that tDCS interfered with the processing of proprioceptive feedbacks during pointing
movements. Participants in the Sham group applied a greater online proprioceptive correction
as compared to participants in the C-tDCS group. These results may be in favour of an
influence of C-tDCS on online control. Another possible explanation is that C-tDCS during
exposure led to a different alteration of the proprioceptive modality. As suggested in a previous
study (Fleury et al., 2020), reduced after-affects might be related to greater proprioceptive
online corrections during post-tests. This may lead to speculate that proprioceptive modality
was less affected by prism exposure in the Sham group. Therefore, the corrections would have
been based on less biased proprioceptive feedbacks and would have been greater in this
group. These corrections would have led to reduced terminal errors (lower after-effects) as
compared to the C-tDCS group.

Does C-tDCS reduce transfer of after-effects to the throwing task?

A main purpose of this study was to test whether C-tDCS altered transfer of prism-acquired
after-effects from pointing to throwing. Results showed a moderate but significant effect of C-
tDCS on the magnitude of transfer for trials 11 to 20 and trials 6 to 10 on the right target,
suggesting a slightly greater transfer in the Sham group.

The present results raise the possibility that cerebellar C-tDCS impaired transfer of prism
acquired after-effects from pointing to throwing. Therefore, cerebellum might play a role in
transferring visuo-motor transformations acquired in one context to another situation. A
possible mechanism underlying this effect may be related to the role of the cerebellum in the
development of realignment during exposure. In this light, C-tDCS may have impaired the
development of true adaptation, thereby leading to reduce transfer on the non-exposed task
(Fleury et al., 2020).
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Although these findings provide the first evidence on the neural correlates of the transfer
process, they need to be interpreted with caution. Data showed a strong heterogeneity within
both groups, and particularly in the C-tDCS group. Individual responsiveness to C-tDCS may
vary among participants as reported by previous studies (Chew et al., 2015; Wiethoff et al.,
2014). This may account for a potential higher variability in the effects of active stimulation as
compared to sham stimulation in the present results. In addition, rate of adaptation and transfer
could also be initially variable within groups (Renault et al., 2018; Stark-Inbar et al., 2017).

Concluding remarks, limitations, and perspectives

In conclusion, the present study demonstrates that C-tDCS interferes with PA from the very
beginning of prism exposure until the full deployment of after-effects. These data are
compatible with a possible role of the cerebellum in online control, recalibration (feedforward
control) and realignment (after-effects) in line with previous neuro-stimulation studies (Panico
et al., 2016; Panico, et al., 2018). Our novel result is that the cerebellum appears to be involved
in after-effect transfer, thus paving the way for more specific investigations. Here, we have to
insist on the impact of this finding concerning a general role of the cerebellum in adaptive
capacities. In fact, stimulation altered multiple PA components, i.e. error reduction during
exposure, after-effects and crucially their transfer to another task. This suggests the likely
existence of common mechanisms between several aspects of PA (both realignment and
recalibration) and also transfer mechanisms, which probably reflects the involvement of true

adaptation.

Some limitations of the present experiment must be underlined together with future directions.
First, a greater number of trials during exposure may have led to stronger differences in after-
effects and possibly to more robust findings on transfer. Second, a larger sample of participants
and the use of high-definition tDCS protocols together with computational modelling of brain’s
impedances would improve the reliability and the robustness of the tDCS effects (Jalali et al.,
2017). Third, although the cerebellum was a key candidate for transfer, the possibility that
transfer properties are undertaken by brain circuits linking the cerebellum with other areas
involved in PA (Panico, Sagliano, Grossi, et al., 2018) has to be addressed in further studies.
In the same line, further investigation should also test a possible role of the primary motor
cortex in transfer, as this area seem to be involved in the storage of motor memories (O’Shea
et al., 2017; Panico et al., 2017). Fourth, the present study did not investigate whether
cerebellar contribution in transfer occurred during exposure or during post-test testing. This
should be clarified by modulating the timing of C-tDCS application. Finally, the use of additional
methods such as electroencephalography (EEG) and ecological neuroimaging methods
(functional Near Infrared Spectroscopy, fNIRS) during tDCS administration could help
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monitoring the effect of stimulation during the task and check for individual variability in C-tDCS
effects.
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Supplementary materials

Terminal Errors - Linear Mixed Models Analysis

Fixed Effects Random effects / Model parameters

Estimate  Std Errar df t p Variance Std Err
Intercept -0.04 0.08 30.08 -0.53 0.60 Intercept (Id) 0.07547 027
Fam Time 0.00 0.00 72400 0.31 0.76 Residual 0.08101 0.28
Pointing  Group 0.07 012 3007 059 056 IngLik 1636 Icc
Group™Time 0.00 0.00 72400 0.16 0.56 Mo Obs 49 048
Intercept -0.30 0.33 68.87 -0.92 0.36 Intercept (Id) 0.6827 0.83
Fam Time 0.00 0.01 71430 -0.4 0.74 Residual 64375 254
Throwing  Group 047 049 69.20 -0.94 0.35 logLik 1754 4 ICC
Group*Time 0.00 0.02 71440 0.01 1.00 b Obs 739 0.10
Intercept 0.74 058 40.60 1.27 0.1 Intercept (1d) 3.3 1.83
Pretests  Time -0.02 0.03 45512 -0.61 0.55 Residual 1.372 272
Throwing  Group 055 0.88 40.86 -0.62 0.54 logLik 12133 ICC
Group*Time 0.05 0.04 46514 1.18 0.24 Mo Obs 490 0.31
Intercept 0.51 0.36 30,09 145 0.16 Intercept (1d) 1.552 125
Pretests  Time -0.02 0.01 474.00 -1.54 0.12 Residual 1.156 1.08
Pointing Group 072 054 3011 -1 0.19 logLik -785.9 Icc
Group*Time -0.02 0.02 474.00 -0.93 0.35 b Obs 499 0.57
Intercept 517 029 3014 -2096 =216 ** Intercept (Id) 1.0643 1.03
Post-tests  Time 0.10 0.01 473.01 1114 <2e16 ** Residual 0.8005 0.89
Pointing Group 1.16 044 3017 260 0.0 * logLik 5927 Icc
Group™Time -0.04 0.01 47303 -2.58 0.m = Mo Obs 492 0.57
Intercept 171 055 44.40 -3.10 0.00 = Intercept (Id) 2782 167
Post-tests  Time 0.03 0.03 47211 0.91 0.36 Residual 1.836 280
Throwing  Group 029 083 4433 -0.35 0.73 logLik 12429 ICC
Group™Time 0.01 0.04 47206 0.24 0.81 Mo Obs 497 026
Intercept 1.00 135 23997 0.74 0.45 Intercept (Id) 3.033 174
F-,rﬁgﬁt; Time 015 0.09 22229 -1.74 0.06 Res?dual 8.291 2388
trials 11.20 Group . 413 203 23999 -2.03 0.04 * logLik -630.8 ICC
Group™Time 0.26 013 22324 203 0.04 * Mo Obs 247 027y
Post-tests  Intercept 3.85 161 12048 220 0.03 * Intercept (Id) 3.531 1.88
Throwing  Time -0.66 0.21 99.05 -3.06 0.00 * Residual 6.428 254
Right target  Group 565 244 12042 -2.32 0.02 * logLik -307.7 ICC
trials 610 Group*Time 0.68 0.32 99.12 209 0.04 * Mo Obs 124 0.35
Exposure In.tercept 0.81 0.14 28.31 582 0.00 == Inter.c:ept (Id) 02415 049
Pointing Time 0.00 0.00 1475.00 1076 < 2e16% Res!dual 0.8006 0.89
trials 1.60 Group _ -0.30 0.21 2631 -1.43 0.16 logLik -1998.5 IcC
Group™Time 0.00 0.00 1475.00 315 0.00 * Mo Obs 1500 023
Exposure In.tercept 3.61 040 41.31 9.03 0.00 == Inter.c:ept (Id) 1.224 1.11
Pointing Time 019 0.03 100.00 -5.98 0.00 == Res!dual 2497 1.58
trials 1.5 Group -1.31 0.60 413 -2.18 0.04 * logLik -250 ICC
Group™Time 0.4 0.05 100.00 0.75 0.46 Mo Obs 125 0.33
Exposure In_tercept 249 027 4276 9.07 0.00 ™= Inter_c:ep( (1d) 0.5765 0.76
Pointing Time -0.03 0.00 22500 -6.66 0.00 == Residual 22375 1.50
trials 110 Group -1.09 0.41 4276 -2.63 0.m * logLik 4713 ICC
Group*Time 0.02 0.01 2500 227 0.02 * Mo Obs 250 0.20
E Intercept 0.50 0.14 31.10 372 0.00 = Intercept (Id) D22 047

Xposure ! . .

Pointing Time -0.01 0.00 1225.00 -6.58 0.00 Res!dual 023 048
trials 11.60 Group . 019 020 3110 -0.93 0.36 logLik -910 ICC
Group*Time 0.00 0.00 1225.00 228 0.02 * Mo Obs 1250 049

Table 2 - Linear Mixed Models Analysis results - Deviations. Effects of TIME, GROUP and
GROUP*TIME on terminal errors at the different steps of the experimental procedure.
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Pointing trajectories orientations - Descriptive statistics

Mean orientation at initial direction Mean orientation atintermediate direction Mean orientation atfinal direction

ctDCS group Sham group ctDCS group Sham group ctDCS group Sham group
Familiarization Pojnting -373 + 599 -7.06 + 567 217 + 2.04 3.88 + 2.31 4.97 + 556 6.94 + 421
Pre-tests Central -6.24 + 584 -10.04 + 7.30 292 + 275 227 + 3.28 7.54 + 552 595 + 410
Right -7.69 + 515 -11.25 + 6.94 7.70 + 3.02 6.95 + 3.15 17.56 + 6.38 17.07 + 6.16
Trial 1 207 + 53 -2.09 + 8.42 15.29 + 39N 11.27 + 5.14 2357 + 833 19.09 + 1082
Trial 2 -2.07 + 457 473 + 3.93 9.00 + 355 727 + 422 17.93 + 1040 1355 + 8.50
Trial 3 -4.29 + 473 927 + 5.3 5.50 + 344 400 + 3.55 14 57 + 9.44 12.64 + 1054
Trial 4 -7.00 + 402 £.00 + 471 257 + 3.57 373 + 5.66 14.21 + 6.66 10.27 + 8.65
Exposure Trial 5 -6.71 + 393 918 + 496 243 + N 29 + 367 10.21 + 10.14 11.09 + 773
Pointing Tn_ais 6-10 -8.16 * 3.53 -9.40 * 362 2.06 + 2.80 327 + 3.18 11.87 + 6.07 10.73 + 597
Trials 11-20 -7.98 * 3.86 -8.91 * 482 1.92 + 21 3.19 + 219 1094 + 6.81 9.56 + 445
Trials 21-30 -8.65 * KXY -8.80 * 6.59 214 + 2.01 3.19 + 1.81 1017 + 7.32 9.92 + 415
Trials 31-40 -7.53 * 415 -9.03 * 6.47 292 + 3.50 3.10 + 163 1048 + 6.73 8.88 + 545
Trials 41-50 -1.79 * 4.05 -7.49 * 6.44 227 + 1.80 374 + 1.59 9.79 + 7.24 7.90 + 517
Trials 51-60 -6.86 * 7.51 -8.50 * 583 242 + 1.81 334 + 143 9.40 + 743 7.80 + 415
Post-tests Central -8.60 + 401 -7.33 + 473 -8.53 + 284 £.71 + 267 -7.64 + 4.65 £.72 + 294
Right -6.38 * 3.30 £.65 + 448 -7.81 + 1.89 £.30 + 222 -8.70 + 4.85 -7.56 + 3.94

Table 3 — Pointing trajectories orientations at initial (acceleration peak), intermediate (velocity peak) and final (deceleration peak) directions. Values are reported in
degrees with standard deviations.
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Pointing trajectories orientations at initial direction - Linear Mixed Models Analysis

Fixed Effects

Random effects / Model parameters

Estimate  Std Error df t p Variance Std Err
Intercept -3.25 1.59 26.31 -2.04 0.05 Intercept (Id) 30.97 557
Fam Time -0.03 0.02 689.01 -1.43 0.15 Residual 15.71 3.96
Pointing Group -1.74 2.35 26.32 -0.74 0.47 logLik -2042.7 | Icc
Group*Time -0.13 0.03 689.02 -3.81 0.00 ***  NbObs 713 0.66
Pre-tests Intercept -5.39 1.72 35.02 -3.14 0.00 ** Intercept (Id) 32.12 5.67
Pointing Time -0.35 0.15 223.08 -2.27 0.02 * Residual 26.18 5.12
central Group -3.21 2.59 35.27 -1.24 0.22 logLik -789 | ICC
target Group*Time 0.03 0.23 223.09 0.12 0.90 Nb Obs 248 0.55
Pre-tests Intercept -5.58 1.66 34.26 -3.36 0.00 ** Intercept (Id) 30.72 5.54
Pointing Time -0.47 0.14 225.00 -3.30 0.00 ** Residual 23.24 4.82
right target Group -4.69 251 34.26 -1.87 0.07 logLik -781.1 | ICC
Group*Time 0.25 0.21 225.00 117 0.24 Nb Obs 250 0.57
Post-tests Intercept -7.33 1.77 68.12 -4.13 0.00 *** Intercept (Id) 18.63 4.32
Pointing Time -0.28 0.25 225.00 -1.10 0.27 Residual 73.48 8.57
central Group 1.90 2.67 68.12 0.71 0.48 logLik -907.6 | ICC
target Group*Time 0.10 0.38 225.00 0.25 0.80 Nb Obs 250 0.20
P Intercept -6.74 1.13 42.08 -5.97 0.00 *** Intercept (Id) 11.96 3.46
ost-tests ) .
Pointing Time 0.09 0.12 225.00 0.70 0.48 Res!dual 16.91 4.11
right target Group -0.91 1.70 42.08 -0.53 0.60 logLik -734.3 | ICC
Group*Time 0.15 0.18 225.00 0.84 0.40 Nb Obs 250 0.41
Exposure Iqtercept -6.72 1.05 28.26 -6.38 0.00 *** Interpept (Id) 14.28 3.78
Pointing Time -0.04 0.01 1453.00 -4.16 0.00 ***  Residual 19.06 4.37
trials 1-60 Group -1.81 1.59 28.30 -1.14 0.27 logLik -4323.1 | ICC
Group*Time 0.04 0.01 1453.00 2.88 0.00 ** Nb Obs 1478 0.43
Exposure Iqtercept -1.56 1.05 42.44 -1.50 0.14 " Imerpept (Id) 10.15 3.19
Pointing Time -0.96 0.11 221.92 -8.44 0.00 ReS!duaI 14.91 3.86
trials 1-10 Group -4.04 1.58 43.20 -2.55 0.01 * logLik -709.8 | ICC
Group*Time 0.41 0.17 222.00 2.40 0.02 * Nb Obs 247 0.41
Exposure Inltercept 2.81 5.21 239.93 0.54 0.59 Imerlcept (Id) 23.88 4.89
Pointing Time -0.24 0.11 218.90 2.1 0.04 * Residual 13.53 3.68
trials 41-50 Group -14.93 7.69 240.27 -1.94 0.05 . logLik -697.5 | ICC
Group*Time 0.34 0.17 218.46 2.05 0.04 * Nb Obs 243 0.64

Table 4 - Linear Mixed Models Analysis results — pointing trajectories orientations at initial direction.
Effects of TIME, GROUP and GROUP*TIME on pointing trajectories orientations at initial direction and at the
different steps of the experimental procedure.

