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Title: Study of neurocognitive processes involved in inhibitory control, working memory
cognitive flexibility, and learning in normal apdychiatric children, adolescents, and adults.

Abstract:

The aim of this thesis was to study inhibitory control (IC), cognitive flexibility (CF), and
visuospatial working memory (VSWM) involved in typical and atypical neurodevelopment.
Using spatialmai gati ons protocols based on a O6Virtue:
five studies grouped in three thematics:

The first thematic, concerned the study of neurocognitive performances in young (YA)
and older adults (OA) using the Walking Corsi T@MtalCT). The first, behavioral study
concerned age and sex impact on VSWM, mental rotation, and cognitive strategies during
navigation. We found that spatial cognitive performances like VSWM, mental rotation and
cognitive strategies were modulated by agel sex. In the second study, we recorded
neurophysiological activity using the functional nedrared spectroscopy (fNIRS). We found
that agerelated decline in VSWM is reflected by dorsolateral prefrontal activation and
cognitive capabilities. We fourtiat VSWM and cerebral oxygenation during the encoding are
affected by age. Moreover, cerebral oxygenation and performances were modulated by the type
of space (near space and far space) and related to different cognitive functions.

The second thematic,oncerned anticipatory orienting strategies and trajectory
formation during replanning in a Goal Oriented Locomotor T&®LT) in children with
Cerebral Palsy (CP), typidgldevelopingchildren, and adults. We found different navigational
disorders in CBubjects. These differences were classified in threggulps of subjects: those
with major navigation disorders (high trajectory variability and abnormal head orientation
profiles); those with minor navigation abnormalities generating consistent oragsctand
those who did not differ from controls in any navigation parameter, despite their gait. This
classification has important implications for implementing rehabilitation and should therefore
address navigation, not only gait.

In the third thematic, we studied the development of IC and CF in children and
adolescents with typical neurodevelopment (TD), developmental coordination disorder (DCD),
attention deficit and hyperactive disorder (ADHD), autism spectrum disorder (ASD). We
designed a new experiment al protocol named t
The VHLM required to overlearn a path to reach a target and replan a new trajectory after
blocking the previously overlearned path. We analysed quantitative behavieuables such

as tangential velocity, latencies, heaukest orientation before and during locomotiorfirat
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published study allowed us to identify behavioral indexamptilsivityduring the replanning

of a new pathin a new extensive study, wedesignea t ask of fAnegative pr
to assess IC and CF. A total of 109 participants were enrolled in the study whose data are being
analysed.

Additionally, five ongoing projects are related to the results of the thesis: a) A study of
visuospatialme mory defi cits i n ADHD <children, using
Italy; b) An electroencephalography study for assessiragn activity during locomotor
replanning with the/HLM in Brussels, Belgiumc) Visuospatial memory in vestibular and
vertiginous patients using the WalCT in a clinical setting in P&mance,d) Artificial
intelligence methods for quantification of data analysis, in QUytaoccqg and e) Exploring
Gregarious Positioning behavior, CF and IC usingMh&M in Hospital Sdpétriere Paris,

France We hope that these paradigms and our findings, may provide new tools for the
diagnostic and remediation for children with neurodevelopmental disorders, and the study of

aging processes in elderly persons and their pathologies.

Keywords: inhibitory control, spatial navigation, executive functions, spatial cognition,

cognitive flexibility, visuospatial working memory, neurodevelopmental disorders



Titre : Etude des processus neurocognitifs impliqués daosngdle inhibiteur, la flexibilité
cognitive de la mémoire de travail et I'apprentissage chez les enfants, les adolescents et les
adultes normaux et psychiatriques.

Résumé:

L'objectif dela these était d'étudier le contrdle inhibiteur (IC), la flexiikbgnitive (CF) et la
mémoire de travail visuospatiale (VSWM) impliqués dans le développement typique et
atypigueE n s 6 a p pdasypmtocblesslainavigation spatiales basés sWfirtual Carpet
Paradigm(VC) ». 5 étudessont rapportées etgroupees el thématiques