Pointing trajectories orientations at intermediate direction - Linear Mixed Models Analysis
Fixed Effects Random effects / Model parameters

Estimate  Std Error df t p Variance Std Err
Intercept 2.28 0.55 26.68 4.14 0.00 *** Intercept (Id) 3.57 1.89
Fam Time 0.00 0.00 688.00 -0.90 0.37 Residual 5.06 2.25
Pointing Group 1.40 0.81 26.71 1.72 0.10 . logLik -7624.30 ‘ ICC
Group*Time 0.00 0.00 688.10 -1.15 0.25 Nb Obs 712 0.41
Pre-tests  Intercept 3.27 0.88 42.71 3.72 0.00 *** Intercept (Id) 717 2.68
Pointing Time -0.08 0.10 224.00 -0.81 0.42 Residual 10.56 3.25
central Group -0.66 1.33 43.25 -0.50 0.62 logLik -672.4 ICC
target Group*Time 0.00 0.15 224.08 0.01 0.99 Nb Obs 249 0.40
Pre-tests Intercept 8.65 0.91 43.85 9.49 0.00 *** Intercept (Id) 7.55 2.75
Pointing Time -0.21 0.10 225.00 -2.10 0.04 * Residual 11.83 3.44
right target Group -1.41 137 43.85 -1.08 0.31 logLik -688.6 ’ ICC
Group*Time 0.15 0.15 225.00 0.96 0.34 Nb Obs 250 0.39
Post-tests  Intercept -10.24 0.81 39.86 -12.58 0.00 *** Intercept (Id) 6.52 2.55
Pointing Time 0.39 0.08 224.02 4.73 0.00 *** Residual 7.98 2.83
central Group 3.44 1.23 39.98 2.80 0.01 ** logLik -639.6 ICC
target Group*Time -0.36 0.13 224.03 -2.84 0.00 ** Nb Obs 249 0.45
Post-tests Intercept -8.64 0.70 58.44 -1227  <2e-16 *** Intercept (Id) 3.44 1.85
Pointing Time 0.22 0.09 223.95 2.40 0.02 * Residual 10.12 3.18
right target Group 1.7 1.06 58.58 1.61 0.11 logLik -659.9 | ICC
Group*Time -0.04 0.14 223.95 -0.27 0.79 Nb Obs 249 0.25
Exposure Intercept 3.54 0.48 32.49 7.31 0.00 *** Intercept (Id) 2.74 1.66
Pointing Time -0.03 0.01 1454.24 -5.58 0.00 *** Residual 8.32 2.89
trials 1-60  Group 0.53 0.73 32.51 0.72 0.48 logLik -3703.4 ‘ ICC
Group*Time 0.01 0.01 1454.11 1.62 0.11 Nb Obs 1479 0.25
Exposure Intercept 13.36 0.95 48.19 1414  <2e-16 *** Intercept (Id) 6.95 2.64
Pointing Time -3.19 0.26 97.55 -1222  <2e-16 *** Residual 9.20 3.03
trials 1-5 Group -2.86 1.44 49.36 -1.99 0.05 . logLik -327.8 ’ ICC
Group*Time 1.00 0.40 97.68 2.53 0.01 * Nb Obs 122 0.43
Exposure Intercept 9.62 0.87 46.52 11.03 0.00 *** Intercept (Id) 6.57 2.56
Pointing Time -1.13 0.10 222.09 -11.16 < 2e-16*** Residual 11.79 3.43
trials 1-10 Group -1.94 1.32 47.29 -1.47 0.15 logLik -678.5 | ICC
Group*Time 0.46 0.15 22219 3.01 0.00 ** Nb Obs 247 0.36
Exposure Intercept -0.07 3.08 227.23 -0.02 0.98 Intercept (Id) 6.57 2.56
Pointing Time 0.05 0.06 219.40 0.81 0.42 Res !dual 11.79 3.43
trials 51-60 Group 12.56 4.63 227.26 2.7 0.01 ** logLik -678.5 ICC
Group*Time -0.21 0.08 219.40 -2.54 0.01 * Nb Obs 247 0.36

Table 5 - Linear Mixed Models Analysis results — pointing trajectories orientations at intermediate
direction. Effects of TIME, GROUP and GROUP*TIME pointing trajectories orientations at intermediate direction
and at the different steps of the experimental procedure.
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Pointing frajectories orientations at intermediary direction - Linear Mixed Models Analysis

Fixed Effects Random effects / Model parameters
Estimate  Std Emor df t p Variance Std Err

Interc ept 517 1.40 31.94 37 0.00 *** Intercept (Id) 20.75 4.56
Fam Time -0.01 0.04 690.03 040 069 Residual 35.93 5.00
Pointing  Group 0.64 2.06 31.08 0.31 0.76 logLik 23265 Icc
Group*Time 0.11 0.05 690.06 212 003 * NbObs 714 0.37
Pretests Intercept 6.80 1.44 41.00 472 0.00 ** Intercept (Id) 19.95 4.47
Poiting  Time 0.16 015 22402 108 028 Residual 26.37 514
central Group 084 218 4 .48 039 070 IogLik -787 5 ‘ ICC
target Group*Time 017 0.23 22410 072 047 Nb Obs 249 0.43
Predests  ntercept 17.96 177 36.40 1013 0.00 *** Intercept (Id) 33.26 577
Pointing M€ -0.09 0.16 225.00 054 050 Residual 31.06 5.57
right target Group 065 267 36.40 025 081 logLik 815 ‘ IcC
Group*Time 0.04 0.25 225.00 015 088 Nb Obs 250 0.52
Posttests Intercept 887 115 30.65 774  0.00 *** Intercept(id) 12.08 3.60
Pointing  Time 028 012 224 01 242 0.02 = Residua 1568 396
central Group 023 173 30.77 013 090 logLik -7238 IcC
target Group*Time 0.14 018 22402 0.81 0.42 Nb Obs 249 0.45
Posttests Mercent -10.51 1.35 46.50 780  0.00 *** Intercept(id) 15.62 305
Pointing Time 0.40 0.16 22401 254 0.01 *  Residual 28.3 5.32
right target Group 119 203 46 68 058 05 IogLik -792 9 ‘ ICC
Group*Time 0.01 0.24 224.01 004 097 Nb Obs 249 0.36
Interc ept 13.07 1.54 26.83 8.51 0.00 = Intercept (Id) 35 561

Exposure : .
Pointing Time 008 001 1455 00 814  0.00 ** Residua 236 486
trials 1-60  GrouP -1.47 232 26.84 064 053 logLik -4494 1 ‘ IcC
Group*Time 0.00 0.01 1455.00 002 000 Nb Obs 1480 057
Exposure Interc ept 22.19 219 3470 1013 0.00 * Intercept (Id) 51.34 717
Pointing Time -304 043 o7 94 700  0.00 ** Residua 26 43 514
trials 15 Group -4.62 3.32 35.29 139 047 logLik -405.4 ‘ IcC
Group*Time 1.03 067 98.09 1585 012 Nb Obs 123 0.66
Exposure Interc ept 18.66 187 35.20 9905 0.00 *** Intercept (Id) 38.14 618
Pointing Time -104 017 222 98 624 000 *** Residua 3204 566
wials 1-10  CGroup -3.26 283 35.60 415 026 logLik -813.7 ‘ IcC
Group*Time 0.32 0.25 223.04 127 021 Nb Obs 248 0.54

Table 6 - Linear Mixed Models Analysis results — pointing trajectories orientations at terminal direction.
Effects of TIME, GROUP and GROUP*TIME pointing trajectories orientations at terminal direction and at the
different steps of the experimental procedure.
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Pointing movements temporal aspects - Descriptive statistics

ctDCS group Sham group
duration tpa tpv tpd % tpa % tov % tpd duration tpa tpv tpd % tpa % tov % tpd
Pre-tests 382.23 + 64.42 53.76 + 5.28 145.71 + 28.27 239.41 + 54.60 14.54 + 2.81 38.30 + 3.36 62.53 + 6.27 352.64 + 158.95 54.37 + 23.02 139.46 + 65.89 236.19 + 115.61 13.09 + 5.38 33.24 + 14.89 56.12 + 25.77
All trials 352.91 + 58.51 56.54 + 5.83 135.53 + 13.77 22312 + 31.84 16.69 + 3.91 39.18 + 4.83 63.99 * 5.91 385.64 + 63.52 52.99 + 7.21 147.14 + 21.51 254.02 t 54.49 13.64 * 2.67 38.97 + 6.65 66.03 + 7.16
Trial 1 414.29 + 128.48 65.57 + 17.12 145.57 + 27.78 215.86 + 40.48 17.23 + 6.47 37.03 + 8.10 55.06 + 12.67 338.89 + 220.62 42.00 + 32.75 118.11 + 79.64 213.41 + 142,63 10.90 + 9.70 28.26 + 18.72 49.96 + 30.79
Trial 2 381.43 + 101.59 55.14 + 15.46 136.07 + 28.89 224.36 + 41.45 15.79 + 7.34 37.13 + 9.17 61.50 + 15.13 414.44 + 65.12 56.44 + 15.54 137.44 + 2576 233.44 + 54.09 13.77 + 3.53 33.30 * 4.30 56.02 + 8.00
Trial 3 335.00 + 59.26 54.36 + 11.25 129.64 + 15.62 225.36 + 37.07 16.92 + 5.89 39.52 + 6.92 67.82 + 7.83 404.44 + 89.18 60.56 * 19.89 152.56 + 32.18 278.22 + 65.36 16.11 + 8.18 38.76 + 9.44 69.45 + 11.20
Trial 4 316.79 + 107.55 4343 + 19.92 11214 + 51.22 198.79 + 95.94 12,92 + 6.20 32.78 + 14.17 57.92 + 26.06 357.78 + 156.11 47.33 + 19.60 130.22 + 53.26 224.78 + 102.74 12.30 + 5.87 33.11 + 13.82 55.69 + 21.86
Exposure Trial 5 329.29 + 110.19 51.64 + 18.24 122.00 + 40.26 199.79 + 70.02 15.02 + 6.21 35.03 + 12.21 57.20 + 20.18 330.56 + 133.15 47.78 + 22.94 123.33 + 53.77 223.78 + 97.43 13.06 + 6.30 33.40 + 13.98 60.14 + 24.43
Pointing  Trials 6-10 349.71 + 55.70 56.01 + 7.08 136.44 + 17.98 230.10 * 37.78 16.54 + 3.85 39.62 t 5.07 66.31 * 6.50 376.28 + 49.39 53.72 + 8.25 143.35 + 24.61 261.23 + 59.94 14.49 + 2.78 38.26 + 4.76 68.91 + 8.84
Trials 11-20 | 350.11 + 63.24 58.66 * 6.87 139.06 + 15.94 230.77 + 35.50 17.52 + 4.44 40.52 + 5.07 66.60 * 5.20 385.10 + 38.65 51.98 + 6.33 140.60 + 16.52 248.97 + 46.49 13.77 + 251 36.99 * 5.41 64.85 + 9.44
Trials 21-30 348.42 + 59.97 55.47 + 5.33 134.21 + 16.01 217.82 + 37.76 16.58 + 3.67 39.26 + 5.19 63.23 + 8.07 401.52 + 56.15 53.24 + 8.09 146.85 + 22.91 260.62 + 53.41 13.66 + 3.20 36.99 + 5.04 64.98 + 7.67
Trials 31-40 | 347.73 + 62.49 56.23 + 9.88 133.26 + 16.16 215.79 + 35.84 16.97 + 5.45 39.18 + 5.93 62.67 + 6.74 399.45 + 55.91 51.78 + 7.49 144.32 + 20.27 261.56 + 51.50 13.33 + 2.76 36.47 + 3.88 65.53 + 7.48
Trials 41-50 | 357.63 + 58.61 57.71 + 8.56 135.89 + 12.65 224.50 + 31.06 16.82 + 4.66 38.85 + 555 63.55 + 6.75 407.93 + 55.27 5273 + 5.49 156.07 + 27.50 270.59 * 54.65 13.20 + 2.24 38.30 + 4.23 66.12 + 7.98
Trials 51-60 | 354.41 + 57.47 54.95 + 6.30 134.60 + 16.12 223.67 + 36.05 15.88 + 3.23 38.44 t 4.66 63.58 + 7.99 411.23 + 63.75 53.32 + 8.54 156.02 + 35.19 269.16 + 66.22 13.39 + 3.08 37.62 t 4.60 65.02 + 9.29
Post-tests 372.82 + 57.46 55.40 + 4.7 138.84 + 18.74 225.92 + 37.38 15.39 + 3.11 37.80 + 4.92 61.04 + 6.00 388.27 + 38.96 53.69 + 10.34 157.21 + 37.70 260.71 + 56.14 14.03 + 2.70 40.34 + 6.39 66.94 + 9.83

Table 7 — Pointing trajectories — temporal aspects. Durations, times at acceleration peak (fpa), times at velocity peak (tpv),
percentages of trajectories corresponding to these different times.
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2. Study 3: Synthesis

StupY 3 demonstrated that cathodal tDCS applied on the cerebellum during PA procedure
resulted in altered error reduction and pointing trajectories during exposure, mainly during the
first trials. Participants who received this stimulation showed less error reduction of pointing
during prism exposure: terminal pointing errors were initially larger and diminished slower

through the repetition of pointing in the stimulated group compared to the sham group.

The stimulated group also exhibited increased magnitude but reduced robustness of pointing
after-effects; and crucially slightly altered transfer of after-effects to the throwing task. In
addition, kinematic analyses indicated that the stimulation significantly altered pointing
trajectories during post-tests. These outcomes suggest that the cerebellum contributes to after-

effects transfer from pointing to throwing.

190



3. Study 4: Manuscript

Findings from STuDY 1 demonstrated that practicing throwing during exposure led to significant
throwing after-effects but no transfer to pointing for novice throwers. Besides, expertise in
throwing made the transfer to pointing possible. Based on this assumption, we tested whether
anodal stimulation of the cerebellum enhanced transfer from throwing to pointing in novice
throwers. 26 healthy participants were involved in this study. Methods used in this study are
very close from the STUDY 3 except that participants received anodal or sham stimulation and
were exposed to prism on the throwing task, thus testing for transfer on the pointing task.

The manuscript presented below is in preparation for submission.

191



Does anodal cerebellar tDCS boost transfer of after-
effects from throwing to pointing during prism
adaptation?

Lisa Fleury (a, b), Francesco Panico (c), Alexandre Foncelle (a), Patrice Revol (a, d), Ludovic
Delporte (a, d), Sophie Jacquin-Courtois (a, d), Christian Collet (b, e), Yves Rossetti (a, d)

(f) INSERM UMR-S U1028, CNRS UMS 5292, ImpAct, Lyon Neuroscience Research Center (CRNL,
69500, Bron, France

(g) Claude Bernard University of Lyon 1, 69100, Villeurbanne, France

(h) Department of Psychology, University of Campania “Luigi Vanvitelli”, 81100 Caserta, Italy.

(i) “Mouvement et Handicap” platform, Neurological Hospital, Hospices Civils de Lyon, 69500, Bron

() Inter-University Laboratory of Human Movement Biology (EA 7424), 69100, Villeurbanne, France.

Abstract

Prism Adaptation (PA) is a useful method to study processes at work during sensorimotor
adaptation. After-effects following exposure to the prismatic deviation constitute the probe that
an adaptation occurred and require the activation of the cerebellum. Whether after-effects are
transferable to another task is of great interest both for understanding the nature of
sensorimotor transformations and for clinical purposes. However, the mechanisms of transfer
and their underlying neural substrates remain poorly understood. Transfer from throwing to
pointing is known to occur only for experts in throwing. Therefore, the aim of this study was to
test whether anodal stimulation applied to the cerebellum had boosting effects on PA and after-
effects transfer from throwing to pointing in novice participants. Healthy participants received
anodal or sham transcranial direction current stimulation (tDCS) applied to the right cerebellum
during a PA procedure involving a throwing task and were tested for transfer on a pointing
task. Results showed that the active stimulation had no beneficial effects on error reduction
neither on throwing after-effects. In addition, the overall magnitude of transfer to pointing was
not increased. However, we found a marginal effect of the stimulation of pointing kinematic
parameters. Altogether, these outcomes do not provide evidence for boosting effects of anodal
tDCS on PA including after-effects transfer, when the task practiced during exposure in
unmastered. Nevertheless, they offer the opportunity to speculate on the possibility to use
anodal tDCS to enhance cerebellar contributions during PA in further investigations.

Key-words: prism adaptation, after-effects, transfer, cerebellum, anodal tDCS, plasticity
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Introduction

The central nervous system acts as the conductor of over 600 muscles, to produce an
infinity of smooth and precise movements across the lifespan. Sensorimotor adaptation is an
error-driven process that enables to modify an existing movement in response to a perturbation
(Bastian, 2008; Prablanc et al., 2019). When the perturbation is removed, individuals show a
characteristic after-effect, i.e. an error in the direction opposite to the initial errors induced by
the perturbation (Roemmich & Bastian, 2018). The presence of after-effects probes the
involvement of sensorimotor adaptive processes to face the encountered perturbation
(Prablanc et al., 2019; Redding et al., 2005). Beyond basic after-effects, we crucially need to
understand what drives the exportation of the perturbation compensation to other locations, to
other effectors or to other tasks. An important question relates to the transferability of after-
effects i.e. whether they are specific to the situation in which the perturbation has been
experienced or whether they are also present in another context, for example when practicing
another task (Fleury et al., 2020; Poggio & Bizzi, 2004). Moreover, this represents a crucial
interest in the field of neurorehabilitation. Indeed, adaptation processes could be highly
relevant for patients who suffer sensorimotor disorders provided that sensorimotor
transformations set-up during rehabilitation sessions could also apply beyond the context in
which they emerged, i.e. in other daily life situations (Roemmich & Bastian, 2018).

Several paradigms enable to study motor adaptation in laboratory context. Among them, prism
adaptation (PA; Redding et al., 2005; Welch, 1974) represents a relevant paradigm to study
the transfer of after-effects (e.g. Alexander et al., 2013; Fleury et al., 2020). In a classical PA
protocol, individuals wear prismatic goggles that induce a lateral visual shift. When performing
reaching movements (e.g. pointing), they initially experience errors in the direction of the
prismatic shift. Among a couple of repetitions, subjects rapidly regain their baseline accuracy.
However, when prisms are removed, they generally show consistent after-effects, i.e. errors in
the direction opposite to the prismatic shift (Petitet et al., 2017; Prablanc et al., 2019; Redding
et al., 2005). PA procedures easily enable to measure after-effects transfer by testing several
contexts once the prismatic shift has been removed. For example, participants can practice
pointing during exposure to the prisms, and the presence of after-effects can be tested (once
the perturbation is removed) both on the same task (i.e. pointing) but also on a different task
(e.g. throwing) to assess the transfer of after-effects (Fleury et al., 2020). Measuring after-
effects transfer could provide crucial information regarding the nature and locus of adaptive
processes that allowed individuals to face the perturbation during exposure by providing clues
about the internal representations that have been adjusted (Poggio & Bizzi, 2004; Redding &
Wallace, 2006).
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The literature reports two main processes at work during PA (Petitet et al., 2017; Redding et
al., 2005; Redding & Wallace, 2001; Welch, 1974). A rapid process named strategic control
would be responsible for quick error reduction during the very first trials of exposure by
adjusting motor plans based on the previous errors. A slower process, realignment, would
account for the complete correction of errors in the following trials and would allow the
development of after-effects. While recalibration is thought to rely on cognitive-compensatory
modifications, realignment is described as an automatic sensorimotor process that enables
modifications of the coordination between proprioceptive and visual reference frames which
has been disrupted by the prismatic shift. Assessment of after-effects classically provides a
measure of realignment. For that purpose, after-effects need to be assessed in a context that
differs from the exposure context, i.e. upon removal of prisms and toward unpracticed targets
for example, in order to capture the part of after-effects that is not dependent to the specific
context of exposure, i.e. pure of cognitive contributions (Prablanc et al., 2019). To that purpose,
inter-task transfer of after-effects provides a measure of after-effects in conditions that are
radically different from exposure.

A recent study investigated inter-task transfer of after-effects as a mean to unravel the
contributions of different processes when facing a prismatic shift (Fleury et al., 2020). The type
of task practiced during exposure affected after-effects transfer to another task: participants
who practiced pointing during exposure showed substantial transfer to the throwing task while
those who performed throwing under the prismatic shift did not demonstrate any transfer on
the pointing task. However, experts in throwing (dart players) did show transfer from throwing
to pointing. An important fact is that the classical measures of error-reduction and after-effects
on the task practiced during exposure did not provide the mean to highlight the contribution of
different processes during prism exposure: the magnitude of after-effects was very similar in
both groups, i.e. independent from the task performed during exposure. Only the measure of
inter-task transfer enabled to untangle the possible different nature of processes involved to
face a similar perturbation (Fleury et al., 2020). Nevertheless, the mechanisms underlying the
transfer of after-effects are still not perfectly understood, notably brain regions that contribute
to it.

Lesion studies and neuro-imaging studies provided substantial knowledge about the brain
regions involved during PA procedure, within the theoretical framework distinguishing
recalibration and realignment (see Panico et al., 2020 for a review). Lesions studies showed
that cortical lesions altered error reduction during prism exposure but spared after-effects
(Newport & Jackson, 2006; Pisella et al., 2004). Besides, patients with cerebellar damage
mostly presented altered after-effects and accessorily impaired error reduction (Baizer et al.,
1999; Hanajima et al., 2015; Pisella et al., 2005; Weiner et al., 1983). Neuro-imaging studies
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completed these results by reporting an involvement of several parietal areas in the processes
or error detection and early error correction (Chapman et al., 2010; Clower et al., 1996;
Danckert et al., 2008; Luauté et al., 2009). In addition, these studies also reported a crucial
role of the cerebellum from early (Kiper et al., 2014) to late exposure including the
development of after-effects (Chapman et al., 2010; Luauté et al., 2009).

Recently, numerous non-invasive brain stimulation studies provided additional contribution in
comprehending the neural substrates of PA (for a review, see Panico et al., 2020). Neuro-
stimulation techniques (e.g. transcranial direct current stimulation; tDCS; Nitsche et al., 2003)
are particularly interesting because they are compatible with PA procedures constraints
(Panico et al., 2020). tDCS studies in PA literature notably targeted the cerebellum (O'Shea
2017; Panico et al., 2020). Interestingly, cerebellar cathodal stimulation during prism exposure
caused increased terminal pointing errors during early, middle and late exposure as well as
increased after-effects following exposure (Panico et al., 2016). In addition, a latter study
investigated the consequences of cerebellar cathodal stimulation during a multiple steps PA
protocol (Panico et al., 2018). This procedure allows to prevent strategic corrections of pointing
movements by means of stepwise increases of the prismatic shift during exposure, so the
participants do not perceive consciously the deviation (Michel et al., 2007). The stimulation
affected pointing performance (larger errors) during initial and late exposure for each
incremental step. Moreover, the stimulation was responsible for reduced after-effects following
exposure. Altogether, these findings probe a causal role of the cerebellum in realignment (i.e.
late exposure and after-effects development) but also in feedforward and online control of
reaching movements under prism exposure as the stimulation affected performances in the
initial component of exposure (Panico et al., 2020). However, to date, no data are available
concerning neural substrates of PA induced after-effects transfer.

According to patient studies, neuro-imaging and neuro-stimulation studies, the cerebellum
plays a crucial role in the multiple adaptive processes during PA, from early error reduction
and particularly in the development of after-effects. It is likely that the processes involved
during exposure might determine the nature of after-effects. For example, the involvement of
realignment during exposure conditions the magnitude of after-effects. Therefore, a possible
hypothesis is that processes at work during exposure also determine whether after-effects
could be transferred to another task or not. Given that the cerebellum is implied in the process
that leads to the development of after-effects, we can hypothesize that it is also involved in the
transfer of after-effects.

In a previous study, we showed that cathodal cerebellar tDCS altered pointing error reduction
during PA. Participants who received the active stimulation also demonstrated altered pointing

195



after-effects and partially reduced transfer of after-effects to a throwing task. If cerebellar
cathodal tDCS led to a decrease of the substantial magnitude of transfer from pointing to
throwing, a related interesting question is the following: does anodal cerebellar tDCS is able
to boost the mechanisms of transfer? Using other sensorimotor adaptation paradigms, former
studies investigated the enhancement of adaptation induced by anodal tDCS. For example,
Galea et al. (2011) reported faster adaptation to visuomotor rotation, i.e. more rapid reduction
of initial errors in participants who received anodal cerebellar tDCS. This was confirmed by a
more recent study by Leow et al. (2017) who also reported increased after-effects in open loop
reaching trials following explicit removal of the visuomotor rotation. Therefore, although no
similar data are available in the PA literature, one may speculate that anodal tDCS applied to
the cerebellum might boost adaptive capacities by favouring adaptive processes during
exposure and influencing the nature of the consecutive after-effects. Yet, the possible

implication of the cerebellum in mechanisms of inter-task transfer of PA remains unclear.

The aim of the present study was to investigate whether cerebellar anodal tDCS applied during
prism adaptation may increase the inter-task transfer of after-effects. Inter-task transfer from
throwing to pointing has been reported as inexistent for novices and substantial for experts
(Fleury et al., 2020). Based on the boosting effect of anodal tDCS on adaptive processes, we
tested whether anodal cerebellar tDCS allowed to produce some transfer from throwing to
pointing in non-experts participants. One may predict that boosting cerebellar mechanisms
during prism exposure will lead to increased transfer of after-effects to the pointing task, i.e.
boosted cerebellum will become super-adapter.
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Methods

26 healthy volunteer individuals took part in the study that followed a pre-post design. All
procedures were approved by an ethics evaluation committee of Inserm (“CPP SUD-EST IV”,
ID-RCB: 2010-A01180-39) and were consistent with relevant guidelines and regulations. We
collected each participant’s written informed consent before starting the experiment and they

were free to quit the experimental procedure at any time without reason.

Participants

All participants were right-handed and free of any neurological condition or any orthopaedic
disorder. They were naive of the PA paradigm and had normal or corrected to normal vision.
We split participants into two groups, depending on the tDCS parameters used during the
procedure. Participants in the experimental “A-tDCS” group (n=15, 7 males and 8 females,
mean age = 23.2 * 4.8) received an anodal cerebellar stimulation during PA procedures while
participants in the control “SHAM” group (n=11, 4 males and 7 females, mean age = 26.9 +
4.3) received a placebo anodal cerebellar stimulation. All participants followed the same

experimental procedure except for tDCS parameters.

Experimental paradigm

The procedure was divided into four parts (familiarization, pre-tests, exposure, post-tests) that

are illustrated in Figure 1.
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Figure 1 — Experimental procedures. The figure depicts the different steps of the study and the conditions of each
step, i.e. the task performed (throwing or pointing), the availability of visual feedback (bared eye or normal eye), the
number of trials (i.e. 20, 30 or 60), the presence of prism goggles, the number of targets (one black target, or two
targets — black and red), and tDCS conditions (Off or On). Solid boxes refer to the practice of the exposed task (i.e.
throwing) while dotted boxes refer to the practice of the unexposed task (i.e. pointing).

Depending on the stage of the procedure, the participants performed either pointing or
throwing. These movements were achieved either with vision of the movement or without,
(closed-loop versus open-loop conditions) and were directed to one central target or to two
targets alternatively (central and right), depending on the stage (see Figure 1).
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At the beginning of the procedure, participants sat in an adjustable and movable hospital chair,
and remained seated throughout the entire experiment without being able to move the chair
themselves. Investigators were in charge to displace participants between the pointing and the
throwing task set-ups according to the specific order of the tasks. Participants wore eye
patches during each transitional phase to prevent de-adaptation arising from environmental
vision after exposure. Participants were also instructed to remain immobile between each task.
To limit the number of transitional phases, all participants performed the task in a determined
order (see Figure 1)

Pointing task set-up

Participants sat in front of a pointing table, with their head on a chinrest. This was used to
prevent participants to see their hand starting position, thus precluding any static recalibration
of the prism-induced shift and slowing down the error reduction. The starting position of the
finger was located below the chinrest, lined up with the body midline. Two targets were placed
on the pointing table in front of the participants, at 57.5 cm from their eyes. The central target
(exposed target) was situated straight-ahead of the participant’s body midline (0O degrees) and
the right target (non-exposed target) at 10 degrees to the right.

During open loop pointing (pre, early, post-tests), no vision was allowed throughout the entire
movement. Participants wore electronic liquid-crystal glasses connected to a switch placed on
the starting position. The participants were able to see the targets while their index lied on the
starting position. Upon movement initiation, the glasses turned opaque and the subjects were
deprived of visual feedback. When they went back to the starting position, the glasses turned
transparent again.

During closed-loop condition (familiarization and post-tests), the participants had to reach the
central target. They did not wear the liquid-crystal glasses and had visual feedback about their
pointing movements (except the starting position) and their outcomes (endpoint errors). The
investigator gave the starting signal for each trial. A colour code indicated which target to reach
in open-loop conditions and a vocal « go! » was provided during closed-loop conditions (using

only one target).

Throwing task set up

Participants sat in front of a vertical board, at 2 meters from their body axis and wore a ball-
dispenser helmet. As for the pointing set-up, two targets were presented on the board. The
central target (exposed target) was situated forward the participant’s body midline (0 degrees)
and the right target (non-exposed target) at 10 degrees to the right. All the setting was
surrounded by light spots connected to a switch placed on the helmet.
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During open-loop throwing, participants had to pick a ball and to press down the light-switch
mounted on the helmet, to be able to see the target. Once they initiated movement and
released the switch, lights were immediately turned off so they had no visual feedback about

their movement and its outcome.

During closed-loop throwing (familiarization and exposure), lights were turned on and
participants saw their movement all time, except the starting position. As for pointing, in both
conditions, participants were asked to throw as fast and accurate as possible. The starting
signal was given by the investigator for each trial: the target colour to reach in open-loop

conditions and « go » during closed-loop conditions.

General procedures

Specific pointing and throwing conditions for each stage of the experimental protocol are

detailed in the following section and illustrated in Figure 1.

Familiarization: to familiarize with both tasks and with experimental settings, participants in
each group performed 30 trials of the pointing task, then 30 trials of the throwing task. All trials
were performed in a closed-loop condition toward the central target.

Pre-tests: baseline performances were assessed for each task during pre-tests. Participants
of both groups performed 20 trials of the throwing and the pointing tasks. Trials were performed
in open-loop condition and toward both targets in a pseudo-randomized order (which was the

same for all participants).

Exposure: participants performed 60 pointing trials while wearing prismatic goggles that
shifted laterally the visual field 10 degrees toward the right (OptiquePeter.com, Lyon). Trials
were performed in a closed-loop condition toward the central target, as fast and accurate as
possible. Before positioning the goggles, participants were asked to keep their eyes closed.
They were also instructed not to look at their own body nor to move before starting the

experimental tasks while they were wearing the prismatic googles.

Post-tests: once the prisms were removed, after-effects were assessed on the pointing task:
participants performed 20 pointing trials in an open-loop condition toward both targets. Then,
transfer was measured on the throwing task. To this purpose, participants performed 20

throwing trials in an open-loop condition toward both targets.

Order of the tasks

The design of the study required testing participants in two distinct tasks during pre-tests and
post-tests. The experimental set-up for the two tasks necessitated the participants to be moved
from the throwing set-up to the pointing set-up. Yet, it was crucial that participants had no
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access to vision during these transitional phases and did not actively move, to prevent any de-
adaptation during post-tests. To that purpose, participants sat in an adjustable and movable
chair throughout the whole experiment and wore eyes patches during each transitional phase.
They were not allowed to move the chair and investigators were in charge to move participants
between the throwing and the pointing task set-ups according to the experimental procedure.
Nevertheless, to limit the number of transitional phases, we specified the order of the tasks
throughout the experimental procedure in a fixed manner that was identical for all the
participants: throwing — pointing (familiarization); pointing — throwing (pre-tests); throwing

(exposure); throwing — pointing (post-tests).

tDCS protocol

tDCS settings were based on the protocol used in a previous study by Panico et al. (2016).
The stimulation was turned on before pre-tests and turned off right after post-tests. A battery-
driven stimulator (NeuroConn, neuroCare Group, Germany) delivered a constant current of

2.0mA intensity through a pair of surface saline-soaked sponge electrodes (area = 25cm?).

Safety guidelines recommended a maximum stimulation time of 21 minutes (Nitsche & Paulus,
2000; Woods et al., 2016). Therefore, participants were timed to complete the procedures until
the end of post-tests before 21 minutes after the stimulation was turned on. Participants who
did not manage to complete the procedure before the maximum stimulation time were

excluded from the analysis.

The anodal electrode was placed over the right cerebellum (1 cm below and 4 cm right to the
inion) and the cathodal electrode was placed over the right deltoid muscle, to ensure selective

stimulation over the right cerebellum.

Stimulation was delivered over the right cerebellum, given that participants used their right arm
to perform the tasks (Schlerf et al., 2015). Sham stimulation was performed in the same way
as active stimulation, but the stimulator was turned off after 30 s. This procedure ensured that
participants felt the same itching sensation at the beginning of tDCS as participants assigned
to the experimental group, and were thus blinded for the stimulation condition they had been
assigned to (Gandiga et al., 2006). For both sham and active conditions, stimulation was
gradually increased to 2mA with a fade-in of 30 seconds.

Data collection

An opto-electronic motion capture system (9 cameras, Vicon Motion Systems Ltd, Oxford;
Mouvement et Handicap platform, Hospices Civils of Lyon) was used to record the ball impact
on the vertical board for each throwing trial. Reflective markers were placed on the throwing
board to localize the targets and the projectiles were reflective themselves. The motion capture
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system was also used to track movement trajectories during pointing trials. Reflective markers
were positioned on the index, the wrist and the elbow of the subject

Data processing

Throwing and pointing terminal errors

Markers’ trajectories were recorded for each trial and filtered with a Butterworth low-band pass
filter at a cut-off frequency of 6Hz. For the throwing trials, the time-point corresponding to the
contact between the projectile and the board was automatically detected. This time-point was
used to compute the lateral errors between the impact of the projectile and the aimed target
using MatLab customized routines. Thus, we computed performances on each ftrial, i.e. the
angular deviation between the ball impact and the aimed target.

For pointing trials, the endpoint of each pointing movement was computed automatically (using
in-house custom software written in Matlab). Movements were detected using the following
threshold: onset was defined as the point at which hand velocity exceeded 80mm/s while offset
was defined as the time-point at which velocity dropped below this threshold (O’Shea et al.,
2014). After automatic detection, all trials were cross-checked visually and adjusted manually
if necessary. Index endpoints were then used to obtain the lateral endpoints errors from the
aimed target.

Pointing kinematics analysis

We used in-house software written in MatLab to compute kinematics of pointing movements.
Two phases constitute a pointing movement : an acceleration phase (initial ballistic
component) and a deceleration phase, referring to the target approach phase (Elliott et al.,
2010). The initial part of the trajectory reflects feedforward movement planning while the
second part of the trajectory involves online feedback corrections (O’Shea et al., 2014). We
analysed trajectories of pointing movements by specifically investigating the orientations (i.e.
angles between the velocity vector and the line formed by the starting position and the central
target) of velocity vectors at acceleration, velocity and deceleration peaks. Only pointing

movement kinematics were investigated.

We analysed two main dependent variables. First, we computed terminal errors between index
endpoint (pointing task) or ball impact (throwing task) and the aimed target for each trial.
Moreover, pointing trajectories orientations were computed as the magnitude of velocity
vectors at acceleration peak (initial orientation), velocity peak (intermediate orientation) and
deceleration peak (terminal orientation).
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It is worth mentioning that all values for post-tests are baseline subtracted, i.e. for each group,
we subtracted pre-tests values for each individual and for each task, as recommended in PA
literature (Prablanc et al., 2019). In fact, quantifying after-effects requires to take into account
the physiological baseline deviation within the same group of testing.

We calculated linear mixed models (Singer & Willett, 2003) separately for each stage of the
experiment and for each dependent variable, i.e. terminal errors and pointing trajectories
orientations at initial, intermediate, and terminal directions. Each trial during the different
phases of the procedure represented a time point. These time points were the level-one unit
nested in the different individuals (level-two units). Random intercept models tested the
longitudinal effect of trials’ repetition (factor TIME) and the effect of the stimulation condition
(factor GROUP; A-TDCS versus SHAM). The interaction GROUP*TIME assessed whether the
slopes of the curves differed between groups. All analyses were conducted using R package
labelled Ime4 (Bates et al., 2015). A p-value of 0.05 was used to indicate statistical significance.

These statistical analyses were chosen to analyse not only mean individuals’ values (e.g.
mean of 20 post-tests trials) but also their longitudinal evolution. Moreover, linear mixed
models are a flexible method appropriate to deal with intra-individuals’ variability within each
group (Wright & London, 2009). This approach allows to assess inter-subject differences

considering the intra-individual changes over time (through trial-by-trial repetition).

Additionally, to refine the longitudinal analysis of the variables, we also divided specific phases
of the experiment into multiples series of trials, notably during exposure. PA literature
describes several adaptive processes characterized by different timing (fast vs slow
processes; Inoue et al., 2015; Petitet et al., 2017; Rossetti et al., 1993; Smith et al., 2006). For
this reason, we decided to analyse early exposure (trials 1 to 10) separately from the remaining
trials during exposure (trials 11 to 60). We also analysed separately each block of 10 trials
under exposure to obtain a complete description of throwing behaviour under the prismatic
perturbation, and to investigate the effect of tDCS on this behaviour at different times of

exposure.

Finally, to test the differences between mean group terminal errors and mean group
trajectories orientation during familiarization, we also performed independent samples T-test.
As no stimulation and no prismatic deviation were present during familiarization, we considered

no reason to test for any longitudinal variation across trials.
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Results

Two participants in the A-tDCS group did not complete the procedure before the time limit (21
minutes) and were not included in the analysis. No participant spontaneously reported any
conscious awareness of the prismatic shift during exposure neither knowledge concerning the
tDCS condition. Table 1 reports the descriptive statistics, i.e. mean group terminal errors for
each phase of the procedure. Figure 2 plots the trial-by-trial mean group terminal errors for the

whole experiment.