Dans la premiere thématiquaen ainclus deuxarticlespour étudier les performances
neurocognitives chez Igsunes adultefrA) et lesadulteOA) a l'aide du WalCT. La premiére
étude comportementadudiait I'impact de I'age et du sexe sur la VSWM, la rotation mentale
et les stratégies cognitives's dela navigationOn aobservéue les performances cognitives
spatiales telles que VSWM, la rotation mentale et les stratégies cogsitiveaoduléegar
I'age et le sexe. Dans la deuxieme étutheaenregistré I'activité neurophysiologiqgeice a
la spectroscopie fonctionnelle dans le proche infrarouge (fNIR&gtivation préfrontale
dorsolatérale et les capacités cogniti@eonfirmé urdéclinde a VSWM lain®que | 6 ©¢g
le VSWM et 'oxygénation cérébrale lors de I'encoddgexygénation et les performances
cérébrales étaient modulées par le type d'espace (espace pspat lointain) et liéemux
fonctions cognitives.

Deuxieme,on a étudié les stratégies d'orientation anticipatoires et la formation de
trajectoire lors de la replanification chez des enfants atteints de paralysie cérébrale (PC), des
enfants typiques et des adult®n atrouvédestroubles de la navigation chez lesetsjCP.

Ces différencesontclassées en trois segsoupes troubles majeurs de la navigation (forte
variabilité de trajectoire et profils d'orientation de la téte anormaux); anomalies de navigation
mineures générant des trajectoires cohérermgas; de iférence avec lecontrble. Cette
classification a des implications importantes pour la rééducation et devrait aborder la
navigation, pasjuela démarche.

Troisieme thématiquan aétudiéle développementudCl et deCF chez les enfants et
adolescents pséntant des troubles typiques et développementzamme le trouble
développemental de la coordinatidrDC), le trouble déficitaire de I'attention et hyperactivité
(TDAH), le trouble du spectre autistig(ESA). Un nouveau protocolexpérimentaést congu,
nommé« Virtual house locomoteur maf¥¢HLM) ». Le VHLM sollicite desurapprendre un
trajectoirepour atteindrda cible et replanifier une nouvelle trajectoire aprés avoir bloqué le

chemin précédemment surappriBes variables coportementalescomme la vitesse
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tangentielle, les latences, l'orientation {ptétrine avant et pendant la locomoti@ont
analysés.La premiére étude nous a permis d'identifier des indices comportementaux
dimpulsivité lors de la replanification d'un noeau parcoursUne ®bauche dobdart
laquelle on aadapté une tache d'amorcage négatif au VHLM pour évaluer IC é&uCbtal,
109 participants ont été inscrits a I'étude dont les données sont en cours d'analyse.

De plus,5 projets en cours sont li@aix résultats de la thesa) Une étude des déficits
de la mémoire visugpatiale chez les enfants TDAH en utilisant le paradigmeuiCity' a
Pise Italie, b) Une étude électroencéphalographique pour I'évaluation de I'activité cérébrale lors
de la relanification locomotrice avec le VHLM de Bruxelldelgique,c) Mémoire visue
spatiale chez des patients vestibulaires et vertigineux utilisant le WalCT dans une clinique a
Paris, France,d) Méthodes d'intelligence artificielle pour la quantificationl'dealyse des
données, a OujdaMaroc, et e) Exploration du comportement de positionnement grégaire,
flexibilit® cognit iavVade adutvVHLM@& il'hdpital Balpétiie®aris,c o g n i t
France Nous espérons que ces paradigmes etddosuvertes pourront fournir de nouveaux
outils pour le diagnostic et la remédiation des enfants atteints de troubles
neurodéveloppementaux, et I'étude des processus de vieillissement chez les personnes agées et

leurs pathologies.

Mots clefs: contrble nhibiteur, navigation spatiale, fonctions exécutives, cognition spatiale,

flexibilité cognitive, mémoire de travail visuospatiale, troubles neurodéveloppementaux.
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FOREWORD

Generalobjectives

The aim of this thesis was to study inhibitory conffi@), cognitive flexibility (CF), and
visuospatial working memor@WM) involved in typical and atypical neurodevelopment. We
explored, mainlyusingbehavioral paradigms, the brain procedgsgslved in the capacity to
choose appropriate behavior, and plan or replan a~ggatal locomotor trajectory using either
a) sequences of visual targets, b) inhibition of unpredicted changes of tfeengaglreplanning

of previously over perfected learned pathrs children, adolescents and adulihiesetwo
behavios have been progressively perfectatbughoutEvolution.