Table 1 — Descriptive statistics of mean group terminal errors

A-tDCS group Sham group
Pre-tDCS Throwing 044 £ 152 013 £ 0.77
Familiarization Pointing 011 + 0.98 019 + 0.34
oretosts Pointing 135 + 1.38 073 £ 1.25
Throwing 0.68 + 1.84 056 + 1.40
Trial 1 10.00 + 542 893 + 545
Trial 2 798 + 0.32 751 + 4.69
Trial 3 550 + 3.55 449 + 468
Trial 4 422 + 3.38 3.78 + 3.30
Trial 5 335 + 3.58 197 + 2.95
Trial 6 281 + 2.86 0.78 + 4.06
Trial 7 4.01 + 3.42 141 + 355
Trial 8 453 + 4.22 201 + 3.64
Exposure Throwing 1 283 + 2.48 3.35 + 4.14
Trial 10 411 + 410 226 + 3.87
Trials 6-10 366 + 2.79 196 + 1.48
Trials 11-20 185 =+ 1.32 166 + 0.86
Trials 21-30 177+ 1.29 068 + 0.89
Trials 31-40 1.03 =+ 1.17 110 + 0.83
Trials 41-50 098 + 1.23 022 + 0.89
Trials 51-60 0.83 + 0.89 019 + 1.16
Dot tosts Throwing 518 +t 2.07 471 £ 1.72
Pointing -0.01 + 1.59 0.09 + 0.92

Values are reported in degrees with standard deviations.
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Figure 2 - Trial-by-trial average terminal errors. Trial-by-trial average group terminal errors are
represented with standard deviations for each group (A-tDCS group in black, Sham group in grey)
and for each step of the procedures.
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Figure 3 — Mean group terminal errors during familiarization. Mean group terminal errors are
represented with standard deviations for each group (A-tDCS group in black, Sham group in grey) and
for each task (pointing on the right, throwing on the left).

Independent samples t-tests revealed no difference between groups concerning mean terminal
errors during familiarization both in the throwing task (t(22)=0.61 ; p=0.55) and the pointing
task (1(22)=-0.97 ; p=0.34). Moreover, we observed no difference between groups in mean
pointing trajectories orientations during familiarization. Therefore, both groups were

comparable during Familiarization.
Pre-tests

Terminal errors

Models analysis showed no effect of TIME, GROUP nor GROUP*TIME interaction on the
terminal errors during pre-tests both on the pointing and the throwing task (see Table 2;
Supplementary Materials) indicating that baseline performances were comparable between

groups.

Pointing trajectories orientations

We found no significant effect of GROUP nor GROUP*TIME interaction concerning pointing
trajectories orientation at initial, intermediate, and terminal directions, showing no effect of the
stimulation on these variables during pre-tests (Tables 3-6; Supplementary Materials). A
significant effect of TIME was reported only for intermediate direction and for the central target
(B=-0.42, SE =0.10, 1(202) = -4.45, p < .01) indicating that trajectory orientations values tend
to decrease through repetition of trials. However, this effect was comparable in the two groups.
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Exposure

Terminal errors

Over the whole exposure (60 trials), all participants significantly reduce their throwing errors
as we observed the expected negative effect of TIME (8 = -0.06, SE = 0.01, t(1407) = -10.12,
p < .01). This effect was comparable in the two groups as we observed no effect of
TIME*GROUP interaction. Noteworthy, although the effect of GROUP did not reach statistical
significance, the analysis revealed a strong tendency (8 = 0.89, SE = 0.47, t(46) = 1.88, p =
0.06).

During the early phase of exposure, as far as the 10 first trials of exposure are concerned,
models showed a significant effect of TIME (8 = -0.67, SE = 0.12, (213) = -5.63, p < .01) that
was similar between groups (no GROUP effect and no TIME*GROUP interaction effect). We
found comparable results when considering trials 11 to 60 (TIME: 8 =-0.04, SE = 0.01, t(1169)
=-5.14, p < .01) although the slope was reduced. No significant effect of TIME, GROUP neither
their interaction was revealed when considering the 10 last trials of exposure (51 to 60).

Post-tests
Throwing task: after-effects

Concerning terminal errors on the throwing task, models showed a significant effect of TIME
(B = 0.20, SE = 0.03, t(443) = 6.08, p < .01) without any GROUP nor GROUP*TIME
interaction effect. The stimulation condition did not modify the magnitude of throwing after-
effects and did not alter the longitudinal evolution of terminal errors: time impacted
performance similarly in the two groups, i.e. after-effects diminished with repetition of trials

without any group distinction.
Pointing task: transfer

Terminal errors

We found no effect of TIME neither GROUP on pointing terminal error during post-tests. In
both group, average terminal errors are almost inexistent, i.e. very close to zero (mean = 0.43
+ 2.07 degrees for A-TDCS group; mean = 0.13 + 0.94 for SHAM group). However, models
showed a significant effect of GROUP*TIME interaction (8 = -0.08, SE = 0.01, 1(456) = -
5.78, p < .01) indicating that the longitudinal evolution of terminal errors was not similar across

groups: the negative slope was more pronounced in the A-tDCS group.
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Pointing trajectories orientations

The analysis revealed several significant effects of TIME, GROUP and their interaction on
trajectory orientations at initial, intermediate and terminal directions of pointing movements

(Tables 4-6; Supplementary materials).

Initial direction: we found a slight but significant effect of TIME (8 = -0.33, SE = 0.14, t(204)
= -2.31, p = 0.02) that did not differ between groups (no effect of GROUP neither
GROUP*TIME).

Intermediate direction: models showed a significant effect of GROUP*TIME interaction (8 =
-0.27, SE =0.11, 1(202) = -2.57, p = 0.01) indicating that the slopes of transfer curves differed

between groups.

Terminal direction: we observed a significant effect of GROUP (8 = 3.64, SE = 1.55, t(47) =
2.36, p = 0.02) and notable tendencies for the effect of TIME (8 = 0.28, SE = 0.14, 1(200) =
1.96, p = 0.051), and GROUP*TIME interaction (8 = -0.37, SE = 0.19, t(200) = -1.95, p = 0.052)
for the central target. All these effects were significant for the right target (see Tables 4-6;
Supplementary materials, for statistical values). The Figure 4 displays the longitudinal
evolution (trial-by-trial) of mean group trajectory orientations at initial, intermediate, and

terminal directions for both targets.
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Figure 4: mean group orientation of pointing trajectories at initial, intermediate and terminal direction
during post-tests. The figure depicts the evolution across trials of mean group orientations of velocity vectors at
initial (acceleration peak), intermediate (velocity peak) and terminal (deceleration peak) direction of pointing
movements during post-tests for the central target (left) and the right target (right). A-tDCS group mean values are
represented in black; Sham group values are represented in grey. Values are baseline subtracted and plotted with
standard deviations.
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Discussion

The aim of the study was to test whether anodal tDCS applied to the cerebellum
enabled to boost after-effects transfer from throwing to pointing during PA. Our results
demonstrated that tDCS did not modify terminal error reduction during exposure nor did it
impact the amplitude of throwing after-effects. Crucially, the stimulation did not increase the
overall transfer of after-effects to the pointing task. However, we found marginal effects of the
stimulation on longitudinal evolution of terminal pointing errors and slight changes in pointing
kinematics during post-tests. We will discuss these contrasted findings bearing in mind that,
overall and contrary to our initial hypothesis, the present study does not consistently probe any
boosting effect of anodal tDCS on after-effects transfer.

Anodal tDCS did not ameliorate error reduction neither increased throwing after-effects

A first crucial finding of the present study is that applying anodal tDCS on the cerebellum did
not interfere with the compensation of the prismatic shift during throwing exposure: both groups
showed similar throwing error reduction. This was also true when considering only the ten first
trials, trials 11 to 60 or the ten last trials of exposure. Participants who received the stimulation
did not compensate the errors faster or by a larger amount during exposure. It is still worth
mentioning that we observed a strong tendency for a group effect. This indicates that analyses
were close to show a significant effect of the tDCS on throwing performances during exposure.
Surprisingly, this trend suggested that errors were larger in the A-TDCS group. A second
notable outcome is that both groups demonstrated similar throwing after-effects regardless the
stimulation condition. The results showed that after-effects tend to decrease across repetitions
of trials, showing that throwing after-effects were labile. This is reminiscent with our previous
investigations of after-effects in throwing prism exposure (Fleury et al., 2020) and with previous
studies using throwing during PA procedure (Fernandez-Ruiz et al., 2000; Martin et al., 1996a).
However, this decline was comparable in both groups. Therefore, the stimulation did not
increase the strength neither the stability of the after-effects following throwing exposure.
When considering the classical assessment of error reduction and after-effects, the present
findings indicate no evidence for a significant effect of anodal cerebellar neuromodulation on

PA using throwing movements.

Patient studies previously demonstrated the crucial role of the cerebellum in PA, both in error
reduction and after-effects (e.g. Pisella et al., 2005; Weiner et al., 1983). This was also reported
for throwing prism exposure (Martin et al., 1996b). The activation of cerebellar areas during
PA have been reported in neuro-imaging studies and its activation has been confirmed by
neuro-stimulation studies from early error reduction to the development of after-effects (Panico
et al., 2020). Therefore, we should have expected that anodal tDCS applied to the cerebellum
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had effects on error reduction and/or after-effects, which was not the case. These findings also
contrast with the data reported by previous neuro-stimulation studies reporting beneficial
effects of anodal tDCS on visuomotor adaptation (e.g. Galea et al., 2011; Jayaram et al., 2012;
Leow et al., 2017). Nevertheless, as the classical measure of after-effects might not be
sufficient to unravel the contribution of sensorimotor adaptation (Fleury et al., 2020), it also
might be not sufficient to highlight the influence of anodal tDCS during PA.

Anodal tDCS did not increase the overall magnitude of after-effects transfer

Crucially, the stimulation did neither increase the overall magnitude of transfer to the pointing
task. This outcome is in contrary with our initial hypothesis because we expected boosting
effects of the anodal stimulation on adaptive processes at work during PA and therefore on
after-effects transfer. Several lines of arguments can be raised to explain these findings.

Previous findings suggested that the practice of a non-mastered task during exposure to
prisms influenced the nature of processes at work to face the perturbation (Fleury et al., 2020).
Therefore, the contribution of strategic processes, i.e. recalibration, might be enhanced during
throwing prism exposure compared to pointing prism exposure. In turn, the part of cerebellum-
dependent realignment processes might have decreased. This aspect should partially explain
why the stimulation did not lead to a greater adaptation reflected by boosted after-effects and
transfer. Here, participants were not experts in throwing and solicited processes that did not
lead to transferable after-effects. As throwing was not mastered, the initial contribution of the
cerebellum during PA was perhaps too weak to be effectively increased by the stimulation. To
figure out whether the absence of anodal stimulation influence is related to the practice of a
non-mastered task, we should test the effect of an anodal stimulation in throwing experts, or
on the transfer from pointing to throwing.

This hypothesis is in line with a former study that reported task-dependent effects of anodal
tDCS (although applied to the primary motor cortex) across various motor learning tasks (Karok
et al., 2017). The task characteristics modulated the neural state of the different brain regions
and caused differential effects of the stimulation. Therefore, the state of cerebellar regions
through our throwing PA procedure could have precluded a potential effect of the tDCS. We
therefore hypothesize that the contribution of cerebellar mechanisms in the present throwing
PA procedure was minor because of the task characteristics and the level of mastery.
Nevertheless, a second piece of results concerning transfer somewhat contrast the absence
of stimulation effect.

Anodal tDCS had marginal effects on pointing behaviour during transfer
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Although the overall magnitude of transfer was not modified by tDCS, our results showed that
the stimulation may have, however, marginally but significantly altered the evolution of pointing
terminal errors during transfer assessment. Besides, we also observed significant alterations
in some kinematics parameters of pointing movements during post-tests likely caused by the

stimulation.

First, participants who received the anodal stimulation showed a non-stable longitudinal
evolution of pointing terminal errors during post-tests. In fact, values tended to decrease across
trials in the tDCS group while they remained stable around zero in the Sham group
(GROUP*TIME interaction effect). One possible interpretation is that perhaps transfer needs
more trials during post-tests to be effective and that if the number of pointing was greater, we
should have observed a significant difference between groups caused by the stimulation.

Second, pointing kinematics data revealed that the initial direction of pointing movements
significantly and negatively evolved across trial repetition during pointing post-tests. This effect
of time was comparable in both groups, regardless the stimulation condition. When considering
intermediate direction, results showed that the longitudinal evolution of trajectory orientation
across trials at the peak of velocity was significantly different between groups, by showing
stable values for the SHAM group and a slightly negative slope for the A-tDCS group. The
longitudinal evolution of pointing trajectory orientation at terminal direction also differed
between groups: results showed a steeper positive slope for the SHAM group. Notably, we
found that mean trajectory orientation at terminal direction was substantially higher in the A-
tDCS group, which suggests that the stimulation impacted the terminal part of the trajectory,
i.e. the corrective part of the reaching. This is compatible with results from our previous tDCS
study and could support the role of the cerebellum in online correction during PA (Panico et
al., 2020). However, this terminal difference did not result in a significant difference in pointing
accuracy. This might suggest that differences in terminal direction compensated an earlier
difference produced by tDCS during initial and/or intermediate trajectory formation, although
this hypothetical effect(s) remained below significance.

These marginal effects, together with the strong tendency observed during throwing exposure,
might indicate that the stimulation could have produced partial effects on transfer mechanisms.
Therefore, the influence of anodal tDCS on the nature of adaptive processes at work during
exposure should have been hidden when looking at classical measures (error reduction and
throwing after-effects) but uncovered by the analysis of after-effects transfer on the pointing
task. However, although these evidence offer the possibility to speculate about a possible
effect of the stimulation, they remain too weak to unquestionably attest that anodal tDCS
modulated after-effects transfer.
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Concluding remarks

The slightly significant effects above mentioned did not result in overall effects on the
magnitude of transfer and are tough to interpret. The evolution of pointing terminal errors
indicates that the effects of tDCS tended to an increase of transfer magnitude. However, the
kinematic analysis showed differential modifications of pointing trajectories and did not convey
in identifying a potential enhancement of after-effects transfer. In addition, the tendency we
observed during exposure neither was compatible with any possible facilitating effect.
Consequently, it is not straight-forward to determine whether anodal tDCS during throwing PA
should be able to boost adaptation or should, conversely, alter it. Bortoletto et al. (2015)
reported contrasted effects of anodal tDCS when interacting with varying motor tasks. They
showed unexpected detrimental effects of the tDCS when combined with a task inducing
learning and cortical excitability, thus reporting non-additive mechanisms between two sources
of induced-plasticity. This is supported by the fact that no evidence is available concerning the
polarity-dependent effects of cerebellar tDCS as reported in a previous meta-analysis
(Summers et al., 2016). Therefore, further investigations will be required to test the additive
effects of anodal tDCS and PA procedure using throwing or other tasks during exposure.

To conclude, although we observed some marginal effects of the stimulation, the present
evidence are not strong enough to attest that anodal cerebellar tDCS modulated after-effects
transfer either positively or negatively. Crucially, our results rather tend to invalidate the
hypothesis of anodal tDCS boosting effects on transfer using throwing PA procedure.
However, this study still represents an additional probe that the assessment of inter-task
transfer brings supplemental information regarding the nature of adaptive processes at work
to face a prismatic shift, beyond the classical measure of after-effects. In addition, this study
emphasizes the interest of analyzing after-effects and transfer of after-effects across trial-by-
trial evolution rather than averaging all post-tests trials. Nevertheless, further studies should
test the possibility to use anodal stimulation to modulate the magnitude of inter-task transfer

with expert throwers or using other mastered tasks during exposure.
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Supplementary Materials

Deviations - Linear Mixed Models Analysis

Fixed Effects Random effects / Model parameters

Estimate  Std Error df t p Variance Std Err
Intercept -0.19 0.22 25.42 -0.85 0.40 Intercept (Id) 0.52 0.72
Fam Pointing Time 0.00 0.00 688.00 0.01 0.99 Res!dual 0.16 0.40
Group 0.33 0.30 25.46 1.10 0.28 logLik -419.30 ICC
Group*Time 0.00 0.00 688.00 -0.61 0.55 Nb Obs 712.00 0.76
Intercept -0.25 0.44 53.35 -0.57 0.57 Intercept (Id) 1.16 1.08
Fam Throwing Time 0.01 0.02 688.12 0.46 0.65 Residual 7.32 2.71
Group -0.20 0.59 53.29 -0.33 0.74 logLik -1739.40 ICC
Group*Time -0.01 0.02 688.15 -0.33 0.74 Nb Obs 712.00 0.14
Intercept 0.34 0.55 39.86 0.63 0.53 Intercept (Id) 2.25 1.50
Pre-tests Time 0.02 0.03 447.93 0.84 0.40 Residual 5.52 2.35
Throwing Group -0.33 0.74 39.98 -0.45 0.66 logLik -1099.30 ICC
Group*Time 0.05 0.04 448.03 1.29 0.20 Nb Obs 472.00 0.29
Intercept -0.51 0.41 31.10 -1.25 0.22 Intercept (Id) 1.53 1.24
Pre-tests Time -0.02 0.01 454.01 -1.55 0.12 Residual 1.62 1.27
Pointing Group -0.49 0.55 31.05 -0.89 0.38 logLik -829.80 ICC
Group*Time -0.01 0.02 454.01 -0.67 0.50 Nb Obs 478.00 0.48
Intercept 3.14 0.35 46.86 8.98 0.00 *** Intercept (Id) 0.83 0.91
Exposure Time -0.06 0.01 1407.00 -10.12 < 2e-16 *** Residual 7.79 2.79
Throwing 1-60  Group 0.89 0.47 46.62 1.88 0.07 logLik -3522.90 ICC
Group*Time -0.01 0.01 1407.00 -0.96 0.34 Nb Obs 1431.00 0.10
Intercept -6.60 0.64 41.36 -10.40 0.00 *** Intercept (Id) 3.00 1.73
Post-tests Time 0.20 0.03 443.24 6.08 0.00 *** Residual 7.26 2.70
Throwing Group -0.12 0.86 40.86 -0.14 0.89 logLik -1152.00 ICC
Group*Time -0.04 0.04 443.20 -0.81 0.42 Nb Obs 467.00 0.29
Intercept -0.04 0.40 27.46 -0.11 0.91 Intercept (Id) 1.58 1.26
Post-tests Time 0.02 0.01 456.00 1.41 0.16 Residual 0.84 0.91
Pointing Group 0.68 0.54 27.46 1.27 0.22 logLik -681.70 ICC
Group*Time -0.08 0.01 456.00 -5.78 0.00 *** Nb Obs 480.00 0.65

Table 2 - Linear Mixed Models Analysis results - Deviations. Effects of TIME, GROUP and GROUP*TIME on
terminal errors at the different steps of the experimental procedure.
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Pointing trajectories orientations - Descriptive statistics

Mean orientation at initial direction Mean orientation at intermediate direction Mean orientation at final direction
ctDCS group Sham group ctDCS group Sham group ctDCS group Sham group
Familiarization Pointing -3.41 + 6.59 -5.01 * 5.98 3.86 + 217 2.60 + 1.74 3.28 + 7.48 4.47 + 7.00
Pre-tests Central 717t 9.31 -9.49 * 8.22 2.11 + 2.35 2.00 + 414 4.29 + 5.73 5.91 + 5.92
Right 799+ 8.75 -1148 + 6.79 6.61 + 3.40 6.20 + 3.68 1419  + 4.15 1719+ 7.72
Post-tests Central 0.47 + 4.96 2.26 + 6.97 0.1 + 2.62 044 2.61 0.48 + 419 172+ 4.30
Right -0.04 + 3.01 2.21 + 5.83 -0.40 + 3.20 0.27 + 3.25 1.36 + 2.98 -1.32 + 4.73

Table 3 — Pointing trajectories orientations at initial (acceleration peak), intermediate (velocity peak) and final (deceleration peak) directions. Values are reported in
degrees with standard deviations.
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Pointing trajectories orientations at initial direction - Linear Mixed Models Analysis

Fixed Effects

Random effects / Model parameters

Estimate  Std Error df t p Variance Std Err

Intercept -3.91 1.82 25.56 -2.15 0.042 * Intercept (Id) 35.09 5.924

Fam Time -0.11 0.02 687.02 -4.72 0.000 *** Residual 12 3.464
Pointing Group 1.11 2.48 25.55 045  0.658 logLik -1946 Icc
Group*Time 0.06 0.03 687.01 2.11 0.035 * Nb Obs 711 0.75

Pre-tests Intercept -8.14 2.65 27.16 -3.07 0.005 ** Intercept (Id) 69.91 8.361
Pointing Time -0.29 0.15 200.44 -1.92 0.056 Residual 18.59 4.311
central Group 1.71 3.59 27.00 0.48 0.637 logLik -687.8 ICC
target Group*Time 0.12 0.20 200.18 0.58 0.566 Nb Obs 224 0.79

Pre-tests Intercept -11.59 2.40 27.75 -4.83 0.000 *** Intercept (Id) 56.91 7.544

Pointing Time 0.04 0.14 204.19 0.27 0.791 Residual 15.78 3.973
right target Group 4.75 3.25 27.40 1.46 0.155 logLik -680.5 ICC
Group*Time -0.29 0.18 204.04 -1.55 0.123 Nb Obs 228 0.78

Post-tests Intercept 3.17 1.85 48.16 1.72 0.092 Intercept (Id) 21.63 4.651

Pointing Time -0.22 0.23 216.00 -0.97 0.333 Residual 46.09 6.789
central Group -0.92 2.51 48.16 -0.37 0.716 logLik -821.1 ICC
target Group*Time -0.33 0.31 216.00 -1.07 0.287 Nb Obs 240 0.32

Post-tests Intercept 3.58 1.66 30.89 2.15 0.039 * Intercept (Id) 25.34 5.034
Pointing Time -0.19 0.13 216.00 -1.52 0.131 Residual 14.82 3.85
right target Group -2.46 2.26 30.89 -1.09 0.286 logLik -698.8 ICC
Group*Time -0.19 0.17 216.00 -1.11 0.269 Nb Obs 240 0.63

Table 4 - Linear Mixed Models Analysis results — pointing trajectories orientations at initial direction.
Effects of TIME, GROUP and GROUP*TIME on pointing trajectories orientations at initial direction and at the
different steps of the experimental procedure.

Pointing trajectories orientations at intermediate direction - Linear Mixed Models Analysis

Fixed Effects Random effects / Model parameters

Estimate  Std Error df t p Variance Std Err
Intercept 3.09 0.62 31.43 5.00 0.000 *** Intercept (Id) 3.48 1.87
Fam Time -0.04 0.02 688.04 -2.59 0.010 ** Residual 5.67 2.38
Pointing Group 0.35 0.84 31.39 0.42 0.678 logLik -1663.60 ICC
Group*Time 0.07 0.02 688.00 3.30 0.001 ** Nb Obs 712.00 0.38
Pre-tests  Intercept 3.83 1.25 30.41 3.05 0.005 ** Intercept (Id) 14.51 3.81
Pointing Time -0.42 0.10 202.14 -4.45 0.000 *** Residual 7.34 2.71
central Group -1.53 1.70 30.23 -0.90 0.375 logLik -578.80 ICC
target Group*Time 0.18 0.13 201.75 1.43 0.156 Nb Obs 225.00 0.66
Pre-tests Intercept 6.52 1.42 28.79 4.58 0.000 *** Intercept (Id) 19.61 4.43
Pointing Time -0.06 0.09 204.52 -0.74 0.462 Residlual 6.44 2.54
right target Group -0.85 1.92 28.37 -0.44 0.662 logLik -576.40 ICC
Group*Time -0.07 0.12 204.35 -0.61 0.541 Nb Obs 228.00 0.75
Post-tests  Intercept -0.72 0.86 35.42 -0.85 0.404 Intercept (Id) 6.08 2.47
Pointing Time 0.06 0.08 203.15 0.72 0.476 Residual 4.94 2.22
central Group 1.67 1.16 34.54 1.45 0.158 logLik -531.30 ICC
target Group*Time -0.27 0.10 202.73 -2.53 0.012 * Nb Obs 226.00 0.55
Post-tests Intercept 0.22 0.96 31.31 0.23 0.816 Intercept (Id) 8.30 2.88
Pointing Time 0.08 0.08 204.69 1.09 0.278 Residlual 5.06 2.25
right target Group 0.48 1.30 31.13 0.37 0.717 logLik -541.80 ICC
Group*Time -0.23 0.10 204.42 -2.24 0.026 * Nb Obs 228.00 0.62

Table 5 - Linear Mixed Models Analysis results — pointing trajectories orientations at intermediate
direction. Effects of TIME, GROUP and GROUP*TIME pointing trajectories orientations at intermediate direction
and at the different steps of the experimental procedure.
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Pointing trajectories orientations at terminal direction - Linear Mixed Models Analysis

Fixed Effects Random effects / Model parameters
Estimate  Std Error df t p Variance Std Err

Intercept 3.34 2.10 26.63 1.59 0.124 Intercept (Id) 45.34 6.73
Fam Time 0.08 0.03 685.04 2.37 0.018 * Residual 26.12 5.11
Pointing  Group -0.52 2.86 26.64 -0.18  0.856 logLik -2210.10 ICC
Group*Time -0.04 0.04 685.03 -0.96  0.336 Nb Obs 709.00 0.63
Pre-tests Intercept 6.26 1.79 34.92 3.50 0.001 ** Intercept (Id) 26.53 5.15
Poiting Time -0.10 0.17 202.65 -0.57  0.568 Residual 22.97 4.79
central Group -0.75 2.42 34.65 -0.31 0.758 logLik -701.20 ICC
target Group*Time -0.25 0.23 202.14 -1.12  0.265 Nb Obs 225.00 0.54
Pre-tests Intercept 16.91 2.00 36.67 8.46 0.000 *** Intercept (Id) 32.14 5.67
Pointing Time 0.05 0.19 205.01 0.24 0.808 Resid_ual 29.24 5.41
right target Group -2.67 2.69 35.67 -0.99  0.329 logLik -737.40 ICC
Group*Time -0.01 0.25 204.64 -0.05  0.961 Nb Obs 228.00 0.52
Post-tests  Intercept -3.11 1.12 70.07 -2.78  0.007 ** Intercept (Id) 5.21 2.28
Pointing  Time 0.34 0.16 203.63 2.08 0.039 * Residual 21.26 4.61
central Group 3.04 1.49 66.65 2.04 0.046 * logLik -680.40 ICC
target Group*Time -0.44 0.22 202.54 -2.01 0.046 * Nb Obs 226.00 0.20
Post-tests Intercept -3.44 1.23 38.61 -2.79  0.008 ** Intercgpt (Id) 11.67 3.42
Pointing Time 0.49 0.13 205.40 3.80 0.000 *** Residual 13.94 3.73
right target Group 3.39 1.67 38.28 2.03 0.049 * logLik -650.00 ICC
Group*Time -0.39 0.17 204.98 -228  0.024 * Nb Obs 228.00 0.46

Table 6 - Linear Mixed Models Analysis results — pointing trajectories orientations at terminal direction.
Effects of TIME, GROUP and GROUP*TIME pointing trajectories orientations at terminal direction and at the
different steps of the experimental procedure.
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4. Study 4: Synthesis

STUDY 4 showed that anodal tDCS applied to the cerebellum during PA did not ameliorate
correction of throwing errors during exposure neither increase the magnitude of throwing after-
effects. Crucially, the stimulation did not improve the magnitude of transfer to pointing, which
remained almost existent in all the participants, regardless the stimulation condition. However,
we found some marginal effects of the stimulation on the longitudinal evolution of pointing
errors and on some pointing kinematics aspects. Although they offer to speculate on the
possibility to modulate after-effects transfer through anodal tDCS, these effects are tough to
interpret because they did not result in an overall increase of transfer. Further investigations
are required to determine whether anodal stimulation can enhance after-effects transfer when

performing a mastered task during exposure.
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Chapter 4
General discussion
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OVERVIEW OF THE CHAPTER

The general discussion aims at taking together all results from experimental contributions and
discuss them to synthetize novel insights arising from the present series of experiments. Firstly,
the general discussion will summarize the scientific questions of the three axes and the
corresponding major results. Second, we will discuss the fundamental implications of our
findings in the field of sensorimotor adaptation. Then, we will consider unanswered questions
and limitations before depicting further and on-going fundamental research projects to address
them. A last part will discuss potential clinical implications and perspectives of research
concerning the rehabilitation field.
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A. SUMMARY OF MAJOR FINDINGS

1. Axis 1: Influence of the exposed task on after-effects transfer (Study 1)

STUDY 1 investigated the transfer of after-effects between two tasks: throwing and pointing.
The aim was to test the influence of the task performed during prism exposure (exposed task)
on the transfer of after-effects to the non-exposed task (i.e. not experimented through the
prismatic shift).

The first experiment (1A) showed a strictly unidirectional transfer from pointing to throwing but
not from throwing to pointing. The participants who performed pointing during exposure
showed significant transfer of after-effects on throwing, reaching approximately 50% of the
initial pointing after-effects magnitude. Conversely, participants exposed to the prismatic shift
while performing throwing did not exhibit transfer of after-effects to the pointing task. Notably,
error reduction during exposure and after-effects on the exposed task were remarkably similar
in the two groups, i.e. irrespective of the task performed during prism exposure.

The second experiment (1B) crucially revealed that expertise for throwing made transfer
reciprocal: expert dart throwers transferred after-effects to pointing, unlike experiment 1A
involving novice throwers. Remarkably, the extent of transfer in throwing experts was

equivalent to that observed from pointing to throwing in experiment 1A.

Finally, the third experiment (1C) confirmed that no transfer occurred from throwing to pointing
and provided additional insights from kinematics analysis of pointing behaviour. First, the initial
direction of pointing during post-tests was biased to the left in both groups, i.e. regardless the
task performed during exposure. However, the terminal direction of movements was corrected
in the throwing group, so that there were no terminal errors and after-effects in the participants
who performed throwing movements during prism exposure. Because proprioceptive feedback
allows correction of the terminal part of pointing trajectory during post-tests, we hypothesized
that the proprioceptive modality was not biased by prism exposure in the throwing group.

- Insights from Axis 1 -

Error reduction and after-effects on the exposed task were similar regardless the task
(throwing or pointing) used during exposure.

The nature of the task performed during exposure influenced the transfer of after-effects:
transfer was observed from pointing to throwing but not from throwing to pointing

Expertise in throwing made the transfer from throwing to pointing possible.

Kinematic analysis of pointing revealed that online corrective feedbacks during post-tests
may explain the absence of transfer from throwing to pointing.
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2. Axis 2: Motor Imagery and transfer of after-effects during PA (Study 2)

STuDY 2 aimed to test whether PA through motor imagery (MI) of pointing enabled the transfer
of after-effects to throwing. A second aim of this study was to investigate the influence of Ml
abilities on transfer. The results showed that PA resulted in meaningful pointing after-effects
in participants who actively performed pointing during exposure but also in participants who
only imagined pointing without any concomitant physical execution. In comparison, those who
wore the prismatic glasses while being inactive during exposure (no movement, no Ml) did not
show any after-effects in pointing. Decisively, PA by mental practice resulted in significant
after-effects transfer to throwing, although throwing was nor imagined neither executed during
exposure. This was not observed in the Inactive group.

Surprisingly, participants in the active group did not exhibit significant transfer of after-effects
during throwing, thus showing contrasted results with reference to STuby 1. The differences of
exposure conditions between STuDY 1 and STUDY 2 could explain this absence of transfer,
notably the visual control of the hand in the starting position and the use of sequences of
pointing instead of a single movement. Crucially, only participants who displayed high Ml
abilities exhibited pointing after-effects following PA by mental practice as well as transfer to

throwing. This was not observed in individuals with low MI abilities.

Altogether, these findings demonstrated that the intersensory conflict combined with MI during
exposure was responsible for pointing after-effects and transfer to throwing. The sensorimotor
conflict, induced by actual sensory feedbacks, is not crucial in the observation of transferable
after-effects. Finally, STuDY 2 revealed the possible effect of task order during post-tests:
transfer was paradoxically favored when after-effects on the exposed task were assessed in

first.

- Insights from Axis 2 -

PA by MI of pointing involved processes leading to significant pointing after-effects and
transfer to throwing.

High motor imagery abilities are necessary to adapt to a prismatic shift using imagined
pointing.

After-effects transfer to an unexposed task is increased when after-effects are assessed
firstly in the exposed task.

3. Axis 3: Cerebellar neuromodulation and transfer of after-effects (Studies

3&4)
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The purpose of the third axis was to investigate the role of the cerebellum in after-effects
transfer using non-invasive brain stimulation methods (tDCS). STuDY 1 revealed a transfer
from pointing to throwing but not from throwing to pointing. From this result, STuDY 3 aimed at
testing whether cathodal stimulation to the cerebellum during PA altered the transfer of after-
effects from pointing to throwing. Participants who received this stimulation showed less error
reduction of pointing during prism exposure: terminal pointing errors were initially larger and
diminished slower through the repetition of pointing in the stimulated group compared to the
sham group. The stimulated group also exhibited larger but less stable pointing after-effects.
Crucially, STuDY 3 also demonstrated a likely role of the cerebellum in after-effects transfer to
throwing. Additionally, kinematic analyses indicated that the tDCS significantly altered pointing
trajectories during exposure and post-tests, thus attesting the involvement of cerebellar areas
both in error reduction during exposure and after-effects.

According to STuDY 1, the transfer of after-effects from throwing to pointing was null in novice
throwers. The aim of STuDY 4 was to investigate whether anodal tDCS on the cerebellum
during PA procedure could boost adaptation in such a way as to upgrade lay participants at
the transfer level exhibited by throwing experts. The data demonstrated that anodal tDCS
affected neither throwing error reduction during prism exposure, nor throwing after-effects.
Furthermore, there was no evidence for enhancement of the overall after-effects transfer
induced by the stimulation. Additional analyses revealed several marginal effects. First, we
observed changes in the longitudinal evolution of terminal pointing errors during post-tests. In
addition, the stimulation also changed kinematic parameters of pointing. These findings
suggested no impact on usual indicators of adaptation but slightly altered pointing during after-
effects transfer. However, these marginal effects are tough to interpret given that overall
transfer remained null, and therefore do not provide evidence for a boosting effect of the

stimulation.

- Insights from Axis 3 -

Cerebellar neuromodulation by tDCS during PA affected sensorimotor adaptation.

Cathodal tDCS affected pointing error reduction during exposure, pointing after-effects and
after-effects transfer to throwing.

Anodal tDCS improved neither throwing error reduction during exposure nor throwing after-
effects.

Anodal tDCS had no boosting effects on after-effects transfer to pointing.
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B. FUNDAMENTAL IMPLICATIONS FOR SENSORIMOTOR
ADAPTATION

The main purpose of the thesis was to investigate inter-task transfer of after-effects during
PA, as a way to gain knowledge about the processes at work to face the perturbation. Our
main finding is that after-effects transfer can unravel the contribution of a “true” sensorimotor
adaptation rather than apparent adaptation concealing specific learning processes. In addition,
the different studies provided important information concerning the conditions triggering
processes leading to after-effects transfer. Finally, findings from the two studies based on
cerebellar tDCS provided reliable information about the potential involvement of the cerebellum
in transfer mechanisms. All these aspects will be discussed to offer updated theoretical
proposals to distinguish among processes involved in sensorimotor adaptation.