On November the 24th, 1974, after a fruitless day of searching for newnsiteshot
African savannalfat Hadar, Ethiopia), a group of archaeologists led by Donald Johanson and
Tom Gray made an astonishing discovétrgonsisted o collection of fossilized bones which
they realized dated to about 3.2 million years ago. Thigappretrieved skeleton was later
identified as arAustralopithecusfarensiswhich was a key elemeirt understanding human
evolution (Jungers, 1982)Indeed, ucy 6 s skel eton indicated tha
walking upright. Therefore, she is evidence of a walking gait that was bipedal (i.e., walking on
two feet) and upright related to modern humans (and other hominin species). The story of Lucy
and her dscendance told by their fossilized remains make us a witness to the challenges that
they faced. In fact, bipedalism extended the perception of their surroundings for spatial
navigation. This upright position was crucial in a drier climate when rainfonests being
replaced by savannahs and safety could only be guaranteed by scanning thédrgratential
danger Thus, the radical change in environment and the need fepresiérvation seemed to
have been the trigger for this shift of behayB®onnefille et al., 2004)t appears that a crucial
moment of human evolution was this transition from quadrupedalism to biped&8icémnitt,

2003) Lucy's discovery suppad the hypothesis that bipedalism preceded encephalization
(Wittman & Wall, 2007) Further brain expansion and reorganization in cortical areas such as
prefrontal, parietal, temporal, and occipital provided our ancestors with the evolutionary
advantage for develoggnocomplex mental functiongBailey & Geary, 2009; Schoenemann,
2006) These omplex mental functiongre defined as a set of neurocognitive processes
involved during high levels of information integration, in the acquisition of knowledge and in
reasming (E. K. Miller & Wallis, 2009)

If we imagine a normal day in the life of one of our ancestors, we can picture a hunter
gatherer about 1.5 million years ago struggling to survive. Tmeptex mental functions
sharpened by evolution wetested and challenged while hunting local game. The pursuit of

prey can be defined i-onr isecniteendt itfd sk ot.e rDsr iansg
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tracking of prey (e.gspatial foraginy it wasimportantto avoid obstacles artd memorize

the specific geographic and physical characteristics of the environment and of the previously
found paths or traveled rout@hese capacitidsr identifying their surroundingare known as
spatial cognition abilities. Spatial cognitive abilities are essemtiaghe exploration and
exploitation of the environment during navigatigBabayan et al., 201 Qur ancests,
developed many different mental capacities which proved vital for survival. These capacities
were involved in simple daily tasks such as the preparation of the tools and weapons (primitive
spears, bow and arrows), planning of the strategies beforduasimd) the hunt, and selecting

the right time to behave or inhibit inappropriate actions. They were somehow a guarantee to
thrive while facing the adversities in complicated andthiieeating situations.

Nowadays, the conditions changed from the primitcontext of human beings to
modern day society. We do not need to hunt for our food or hide from predators to survive, but
we are challenged every day by activities that require cognitive efforts such as social
interactions, decision making, scholarlyska, or even driving home safely. This requires
cognitive flexibility (also called mental shifting amental flexibility) which refers to the
capacity to shift between cognitive strategies for dealing with unexpected problems or
circumstancegScott, 19@; Uddin, 2021) This requires the ability to select pertinent actions
and to stay focused and pay attention to our goal while avoiding irrelevant distractions or ignore
automatic or inappropriate responses. Hidity has alsdeenidentified, in the brain, aseing
part of theexecutive functions.

Among all functionalneurocognitiveproperties which appeared during evolutitd,

WM andCF play an important role because they are involved in crucial activities that required
selection, decision making, reasoning, and maintaining, adaphmifling, updating, or
replanningcognitive control during goatorientedtask, which will be a major foc of the
present work.