1. Studying the transfer to unravel distinct processes in_sensorimotor

adaptation

A current challenge in the field of sensorimotor plasticity is to disentangle between processes
involved in changing movements when facing a perturbation (Spampinato & Celnik, 2020).
Previous studies described several processes underlying sensorimotor adaptation using
varying paradigms (Haith & Krakauer, 2013; Krakauer et al., 2019; Spampinato & Celnik, 2020;
Taylor et al., 2014b). The specificities of the tasks and methods used in each laboratory context
may differently weigh the relative contributions of distinct processes (Fleury et al., 2019;
Spampinato & Celnik, 2020).

With reference to the THEORETICAL BACKGROUND, the PA literature classically distinguishes
two processes i.e. sensory realignment (or “true adaptation”) and strategic control (Petitet et
al., 2017; Prablanc et al., 2019; Redding et al., 2005). Terminal error reduction during exposure
reflects how the participants compensate for the prismatic shift but does not allow to stress the
contribution of each process. The classical measure accounting for sensory realignment is
sensorimotor after-effects upon explicit prism removal. It is recommended to assess after-
effects under conditions that are different from the primary exposure context to isolate true

adaptation from explicit and contextual sensorimotor transformations (Redding et al. 2005).

In the current work, we assumed that inter-task transfer of after-effects ensured to ascertain
the presence of after-effects remaining in a context different from exposure. This allowed to
establish whether after-effects are robust enough to extend outside the context of exposure
and if some after-effects are intrinsically linked to the specific conditions experienced during
exposure. Therefore, we hypothesized that transfer might provide supplementary information

228



related to the nature of after-effects and thus the nature of processes at work to face the
perturbation. Our findings supported this idea by showing that inter-task transfer between
throwing and pointing uncovered the involvement of distinct processes, which remained hidden
as long as we only considered the usual measures of error reduction and after-effects.

StupY 1 demonstrated a strictly unidirectional transfer from pointing to throwing but not from
throwing to pointing. In both cases the classical measures of after-effects revealed similar
results between groups: the breadth of after-effects on the task practiced during exposure was
comparable between groups, regardless the task performed. Thus, if we consider the classical
measures of after-effects as an indicator for realignment, the processes at work during
exposure should be similar in the two tasks. Yet, considering the transfer to the unexposed
task enabled to shed light on the likely different nature of after-effects regarding the task

performed under exposure.

After-effects developed during pointing were transferable while those developed during
throwing remained specific. Difference in transferability suggests that processes at work during
exposure should also differ. Thus, the task performed under the perturbation might have
influenced the processes in response to the prismatic shift. In the second experiment of STUDY
1, experts in throwing also developed transferable after-effects, comparable to those of the
pointing group. However, the expertise level did not influence the after-effects in throwing
which were similar regardless expertise. Therefore, data about transfer indicate that the task
performed during exposure conditioned the relative contribution of processes solicited to face
the prismatic perturbation because it influenced the transferability of after-effects. This idea is
also backed up by findings from STubpY 2indicating that the conditions set-up during exposure
led to similar after-effects associated with different range of transfer.

Results from STuDY 4 also support the idea that transfer provides supplementary information
beyond the usual after-effects. Throwing after-effects were similar in both stimulated and sham
groups. However, we observed marginal effects on pointing trajectories caused by the
stimulation. Although we cannot draw any strong conclusion from this because of the absence
of an overall transfer increase, transfer still unmasked some effects of the stimulation while the

classical after-effects (i.e. on the throwing task) were insufficient to detect those.

Based on these arguments, inter-task transfer might uncover the contribution of distinct
processes during PA. Beyond this assumption, the results support the idea that the presence
of transferable after-effects could point out a major contribution of true adaptation. Throwing
movements are unmastered unless they have previously been specifically trained and learnt.
Therefore, performance is subjected to high variability. During prism exposure, this variability
in combined with errors caused by the visuomotor perturbation. For this reason, the necessity
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to adapt to the perturbation may not be relevant for the central nervous system, until the initial
performance variability has been enough reduced. Yet, the nervous system would not adapt
successfully because adjustments of internal sensorimotor representations would be
considered as not necessary to solve the motor problem (Berniker & Kording, 2011a; Wei &
Kérding, 2009). Consequently, processes involved to compensate for errors when facing the
perturbation during throwing should mostly rely on strategic modifications of the motor
commands that remained specific to the task characteristics. These changes should be mainly
driven by external error signals, i.e. terminal throwing errors and on-flight errors (Gaveau et
al., 2018a). The absence of transfer on the pointing task indicates that after-effects are

dependent on the throwing task context only.

By contrast, as pointing is overlearnt, errors caused by the prisms during pointing may be
relevant and should trigger the adaptation of internal models that is driven by sensory
prediction errors. In this case, changes would be generalizable beyond the task context, i.e. to
another task. The transfer from throwing to pointing exhibited by expert throwers supports this
interpretation. As throwing was mastered in the expert group, throwing exposure involved
processes leading to sustained changes of internal models. Therefore, performing a mastered
task during exposure might enhance the contribution of true adaptation during exposure. On
the other hand, performing a non-mastered task should mostly engage the strategic control
process to account for the perturbation. In STubY 2, we found that PA with imagined pointing
led to transferable after-effects for participants with high MI abilities. Strategic control was
missing from this procedure as there was no actual execution and thus no actual sensory
feedback. Therefore, processes involved during exposure relied on sensory prediction errors
caused by integrating the biased hand starting position together with the efferent copy of the
motor command (Michel et al., 2013). The intersensory conflict adjusted internal models and
changed hand state estimations thus leading to transferable after-effects. These findings
support the link between true adaptation and transferable after-effects.

Overall, our findings demonstrate that transfer should uncover differences in the relative
contribution of each process which is masked when considering error reduction and after-
effects only. Importantly, transferable after-effects highlighted true sensorimotor adaptation,
driven by sensory prediction errors. This form of sensorimotor plasticity should mainly rely on
cerebellar controls. Yet, STubYy 3 and STUDY 4 suggest that cerebellar neuromodulation by
tDCS have possible effects on after-effects transfer. Before questioning the potential role of
the cerebellum in after-effects transfer, a crucial question is to elucidate which conditions could
trigger the processes leading to transferable after-effects.
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2. Which conditions are needed to trigger after-effects transfer?

So far, we considered findings probing that transfer uncovered different processes contributing
to face a single perturbation. In addition, we discussed the likely hypothesis according to which
true adaptation could be related to transferable after-effects, independent from the context in
which they were elicited. A critical question is to elucidate the conditions needed to trigger
transfer of after-effects.

Findings from STUDY 1 suggest that developing transferable after-effects depended upon the
expertise on the task performed during exposure. Throwing entails highly variable movements
that are not mastered unless they are specifically trained. This high variability is probably
related to the ballistic aspect of throwing: due to its short duration, integrating actual online
sensory feedbacks is likely tougher as compared to pointing. Novice participants who
performed throwing under prism exposure did not show any after-effects on pointing. No-
transfer was probably due to the high variability of throwing, i.e. the fact that they did not master
the task. In fact, expertise in throwing reduced the variability along with repetition of throwing
and thus probably increased the ability to transfer after-effects to pointing. Furthermore, the
more experts performed throwing with comfort and ease, the more they transferred after-
effects to pointing. Thus, we hypothesize that transfer of after-effects is favored only when the
task during exposure is well mastered. Expertise might facilitate the use of sensory predictions
errors to adjust internal models. This suggests that processes leading to transfer are enabled
only when the task practiced under the perturbation is enough well-learnt.

Besides, insights from kinematics analysis shed some light on the potential role of
proprioception in transfer mechanisms. When we did not observe transfer on pointing (i.e. no-
significant error in pointing terminal errors), trajectory analysis revealed that its initial part was
altered after exposure (STUDY 1 -experiment 1A- and STuDY 4) however, without terminal
errors as trajectory correction took place during its last part. These corrections probably relied
on proprioceptive feedback as there was no visual feedback during post-tests. Motor
commands were initially biased after exposure in the opposite direction of the prismatic shift.
However, once online proprioceptive feedback became available, participants may correct the
pointing trajectory. This suggests that the proprioceptive maps were not biased during
exposure with no transfer of after-effects which extends O’shea et al.’s findings (2014).
Conversely, we speculate that expertise referred to changes in the estimation of hand
proprioceptive state by enabling adjustment of internal models during exposure despite the
short duration of throwing movements. Therefore, throwing experts did not exhibit
proprioceptive unbiased corrective feedback of their pointing trajectories during post-tests and
showed a significant transfer of after-effects.
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While throwing is ballistic by nature, pointing is not, although we instructed the participants to
reach the targets as fast as possible. These differences may explain that proprioceptive
changes caused by the perturbation probably differed between tasks during exposure.
Nevertheless, experts probably did not use proprioceptive corrective feedback on pointing
during post-tests. This rather supports the influence of expertise on transfer. A further study
should specifically test this hypothesis, by investigating online motor control of throwing by
high-level dart throwers and proprioceptive changes following exposure.

In STUDY 2, we changed exposure conditions in the active group, so they matched the
exposure conditions for MI. Notably, we instructed the participants to make sequences of
several pointing instead of unique pointing. Another crucial aspect was that the starting position
of the hand was visible before movement onset. Yet, the active group in STUDY 2 surprisingly
did not exhibit any transfer from throwing to pointing while other studies did (STUDIES 1 and 3).
The changes in exposure conditions in STUDY 2 may be responsible of no transfer. First, it is
noteworthy that the magnitude of pointing after-effects during active exposure was reduced as
compared to other studies, and perhaps insufficient to be transferred to throwing. However,
the fact that the MI group showed significant transfer despite the same amount of pointing
after-effects does not support this hypothesis. The conditions of active exposure in STuby 2
probably favored processes that lead to context-dependent after-effects. This could be related
to shorter exposure to the prismatic shift and massed practice of pointing movements (i.e.
continuous practice with no break; Cohen, 1973; Taub & Goldberg, 1973). Another hypothesis
relates to the visibility of the starting position of the hand. This probably favored strategic
control and was detrimental to sensory realignment during exposure which resulted in a non-
significant transfer. This is consistent with previous results showing reduced direct neither
after-effects when the starting position of the hand was visible during exposure (Redding &
Wallace, 1996, 2001).

STuDY 2 also tested a potential task order effect on transfer during pre- and post-tests. We
observed that when after-effects on the exposed task are tested first, the transfer on the
unexposed task is better, regardless the conditions of exposure. A possible explanation is that
post-tests on the exposed task would strengthen sensorimotor transformations entailed during
exposure by using a form of use-dependent process which will be discussed later. Notably, in
the other studies (i.e. STUDIES 1, 3 AND 4), the task order during post-tests was kept, i.e. testing
the exposed task first. In addition, a longitudinal investigation of post-tests values (STUDIES 3
AND 4) gave information about the dynamics of after-effects and transfer. Another possible
condition for transfer may relate to the repetition of trials during post-tests on both tasks. This
encourages to consider numerous trials during post-tests. This also requires to set up
conditions that prevent de-adaptation in the laboratory context (i.e. open loop conditions).

232



3. The role of the cerebellum in after-effects transfer

One of our main objectives was to investigate the possible role of the cerebellum in the
mechanisms of transfer by using non-invasive brain stimulation. In the THEORETICAL
BACKGROUND, we reported that cerebellar lesions caused impaired PA (e.g. Pisella et al., 2005;
Weiner et al., 1983). Activation of cerebellar areas was also reported through neuro-imaging
studies and former neuro-stimulation studies highlighted the cerebellar contribution to several
aspects of PA, starting from the very first trials of exposure until after-effects, i.e. in strategic
control and sensory realignment (Panico et al., 2020). Therefore, we addressed this question
experimentally in after-effects transfer.

The purpose of STUDY 3was to test whether cathodal stimulation altered after-effects transfer
from pointing to throwing. The hypothesis was that an inhibitory neuromodulation of the
cerebellum during PA procedure could decrease after-effects transfer. The first finding was
that the cerebellar tDCS altered pointing accuracy during early exposure (terminal pointing
errors were higher in the tDCS group). We thus discussed a possible involvement of the
cerebellum in online control as errors mainly occurred during the first trials including the very
first one. This observation is consistent with previous neuro-stimulation studies (Panico et al.,
2016b). In addition, trial-by-trial corrections of the terminal errors (O’Shea et al., 2014) were
reduced in the tDCS group during early exposure, suggesting that participants’ capacity to find
the appropriate aiming strategy was altered. Another hypothesis is that the stimulation
interfered with the capacity to implement the terminal error in the correction of the subsequent
trial, through the updating of internal models. Such updates rely on the processing of sensory
predictions errors which are known to be endorsed by the cerebellum (Popa & Ebner, 2018;
Shadmehr et al., 2010; Therrien & Bastian, 2019; Wolpert et al., 1998). The stimulation also
influenced pointing after-effects and, crucially, transfer of after-effects to the throwing task thus

indicating the cerebellar influence on transfer mechanisms.

STuDY 4 tested the effects of anodal cerebellar stimulation on after-effects transfer from
throwing to pointing. Our hypothesis was ambitious. Although the task practiced during
exposure was not mastered, which precludes after-effects transfer (STubDyY 1A) the aim of this
experiment was to test whether anodal facilitation was capable of boosting processes leading
to transferable after-effects, i.e. mimic the effect of expertise. In contrast to STubDY 3, we found
effect of anodal stimulation neither on error reduction during throwing exposure nor on throwing
after-effects although numerous studies showed beneficial effects of anodal cerebellar
stimulation (e.g. Galea et al., 2011; Jayaram et al., 2012; Leow et al., 2017). We suggested
that performing a non-mastered task might engage processes that are not mainly cerebellum
dependent, which could explain the absence of tDCS boosting effects. However, this does not
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imply that cerebellar mechanisms were not involved at all during throwing PA procedure in
novices. Although the stimulated group did not exhibit significant pointing after-effects, we
reported marginal effects of the tDCS on the longitudinal evolution of pointing terminal errors
and alterations of pointing kinematics during transfer. Therefore, one could speculate that the
contribution of cerebellum-dependent processes, even minor in this procedure, could have
been modulated by the stimulation. Nevertheless, these marginal effects were tough to
interpret because they did not convey in indicating a boosting effect of the stimulation: the
longitudinal evolution of pointing errors was in favour of increased after-effects in the
stimulated group while effects on kinematics tended to show that pointing trajectories were
less biased in the tDCS group. In addition, we have to insist on the fact that the overall transfer
remained almost null for both groups. Outcomes from STuDY 3 therefore tend to indicate that
anodal tDCS has no boosting effects on adaptation and after-effects transfer during PA using

throwing in novices.

Altogether, these findings do not unquestionably probe the efficacy of cerebellar tDCS in
modulating transfer mechanisms and further studies are required to deeper investigate this
hypothesis. However, they still open the possibility that tDCS impacts the contribution of
cerebellum-dependent adaptive processes during exposure, thus resulting in modulation of

transfer. How could we explain the potential role of cerebellum in transfer?

It is long known that the cerebellum plays a crucial role in generating predictions about the
sensory consequences of motor outputs (Kawato, 1999; Miall & Wolpert, 1996; Popa & Ebner,
2018; Therrien & Bastian, 2019; Wolpert et al., 1998). Combining sensory information about
the body current state and a copy of the motor command generates an estimation of the future
state of the body, i.e. forward models. These models are continuously updated to maintain an
accurate control of movement (Shadmehr et al., 2010). When predictions do not match the
actual consequences of movement, which occurs during prism exposure, this sensory
prediction error is used to update the forward model. In addition, studies involving participants
with cerebellar damage show that cerebellum is also highly involved in adjusting internal
models when predicted and actual consequences of movements do not match (e.g. Maschke
et al., 2004; Morton & Bastian, 2006; Tseng et al., 2007). Therefore, the cerebellum plays a
role in the generation of predictions (allowing a feedforward control), the detection of and the
processing of sensory predictions errors (feedback control) and crucially in adjusting internal
models based on sensory prediction errors. These mechanisms are responsible for triggering
adaptation in PA because of the expected-achieved discrepancy (internal errors) induced by
the prisms (Gaveau et al., 2018b; Gaveau, Prablanc, et al., 2014).
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As we discussed above, the adjustment of internal models taking into account the visuomotor
perturbation during prism exposure may lead to transferable after-effects. Yet, other processes
are also involved during PA. The hypothesis of a balance between processes implies that
these could be differently weighed depending on the experimental conditions (Krakauer et al.,
2019; Roemmich & Bastian, 2018; Spampinato & Celnik, 2020). Thus, increasing the relative
contribution of one process could reduce the contribution of others. For example, in PA, the
multiple-step procedure reduces the contribution of strategic control by suppressing external
errors thus leading to an increased contribution of sensory realignment. This results in greater
after-effects when the perturbation is gradually imposed (Michel et al., 2007). Along this line,
we hypothesize that cerebellar neuro-stimulation might modulate the contribution of sensory
prediction error-based processes by increasing or reducing the excitability of underlying
cerebellar mechanisms. Such modulation could have effects of both online feedback control
and feedforward mechanisms through the adjustment of internal models. We propose that this
could be responsible for modulation of after-effects transfer using tDCS, but this remains to be
further investigated.