Executives functions are considered to be the determinant of mental and physical health
(Allan et al., 2016; Diamond, 2013; Moffitt et al., 201Psychologists, neuropsychologists,
and psychiatrists evaluate executive functions to establish the correct functioning according to
neurodeelopmental characteristics (i.e., sex, age, and educational level). These examinations
facilitate the detection afisordersand conditions that impair the typical functioning of the
cognitive processds propose intervention for reeducation or rehatiba Papefandpencil
tests and computerized adaptations are often used to estimate inhibition control (Stroop test,
go-no-gotest, Wisconsin card sorting test.gtc

Executive functions imply several memory systel¥d, episodic memory, semantic

memoryandprocedural memoryorking memorys considered to be a cognitive system that
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allows us to remember information for manipulating it for a short period of time when

performing complex tasks or having to replan our act{@nd8addeley, 1998, 2012)

Origin of the thesis

This thesis is the result of a very large set of cooperations. It was initiated by a cooperation
between PrAlain Berthoz in the College de FrarexedDr Jacques Fradin (Institut de Médecine
Expérimentale- IME) with the contribution of DiCamille FrangoisThe IME generously
granted a research contrgae{manent contracCDI) to Alexander Castilla. The challenge was

to try andfind experimental paradigms that could allow a behavioral assesof two distinct
psychesocial behaviors: dominance and submisgjbefrancois et al., 2011, 2013Yhe
hypothesis was formulated that normal subjedi® had these two different psycisocial
profiles(i.e.,dominance and submissipwould show very different behaviors in an appropriate
visuo-spatial task. This would be specifically clear in a task implilgavioral inhibitionand
replanning As an example, it was supposed that during encodisgatial array wh a goal
orientated tasklominantsubjects would have averall globalscan and memory encoding of

the arraywhereasubmittedsubject would only narrowly encode and leaseguential path

When prevented from doing an overlearned trajectory to a gjuahthe dominant subject
would easily change the rule and generate a new trajectory inhibiting the learned trajectory and
using mental flexibility to organize new patdowever, sibmitted subjects would stick to the
leaned path (theule). This led to he design of a new paradigereated by Alexander Castilla
which differs from the classical Walking Corsi Talk and the Magic Carpet previously used
(Belmonti, Cioni, et al., 2015; Berthoz & Zaoui, 2015; Perrochon et al., 2BiB4ysed, in the
College de France, the Virtual Carpet designed by Mohamed Zaoui and Alain Berthoz and
created the Virtual House Paradigm (see description bel®art 1) which allowed the study

of replanning and inhibition in the locomotor visspatia space.

Following these preliminarnattempts,the paradigm was installedt the Hospital
Salpétriere Oépartementdp sy chi atri e de | Quadeftheditectientd?. de | 0 8
David Cohen) with the contribution of Blean Xavier and the staff the department to explore
replanning and inhibition in healthy children and adolescents and in patients with attentional
and hyperactivity disorders (ADHD). One of the hypotheses was that ADHD patients would
show signs of impulsivityn these tasksS o explore inhibition with appropriate theoretical and
methodological toolsthe contribution of PrOlivier Houdé andPr. Grégoire Borst from
LaPsydédJniversitéof Paris Citévassolicited They accepted not only to guide the design of a
full version of tre Virtual House but to accept Alexander Castilla in their Laboratory and take

the directorship of his thesis within the Doctoral Program of their Departiestacceptation
17



his thesis was closebssociateavith Pr. David Cohen and Ddacque Fradin who accepted to
generouslyprovide the funding for ik thesis.

In paralle] a cooperation was established wttile Stella Maris children hospital in Pisa
Italy (Pr. Giovanni Cioni)to include the data ofsimilar profiles of children with
neurodevelopmentalisorders Alexander Castilla contributed to two projects relevant to the
guestion of planning and inhibition: a) a replanning locomotor taskdeveloped with Dr
Vittorio Belmonti on healthy children arderebral palsyCP) patientsandb) a A Vi rt ual
paradigm (Thesis of Benedetta de Luch282). The first of these two studiésattached to
the present thes{see annex 2) , including thelgished papefDel Lucchese et al., 2021)

An intense cooperatiowas also developed by Alexander Castilla during the thesis
period with Dr Bernard Cohemnotorhinolaryngologisand director of a master program in
the medical Faculty of Hospital Saint Antojrfer the study of visugpatial memory in
vestibular and wiginous patients.

Finally, acollaboratiorto use artificial intelligence methods for the treatment and analysis
of the experimental data was established withNRthammed Rahmoune and his student
Ihababdelbasset Annaki frorthe Ecole Nationaledes Sciences Appliqguée@Jniversité

Mohammed PremieOujda Maroc).