4. Theoretical working propositions for the distinction of processes underlying

sensorimotor adaption

The INTRODUCTION and THEORETICAL BACKGROUND sections depicted the general concepts
underlying our capacities to modify movements and to learn new skills, i.e. adaptation and
learning. Overall, this thesis aimed at providing new insights in the understanding of
sensorimotor adaptation, i.e. the processes changing our movements in response to sustained
perturbations. We decided that PA was relevant for studying inter-task transfer of after-effects
because this paradigm favours self-attribution of errors (Fleury et al., 2019). The literature
classically describes two processes intervening during PA: strategic control and sensory
realignment (Petitet et al., 2017; Prablanc et al., 2019; Redding & Wallace, 2002). This
terminology is fairly specific to the PA literature although parallels can be made with other
processes, e.g. the fast versus slow or the explicit versus implicit processes. The specific aim
of this thesis was to study inter-task transfer of after-effects as a feature to uncover the
contribution of different processes during sensorimotor adaptation. Our findings suggest that
transferable after-effects probe the adjustment of forward models based on sensory prediction
errors, which relates to a “true” sensorimotor adaptation (Weiner et al., 1983). Going beyond
the specific processes of the PA literature requires to confront our findings to the broader
context of sensorimotor adaptation and to discuss processes leading to transferable after-
effects among other recently described as being involved in motor learning and adaptation.
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Processes based on sensory predictions errors are driven by a mismatch between expected
and achieved movement outcomes (Krakauer et al., 2019; Spampinato & Celnik, 2020). They
refer to model-based mechanisms and suppose the adjustment of internal models (Haith &
Krakauer, 2013). Other processes, not based on changes in internal models, can also
contribute movement change when facing a perturbation. They could be referred to as non-
model-based mechanisms because improvements of motor performance arise directly at the
level of the controller, with no changes in internal models (Haith & Krakauer, 2013).
Reinforcement relies on reward represented by successful action. Thus, a successful
movement pattern will be reinforced whereas a movement associated with failure will be
avoided. This kind of process could be at work during PA procedure (Schintu et al., 2018).
Besides, use-dependent learning induces behavioural changes through movement repetition
without considering whether they lead to errors or not (Reinkensmeyer et al., 2016; Wolpert et
al., 2011). Finally, cognitive strategies (e.g. use of explicit knowledge or knowledge of result in
solving a motor problem) in sensorimotor adaption has also been extensively reported (e.g.
McDougle et al., 2016), including during PA (Redding et al., 1992).

Each of these various forms of learning are continuously involved in guiding performance
towards the adequate solution, including during PA. Their relative contributions may be
weighed differently throughout the time course of the same motor task. Similarly, the
contributions of these processes may also shift depending on the specific component of the
motor task (Fleury et al., 2019; Spampinato & Celnik, 2020).

How can we relate and discuss our findings throughout this framework? We proposed that
transferable after-effects would reflect sensory prediction error-based processes, i.e. the
updating of internal models implying sensory changes in body state estimation (Statton et al.,
2018). This could relate to the sensory realignment process. As long as changes in forward
models entail those of internal representations relative to the body itself, these modifications
still persist beyond the initial context, i.e. when performing another task. This change may refer
to a true sensorimotor adaptation. This does not mean that these are the only processes.
Notably, after-effects are not equal to the initial prismatic shift, and their transfer magnitude is
different from that of initial after-effects. Thus, some processes at work during exposure
entailed specific changes related to a particular context, i.e. some contextual learning
processes. Transferable after-effects may indicate that true adaptation is the main process
among others.

Conversely, non-mastered task may lead to a greater involvement of other processes during
exposure that are not driven by sensory prediction errors. Thus, they do not imply changes in
the forward model. As throwing is not enough skilful in novice participants, the relative
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contribution of contextual learning during exposure might be increased whereas the
contribution of true adaptation might decline. Changes in movements would be related to direct
modifications of motor commands that are probably not accompanied by persistent sensory
changes and modifications of internal models. These conditions likely lead to stronger
contribution of cognitive strategies and reinforcement learning. Such processes relate to
strategic control described in PA literature (Redding et al., 2005; Weiner et al., 1983). However,
we cannot exclude the additional contribution of model-based processes. In fact, after-effects
on the exposed task suggest that some internal models have been adjusted in a very specific
way as there is no after-effects in another task. Nevertheless, models that are changed are
specific to a particular situation, i.e. the throwing task. Interestingly, experts in throwing relied
more on true adaptation than untrained individuals, suggesting that the contribution of sensory
prediction error-based processes increased.

Use-dependent learning processes might have also been involved during both exposure and
post-tests. The repetition of the same movement modifies performance by changing
movements to become more similar to the previous movement (Reinkensmeyer et al., 2016;
Wolpert et al., 2011). During late exposure, when errors compensation has occurred, less
variability is observed and the same movement is repeated. This kind of learning could be
involved and favour motor commands allowing to reach the target. Therefore, if the relative
contribution of this process is important, the memorized movement pattern would not favour
after-effects. Besides, use-dependent learning can also be involved during post-tests and
strengthen the motor plan related to after-effects, thus increasing its stability if de-adaptation
is prevented. Therefore, a high contribution of use-dependent learning during exposure might
increase contextual learning, while its contribution during post-tests (i.e. outside the
perturbation) should favour the durability and the strength of after-effects.

By discussing our findings in this hybrid framework, we propose that true adaptation processes
would entail internal models’ adjustment mainly dependent on the cerebellum and would be
reflected by transferable after-effects. Besides, other contextual learning processes would also
be involved during PA and rather reflected by changes in motor performance improvement
during exposure (Figure 32). This seems a reasonable framework in studying processes at
work during sensorimotor adaptation which could be consistent with previous contributions. It
is noteworthy that isolating each of these processes may not be possible and that their relative
contribution might be weighed depending on exposure conditions (Roemmich & Bastian, 2018;
Spampinato & Celnik, 2020). A likely hypothesis is that increasing the contribution of true
adaptation might decrease the contribution of other processes and vice-versa (Spampinato &
Celnik, 2020). We propose that inter-task transfer of after-effects could help to uncover the
relative contribution of these processes, suggesting that the more after-effects are
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transferable, the more the contribution of true adaptation was high to face the perturbation
(Figure 33). Noteworthy, other specific parameters could help identifying the contribution of
the other processes. For example, the cognitive component of after-effects during prism could
be identified by using Sham glasses during pre and post-tests (e.g. Redding & Wallace, 2006).
In visuomotor paradigms, asking participants to explicitly report their aiming direction for each
trial could provide a measure for cognitive strategies (e.g. McDougle et al., 2016; Taylor et al.,
2014). Specific markers of the contribution of reinforcement and use-dependent learning

remain to be investigated.

The findings we discussed so far are a first step towards a more thorough understanding of
sensorimotor adaptation. Nevertheless, numerous pending questions still need further
investigations to be answered. By approaching the problem with a broader perspective, this
proposal provides a platform that could serve for further research and application.

LEARNING g, 4l ADAPTATION

Acquiring new sKills Adjusting already learnt movements
Skill learning paradigms Adaptation paradigms
Prism Adaptation

Strategic control <¢=————p Sensory Realignment

ERROR REDUCTION
VARIABILITY REDUCTION

AFTER-EFFECTS
AFTER-EFFECTS TRANSFER

Error-based processes
Sensory predictions

PARAMETERS

Cognitive Strategies
Use-Dependent Learning

Reinforcement Learning

CONTEXTUAL LEARNING «—— TRUE ADAPTATION

Updating internal representations of the world Updating internal representations of the body

Non model-based processes Model-based processes

Figure 32 — Hypothetical relationships between multiple sensorimotor plasticity processes. Learning and
Adaptation are two sets of processes that could not be isolated from each other. During adaptation, multiple
processes are at work, and some of them could be related to learning processes (i.e. cognitive strategies, use-
dependent learning, and reinforcement) because they do not rely on sensory prediction errors. Conversely, we
propose that processes relying on the updating of the forward model (i.e. model-based processes) entail
modifications in our own body internal representations. This would lead to sensorimotor changes that can be applied
in other settings. Nevertheless, each process may interact with others and the experimental conditions might
differently weigh their relative contribution to the overall performance changes. We therefore consider contextual
learning and true adaptation processes as interacting and relying on a continuum. Crucially, the parameters that
we observe or measure (i.e. error and variability reduction, after-effects, and transfer) during sensorimotor
adaptation provide decisive information concerning the nature of the representations that have been modified when
facing the perturbation. We propose that after-effects transfer may uncover the contribution of true sensorimotor
adaptation.
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C.OPEN QUESTIONS, LIMITATIONS, AND PERSPECTIVES FOR
FURTHER RESEARCH

The different experiments of the thesis offer several new insights on the fundamental

aspect of sensorimotor motor adaptation:

= We presented after-effects transfer as a feature to unravel the contribution of true
adaptation during PA.

=  We summarized the conditions favouring the trigger of after-effects transfer.

= We discussed the potential involvement of the cerebellum as a rationale sustaining these
processes through sensory prediction errors based mechanisms.

Nevertheless, many questions remain from our findings and need further investigations. Here,
we will present and discuss open questions and limitations, together with on-going and further
perspectives of research.

1. Open questions and research perspectives

A first crucial pending question relates to the degree of mastery needed to transferable
adaptation. STUDY 1 showed that high experts in throwing transferred after-effects to pointing
while novice did not. However, we did not evidence the level to be reached in order to elicit
adaptation. Thus, whether transfer is an on-off process, switching as early a given level of
expertise is reached is worthy to be studied. An alternative hypothesis predicts a mere
correlation between the expertise level and the amount of transfer. In this case, the more the
participants are skilled, the more they develop transferable after-effects when exposed to
perturbation. We shall specifically test between these two hypotheses by investigating the
effect of table-tennis expertise.

On-going project — Transfer and expertise in table tennis

Purpose: this project aims to better address the relationship between expertise and true
adaptation through the investigation of after-effects transfer.

Methods: using a table tennis skill (backhand shot), we could easily recruit participants of
various expertise levels, objectively assessed by the ranking and the years of experience.
This ability would substitute throwing in our inter-task transfer PA procedure and allow to
establish the existence of an expertise threshold or a possible correlation between after-
effects transfer and the level of expertise.
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A second remaining question refers to the timing of transfer mechanisms. We assumed that
after-effects were conditioned by the nature of processes at work when facing prismatic
perturbation. This does not exclude that some transfer mechanisms may operate after
exposure. Besides, STuDY 2 highlighted that testing after-effects on the exposed task might
firstly influence the transfer in another. In addition, transfer may need some delay or a given
number of repetitions to emerge during post-tests. Thus, investigating whether transfer

mechanisms may also take place after exposure should be considered.

In STuDY 3 and STUDY 4, we investigated the role of the cerebellum in after-effects transfer.
Our findings suggest that neuromodulation by cathodal tDCS interfered with PA and transfer,
whether anodal tDCS had marginal effects only. This needs to be deeper investigated. Notably,
it remains unknown whether anodal tDCS would boost transfer from pointing to throwing.
Although the cerebellum seemed to play a crucial role in transfer, we must not exclude other
brain regions, e.g. the primary motor cortex.

On-going project — Transfer and tDCS

Purpose: this project aims to complete our previous tDCS findings by providing a larger
investigation of tDCS applied to the cerebellum or to M1 with anodal or cathodal polarity.
The purpose is also to investigate different stimulation timelines (i.e. from pre-tests to post-
tests versus during exposure only).

Methods: we will use methods similar to those of study 3 and 4 with additional manipulations
i.e. the polarity, the stimulated area (M1 or Cerebellum), and the timeline of the stimulation.

Finally, another unresolved basic question refers to the balance between processes at work
during prism exposure. The different processes involved during sensorimotor adaptation
overlap in their time course and potentially share partially common neural substrates. We
hypothesized that increasing the contribution of one process would reduce the contribution of
others, suggesting a trade-off among them. However, further research is needed to check this
hypothesis. Manipulating experimental conditions would probably weigh the relative
contribution of each process. Future experiments may investigate how to differentially enhance
processes leading to transferable after-effects. A crucial challenge will also to identify specific
markers for assessing the contribution of each process. Further investigations should explore
after-effects transfer with multiple step versus single step prism exposure to manipulate the
contribution of sensory realignment and see whether transfer increases. It would be also
interesting to provide direct measure of the cognitive strategies by using report of the aiming
strategies during exposure, as mentioned above for visuomotor rotation paradigms. In addition,
the contribution of reinforcement learning could also be investigated by manipulating rewards
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associated with successful outcomes during exposure and/or post-tests to explore the

consequences on transfer.

2. Limitations and considerations for further experiments

The findings of this thesis are subjected to limitations. First, data exhibited large inter and intra-
subjects variability which could arise from various sources. Throwing caused high intra-
subjects variability in novice participants (STUDY 1). In the experts group, this variability showed
that expertise correlated with transfer. We did not find such relation in the novice group and
variability may hide some effects. In addition, the rate of motor learning/adaptation showed
high inter-individual differences (Lefumat et al., 2015; Renault et al., 2020). This could also be
observed for transfer. To address this issue, we may add it in the inclusion criteria, for example
by recruiting subjects across a large spectrum of variability. Alternatively, further studies should
involve larger sample of participants. This would enable clusters analysis and the identification
of subgroups showing variable magnitudes of transfer under the same experimental
conditions. In addition, tDCS responsiveness may also change across participants (Chew et
al., 2015; Wiethoff et al., 2014) which could also account for the large variability observed in
our tDCS studies.

The kinematics analysis (STUDIES 1, 3 and 4) led to speculate on the role of corrections about
proprioceptive feedback during after-effects in pointing. A limitation comes from studies which
did not provide any measure in proprioceptive estimates. To include this variable, further
studies should provide separate measures for proprioceptive versus visual shift during post-
tests.

Another issue that was not addressed in our experiments is the long-term stability of after-
effects and transfer of after-effects. Through all the experiments we conducted, we only
addressed after-effects following a short acute session of prism exposure. In fact, the period
of exposure was through a unique and relatively short session (60 trials) compared to other
PA studies. Whether prolonged exposure leads to increased after-effects transfer should be
investigated. Further research may also test whether transferred after-effects remain stable
across time. For example, it would be convenient to assess after-effects and transfer several
times after exposure from few hours until several days, in search for long-lasting effects (e.g.
O’Shea et al.,, 2017). Finally, it is worth mentioning that significant after-effects transfer
reported in our studies is never complete, and generally reaches the half of the initial after-
effects magnitude, except in STUDY 2 where participants with high M| abilities showed a
complete transfer to throwing.
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D.TOWARD REHABILITATION: PERSPECTIVES AND
CHALLENGES FOR CLINICAL RESEARCH AND APPLICATION

So far, we discussed current findings associated with their basic implications for better
understanding sensorimotor adaptation. While the main purpose of this thesis was to improve
the theoretical knowledge in this field, our approach yet relies on translational research, viewed
as inverted or circular in the case of PA (Nijboer et al., 2020). This is notably why after-effects
generalization represented a relevant criterion in studying different processes. Therefore,
several interesting aspects may be discussed to draw general perspectives for clinical
research and applications.

Perhaps one of the first crucial question to arise is whether patients in rehabilitation show
transferable after-effects. It has been argued that some neurological deficits are accompanied
by a high-degree of generalization, whereas others are not (Roemmich & Bastian, 2018).
Several arguments support the hypothesis of transferable after-effects in rehabilitation.
Sensorimotor adaptation seems to be spared when cerebellar areas are preserved from brain
lesions, e.g. in people with cerebral stroke (Reisman et al., 2007; Scheidt et al., 2000). We
discussed the fact that processes underlying transferable after-effects could be mostly
cerebellum dependent. Therefore, we believe that patients with lesions restricted to brain or
basal ganglia might develop transferable after-effects through sensorimotor adaptation
(Roemmich & Bastian, 2018).

Thus, the challenge for therapists and scientists would be to design rehabilitation strategies
allowing the patients to solicit processes leading to transferable after-effects. However, transfer
would be efficient only whether transferred after-effects are of enough amplitude and long-
lasting. Thus, a crucial aspect is the breadth and the durability of transfer. We previously
discussed the conditions needed to trigger transfer and increase its magnitude. Training in a
familiar task during exposure would be more beneficial for patients to develop transfer,
although this may appear counter-intuitive in the context of rehabilitation. Perhaps a gradual
perturbation would also lead to a greater request of a transferable sensorimotor adaptation.
Thereafter, it will be more than essential to make this durable. As suggested in recent papers
and discussed above, the combination with other paradigms could enhance the strength and
the durability of after-effects (Roemmich & Bastian, 2018). For example, the contribution of
learning reinforcement and use-dependent learning during post-tests could be of great interest
to stabilize the sensorimotor changes elicited by adaptation. We could provide a binary reward-

based feedback during post-tests to reinforce “successful” trials, i.e. those associated with
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after-effects. In combination, use-dependent learning could also participate in reinforcing the
expected pattern thus favouring long-lasting after-effects. These hypotheses remain to be
tested, both in healthy and pathological populations.

Although we used tDCS and MI as methods to better understand the contribution of
transferable after-effects processes, these are well-accepted tools in rehabilitation. On the one
hand, tDCS is increasingly used to stimulate functional recovery, e.g. in stroke patients (Santos
Ferreira et al., 2019; Wessel & Hummel, 2018). While our results do not exclude that cerebellar
tDCS could enhance after-effects transfer, further investigation is still required to better assess
potential boosting effects. On the other hand, Ml is believed to induce sensorimotor motor
plasticity which could be particularly relevant for population with motor disorders (Maclintyre et
al., 2018). Therefore, combining MI and PA can potentially represent a beneficial procedure
for favoring transferable after-effects.

Finally, our observation related to the concepts of adaptation and learning may be discussed
in parallel with those of restoration and compensation. While restoration refers to the restitution
of the initial lost function, compensation rather depicts the use of other structure or function to
supplant the damaged one. Compensation would therefore provide responses that are
adequate in specific context, similarly to specific learning processes, while restoration would
instead apply changes to different situations, comparably to true adaptation. For example,
stroke patients generally develop compensatory strategies relying on the proximal paretic side
or the use of the non-paretic limb. However, this behaviour could lead to maladaptive plasticity
and does not favour the restoration of the sensorimotor functions that has been disrupted
(Takeuchi & lzumi, 2012). In parallel, neurotechnology-assisted neurorehabilitation (e.g.
cortical modulation or peripheral stimulation) offers a promising approach to promote adaptive
brain plasticity and reorganization instead of reinforcing compensatory strategies (Micera et
al., 2020). Thus, the objective for the therapists would be to favor restoration through
processes leading to transferable changes. The stake for patients would not only be to
compensate deficits in a particular situation at a specific time but rather to develop
sensorimotor changes that could be applied beyond the context in which they were develop.

Therefore, we need further investigations to better understand how developing transferable
after-effects and improving the retention duration of transfer. Based on results in healthy
population, clinical studies should be designed to investigate transfer in populations with
neurological impairments. The ultimate goal of this translational research would be to propose
therapies designed to facilitate the transfer of sensorimotor improvements from rehabilitation
to other daily life situations.
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Conclusion

Sensorimotor adaptation has been extensively studied through numerous paradigms
and for many years.The aim of this doctoral thesis was to investigate inter-task transfer of after-
effects during prism adaptation as a way to gain knowledge about the processes at work when
facing a perturbation. In turn, we aimed at identifying the conditions triggering after-effects
transfer and the underlying neural substrates. To that purpose, we used various methods in
complement to prism adaptation, i.e. motor imagery, kinematics analysis and transcranial

direct current stimulation.

Through our analysis of the literature together with our original experimental contributions, we
propose that after-effects transfer provides further information beyond the classical measure
of after-effects to evidence adaptation. Furthermore, we suggest that the presence of
transferable after-effects reflects the contribution of a true sensorimotor adaptation driven by
sensory predictions error-based processes and relying on the updating of internal models.
Therefore, the cerebellum might be a key structure in such process.

This work attempted to revisit sensorimotor adaptation by proposing updated lines of
reflections concerning the parameters that could uncover the contribution of multiple processes
when facing a single perturbation. Furthermore, our contributions outlined the influence of the
task practiced when facing a perturbation, suggesting that one movement could not be adapted
before it is sufficiently learnt. These outcomes pave the way for further investigations of the
conditions needed to elicit transferable after-effects and the underlying neural substrates.

Finally, numerous questions arise from this thesis, both at the basic level but also concerning
the translation to the clinical field. Favouring transfer is undoubtedly a relevant challenge for
rehabilitation purposes. However, from another point of view, the capacity to adapt is
intrinsically related to the capacity to de-adapt (i.e. to regain the initial behaviour) and refers to
the possibility to interact optimally in variable environmental conditions. Therefore, one may
wonder whether “pure” or “ideal” adaptation, i.e. robust, long-lasting and completely
transferable after-effects is truly the ultimate goal to achieve. On this point, the shift from basic
sciences to clinical practice should be sensitive. Further investigations should address how to
find the right balance between the multiple sensorimotor plasticity processes in order to

optimize patients’ benefits from rehabilitation to daily life.
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“I would rather have questions that cannot be answered
than answers that cannot be questioned. “

Richard Feynman
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Résumeé substantiel
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Revisiter I'adaptation sensorimotrice : étude du transfert inter-tache
des effets consécutifs durant I’adaptation prismatique

Introduction & Cadrage théorique

La plasticité qui caractérise notre systéeme nerveux nous permet de réaliser des
mouvements fluides et précis malgré des conditions changeantes. Cette capacité est d’autant plus
cruciale dans le cadre de la rééducation neurologique et du recouvrement des fonctions motrices.
Dés lors, I'objectif pour les cliniciens est de mettre en place des thérapies donnant lieu a des
transformations durables et dont les bénéfices s’étendent du contexte clinique a des situations de
la vie courante. Cette notion de transfert est au centre de ce travail doctoral.

L’intégration des informations sensorielles est indispensable dans I'élaboration de commandes
motrices appropriées ainsi que dans le controle de I'exécution du mouvement et I'’évaluation de
ses conséquences sur I'environnement. La théorie des modéles internes offre un cadre permettant
de comprendre ces mécanismes de controle. Les représentations internes dont nous disposons a
propos de notre corps et de I'environnement nous permettraient de prédire les conséquences d’'un
mouvement et de comparer ces prédictions sensorielles aux conséquences réelles du mouvement.
Ainsi, le systéme est capable de détecter des erreurs qui permettent de déclencher des processus
de plasticité sensorimotrice.

Les processus de plasticité sensorimotrice englobent la capacité de modifier un mouvement pour
faire face a une perturbation (adaptation), mais également I'acquisition de nouveaux mouvements
(apprentissage). La compréhension de ces processus représente un défi majeur dans le domaine
du contrdle moteur et dans le cadre clinique du recouvrement des fonctions motrices. Pourtant, les
deux termes sont souvent utilisés de maniere indifférenciée. L’adaptation sensorimotrice se reflete
non seulement par la réduction graduelle des erreurs induites par la perturbation mais surtout par
la présence d’effets consécutifs une fois la perturbation supprimée. Les caractéristiques de ces
effets consécutifs renseignent sur la nature des modifications opérées au sein du systéme nerveux
central et ainsi sur le type de processus mis en jeu pour faire face a la perturbation. Ainsi, la facon
dont les effets consécutifs sont transférables vers d’autres contextes pourrait permettre de
distinguer les processus mis en jeu durant I'adaptation.

L’adaptation prismatique est I'un des plus anciens paradigmes utilisés pour étudier 'adaptation
sensorimotrice en laboratoire. Dans un protocole typique, les performances de base des sujets
sont mesurées sur une tache de pointage manuel dirigé vers une cible et sans rétroaction visuelle.
Dans une seconde phase appelée exposition, les sujets portent des lunettes prismatiques qui
induisent un décalage du champ visuel vers la droite. Lors des premiers essais, les sujets réalisent
des erreurs de pointage dans la direction de la déviation prismatique. Les erreurs de pointage sont
alors rapidement puis graduellement réduites et les performances de bases sont retrouvées. Au
bout de quelques dizaines d’essais, les lunettes prismatiques sont retirées et les performances de
pointage sont a nouveau mesurées durant les post-tests, dans des conditions identiques aux pré-
tests. Les sujets réalisent alors des erreurs dans la direction opposée a la direction prismatique.
Ces erreurs correspondent aux effets consécutifs et constituent la preuve qu'une adaptation
sensorimotrice a eu lieu.

La littérature rapporte deux processus principalement impliqués durant 'adaptation prismatique.
Un premier processus, la recalibration (ou contrble stratégique) agirait durant les premiers essais
d’exposition et permettrait de réduire rapidement les erreurs via des ajustements stratégiques de
la commande motrice. Un second processus, le réalignement, interviendrait de maniére plus lente
et automatique, et permettrait la réorganisation des différentes cartes sensorielles, visuelle et
proprioceptive, dont la coordination a été perturbée par la déviation prismatique. Le réalignement
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serait responsable du développement des effets consécutifs et serait médié par des structures
cérébelleuses tandis que la recalibration reposerait sur I'implication du cortex postérieur pariétal.
Pour autant, il demeure difficile de distinguer la contribution respective exacte de chacun de ces
processus ainsi que leurs substrats cérébraux.

La mesure des effets consécutifs est réalisée dans des conditions qui sont différentes des
conditions d’exposition a la perturbation (e.g. cible non-exposée). Cela ne permet cependant pas
d’isoler complétement la contribution du réalignement. L’étude du transfert inter-tdche assure la
mesure des effets consécutifs dans un contexte différent: celui d’'une tache n’ayant pas été
pratiquée durant I'exposition. L’adaptation prismatique apparait comme particulierement
intéressante dans le cadre de I'étude du transfert des effets consécutifs. En effet, les procédures
permettent d’'intégrer aisément la mesure du transfert durant les post-tests. De plus, la littérature
rapporte des effets consécutifs a 'adaptation prismatique pouvant étre transférés vers d’autres
contextes. Néanmoins, les conditions nécessaires au transfert inter-tiche des effets consécutifs
ainsi que les substrats neuronaux sous-jacents sont encore méconnus.

Objectifs

L’objectif de cette thése était d’apporter des éléments théoriques a la compréhension et a la
distinction des processus de plasticité sensorimotrice. Plus spécifiguement, nous faisions
I’hypothése que I'étude de transfert des effets consécutifs vers une tadche motrice n’ayant pas été
pratiquée pendant la perturbation pouvait révéler la contribution de processus distincts durant
'adaptation sensorimotrice. Il s’agissait notamment d’investiguer les conditions favorisant le
transfert des effets consécutifs. De plus, il était question d’étudier le réle du cervelet dans les
mécanismes du transfert.

Méthodes

Au sein de nos différentes études, nous avons employé une approche comportementale a travers
le paradigme de I'adaptation prismatique, en utilisant des lunettes qui dévient le champ visuel de
dix degrés vers la droite. Nous avons construit une procédure permettant d’étudier le transfert inter-
tache entre le lancer et le pointage. Les performances sur les deux taches étaient mesurées lors
des pré-tests. L'exposition prismatique était ensuite réalisée sur I'une des deux taches, ce qui
déterminait la condition expérimentale testée (pointage versus lancer). Puis, lors du retrait des
lunettes, les effets consécutifs étaient d’abord mesurés sur la tache dite « exposée ». Le transfert
des effets consécutifs était finalement mesuré sur la tache « non-exposée », i.e. n‘ayant pas été
pratiquée durant I'exposition.

Les contributions expérimentales de ce travail doctoral sont divisées en trois axes impliquant la
procédure d’adaptation prismatique précédemment décrite, et combinant des approches
complémentaires telles que I'analyse cinématique des mouvements de pointage (études 1, 3 et
4), 'imagerie motrice (étude 2), et la stimulation cérébrale transcranienne a courant direct (tDCS ;
études 3 et 4).

Contributions expérimentales

Axe 1 : Expertise & Transfert.

Dans le premier axe, I'étude 1 avait pour objectifs d’étudier I'influence du type de tache pratiquée
durant I'exposition aux prismes sur le transfert des effets consécutifs vers une autre tache motrice
n’ayant pas été pratiquée pendant I'exposition. L'étude était séparée en trois expérimentations
impliquant un total de cinquante participants sains. Les résultats ont montré que les effets
consécutifs développés lors de I'exposition prismatique impliquant une tache de pointage étaient
transférables vers une tache de lancer (expérimentation A). Néanmoins, le transfert du lancer vers
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le pointage n’était possible que pour les experts en lancer (lanceurs de fléchettes de niveau
national ; expérimentation B). Ainsi, I'expertise sur la tdche pratiquée durant I'exposition
prismatique conditionnait la nature des processus sollicités pour faire face a la perturbation. Il est
important de souligner que I'amplitude des effets consécutifs mesurés sur la tache exposée était
comparable, quels que soient la tache pratiquée durant I'exposition et le niveau d’expertise. Une
troisitme expérimentation (C) a permis de confirmer la présence d’un transfert unidirectionnel du
pointage vers le lancer. De plus, I'analyse des mouvements de pointage a mis en évidence des
aspects cinématiques pouvant expliquer 'absence de transfert depuis le lancer vers le pointage.
En effet, durant les post-tests, la direction initiale des mouvements de pointage était biaisée (i.e.
décalée vers la gauche) indépendamment de la tache pratiquée durant I'exposition. En revanche,
on observait dans le groupe lancer une correction de la direction terminale des pointages ce qui
conduisait a une absence de transfert (i.e. erreurs terminales proches de zéro). L'intégration des
feedbacks proprioceptifs permettant la correction des mouvements de pointage en cours
d’exécution, nous suggérons que la modalité proprioceptive n’a pas été biaisée par I'exposition
prismatique chez les individus ayant pratiqué la tache de lancer lors du port des prismes.

Axe 2 : Imagerie Motrice & Transfert

Dans le deuxiéme axe, le but de I'étude 2 était d’étudier les caractéristiques de I'adaptation
prismatique réalisée par imagerie motrice. L’'imagerie motrice correspond a la représentation
mentale d’'un mouvement sans exécution concomitante. Elle présente néanmoins une neuro-
équivalence fonctionnelle avec la pratique physique : les zones cérébrales sollicitées durant
I'imagerie motrice sont comparables a celle recrutées durant I'exécution effective d’'un mouvement.
Des lors, I'imagerie motrice représente 'opportunité d’étudier la plasticité induite par les étapes de
préparation du mouvement en s’affranchissant de son exécution réelle et des rétroactions
sensorielles qui y sont associées. Quarante-quatre participants sains ont été exposés a une
déviation prismatique en réalisant des pointages réels (groupe Actif), en imaginant des
mouvements de pointage (groupe Imagerie) ou en restant passifs (pas de mouvement ni
d’imagerie; groupe Inactif). Les performances de pointage en boucle ouverte étaient mesurées
avant et apres I'exposition prismatique pour mesurer les effets consécutifs, ainsi que le transfert
sur une tache de lancer. Nous avons montré que I'adaptation prismatique par imagerie motrice
permettait le transfert des effets consécutifs depuis le pointage vers le lancer, uniquement pour les
individus présentant des capacités d'imagerie motrice élevées. En revanche, les individus du
groupe Inactif n’ont pas montré d’effets consécutifs sur la tache de pointage, ni de transfert vers la
tache de lancer. Ainsi, les résultats de cette étude suggérent que le conflit inter-sensoriel induit par
les prismes, combiné a l'imagerie motrice des mouvements de pointage durant I'exposition est
suffisant pour développer une adaptation transférable a condition de témoigner de bonnes
capacités d’'imagerie motrice. Le conflit sensorimoteur induit par I'exécution de mouvements de
pointage réels durant I'exposition ne semble pas indispensable pour développer des effets
consécutifs transférables.

Axe 3 :tDCS & Transfert

Dans un troisieme axe, l'utilisation de la stimulation cérébrale transcranienne appliquée sur le
cervelet a permis d’étudier le role du cervelet dans le transfert des effets consécutifs a travers deux
études. Cette méthode non-invasive permet de moduler I'excitabilité de la zone ciblée et ainsi de
tester de maniére fonctionnelle limplication de cette zone dans les processus adaptatifs
développés durant I'adaptation prismatique. L'étude 3 testait I'influence d’'une stimulation
cathodale du cervelet durant I'adaptation prismatique (depuis les pré-tests jusqu’a la fin des post-
tests) sur le transfert des effets consécutifs depuis le pointage vers le lancer. Vingt-sept participants
ont suivi la méme procédure d’adaptation prismatique (condition pointage) en recevant soit une
stimulation cathodale active soit une stimulation placebo. Les participants ayant recu la stimulation
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active ont montré une altération de la réduction des erreurs durant les premiers essais de
I'exposition : les erreurs de pointage étaient plus importantes dans le groupe stimulé et corrigées
moins rapidement. De plus, les effets consécutifs sur la tAche de pointage étaient plus importants
mais moins stables dans le groupe stimulé. Enfin, la stimulation a également affecté le transfert
des effets consécutifs vers la tche de lancer.

L’étude 4 avait pour but d’investiguer les effets d’'une stimulation anodale sur le transfert du lancer
vers le pointage. L'étude 1 ayant démontré I'absence de transfert dans cette condition, nous
faisions I’hypothése qu’une telle stimulation pouvait booster les processus adaptatifs et augmenter
le transfert chez des participants non experts en lancer. Vingt-six participants sains ont suivi la
procédure d’adaptation prismatique (condition lancer) et ont recu soit une stimulation anodale
active soit une stimulation placebo. Les résultats n’ont pas montré d’ameélioration du processus de
réduction d’erreurs durant I'exposition, ni d’augmentation des effets consécutifs sur la tadche de
lancer dans le groupe stimulé. Par ailleurs, la stimulation anodale n’a pas eu d’effet facilitant sur le
transfert des effets consécutifs vers la tadche de pointage. Bien que nous ayons observé des
altérations marginales au niveau de la cinématique des mouvements de pointages, les erreurs
terminales demeuraient proches de zéro dans les deux groupes, soulignant I'absence de transfert
malgré la stimulation.

Dans I'ensemble, les résultats de I'axe 3 montrent une possible contribution du cervelet dans les
mécanismes de transfert des effets consécutifs durant 'adaptation prismatique. Nous suggérons
que la stimulation puisse moduler la contribution de processus dépendant du cervelet pour faire
face a la perturbation prismatique. Néanmoins, des études complémentaires sont nécessaires pour
confirmer ces résultats et pour déterminer si cette contribution intervient durant et/ou aprés
I'exposition. De plus, des investigations supplémentaires pourront permettre de vérifier s’il est
possible d’augmenter le transfert grace a une stimulation facilitatrice.

Discussion générale et conclusion

Au regard de ces apports, cette thése souligne l'intérét du transfert inter-tdche pour mettre en
évidence la contribution de différents processus durant 'adaptation sensorimotrice, au-dela de la
mesure classique des effets consécutifs. Le développement d’effets consécutifs transférables
reposerait sur I'ajustement durable des modéles internes du systéme sensorimoteur. Ces
modifications seraient guidées par les erreurs de prédictions sensorielles et impliqueraient des
structures cérébelleuses.

Ainsi, ce travail doctoral fournit de nouveaux apports théoriques relatifs a la contribution de
processus distincts durant I'adaptation sensorimotrice a travers la notion de transfert. Ces éléments
sont discutés au regard de la littérature spécifique a I'adaptation prismatique mais également dans
le contexte plus large de I'adaptation sensorimotrice. De plus, les contributions expérimentales
soulignent linfluence de la tache pratiquée lors de l'exposition a la perturbation, suggérant
notamment qu’un mouvement ne peut pas étre adapté s’il n'est pas suffisamment appris. Des
études complémentaires seront nécessaires pour poursuivre linvestigation des conditions
favorisant le développement d’'une adaptation transférable et pour préciser les mécanismes et
substrats neuronaux sous-jacents. Ces résultats fondamentaux permettent également d’envisager
des pistes de recherches et d’applications dans le domaine clinique, visant a améliorer le transfert
des compensations acquises en rééducation vers d’autres contextes.

Mots clés : plasticité sensorimotrice, adaptation, apprentissage, effets consécutifs, transfert,
adaptation prismatique, modéles internes, cervelet, tDCS, imagerie motrice
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