Organizationof the thesis

We will briefly review the recent literatumn a) cognitive development, l@xecutive functions
andc) spatial cognition, and, because our work has involved both adults and children, we shall
also consider neacognitive development aridur main pathologiesThespecificpathologies
that were included¢oncernDevelopmentalCoordinationDisorder (DCD),Attention Deficit
and HyperactiveDisorders (ADHD, Autism Spectrum Disorder (ASDand CerebraPalsy
(CP)

First, we willintroducethe cognitive developmetheoryproposed by Jean Piageid
more specificallywe will detail histheory concerning the cognitive and spatial development
We will also discuss theontemporary perspectisef cognitive developmerstuch as the Three
system theory of Olivier Houdé.

Concerningexecutive function, we wilspecify theories, concepts, and experimental
works regarding these mental processes. Then, we will review someegarkiinghow the
brain perceives and guides actions in different action spaces (e.g., near and far spaces), as well
as how it processes and integrates the spatial reference frames during spatial navigation and
problemsolving (e.g., ego/allocentric referentialriras)including WM (Corsi blocktapping
task). However, these traditional evaluations are limited in terms of-saftal cognitive
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processing of the information. In the present workweeeinspired by recent work in which,

for example, a clear distinom in cognitive performance has been demonstrated when
comparing the same tasktime reaching space and navigational sp@iecardi, Bianchini, et

al., 2014; Piccardi et al., 2010, 201Mpreover, the acquisition of higlevel spatial processing

(i.e., shifing from egocentric to allocentric references frame) are related to the brain maturation
process, and linked to the development of executive funci{Besmonti, Cioni, et al.,
2015)These findings suggest a hypothesis that different brain networks are involved in the
cognitive treatment of distinct action spaBennequin & Berthoz, 2017)

Following the theoretical and experimental background of the dieartave will
discuss our precise objectives and hypothddext, we will describe the paradigm, the
protocols and the experimental setup designed to explore the spatial navigation athkties.
we will examine the data analysis and data processing and experimental subjects.

Afterward, we will present the scientific articles published and submitted to- peer
reviewed indexed journals, together with the articles in preparation for submissioe. Thes
articles are grouped ithree thematic a) Developmental exploration of spatial cognitive
capacities and brain activity in healthy adults using the WalCT, b) Replanning following target
shift during locomotionandc) Inhibitory control and cognitive figbility in the visuospatial

locomotor task

In thefirst thematic, our research studied the exploration of spatial cognitive capacities
and brain activity in healthy young and old adults using the WalCT. Two scientific articles were
published: thefirsar t i cl e was <cal | ed n-gpagtial wakmg mesnerx | mp a
(VSWM) , ment al rotation ( MR), and cognitive
2022). The article was aiming to study spatial cognitive abilities such as VSWM, MR, and
cognitive strategies during typical aging using a goaénted locomotion task. The second
ar t i c lredatedi deglime in visuspatial working memory is reflected by dorsolateral
prefront al activation and cogni tily2020c apabi
investigated the effect of age on cerebral oxygenation in the VSWM tasks according to space

(reaching or navigational).

In the second thematic we aimed to studyeplanning following target shift during
locomotion in children diagnosed witlerebral palsy (CP)For this, we conducted a research
entitled: Goaloriented locomotion in children with spastic diplegia: Anticipatory orienting
strategies and trajectory formati@@astilla, Berthoz, Cioni, et al., 20223@hree main research

guestions are posed: 1) Can we detect disorders of anticipatory orientation and/or trajectory
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formation in subjects with spastic diplegic CP?, 2) Are navigation skills distinctimglaired
in spastic diplegic CP, independently from gait disorders?, 3) In contrast to independent
locomotion, does accompanied locomotion help subjects with spastic diplegic CP cope with

their perceptual and balance disorders, allowing them to getetéde trajectories?

Thethird thematic is related to the exploration of thehibitory control and cognitive
flexibility by means of a visugpatial locomotor taskWe will present a published article
named: A New Paradigm for the Study of Cognitive Flexibility in Children and Adolescents:
The AVirtual Hous e L (Casilanat &l.02021d\lhiz aeticle ig avhEML M)
protocol for assessing the capacities of planning and replanning trajectories and to study
inhibition and mentalléxibility using a spatigemporal index by the means of measuring
kinematic behavior (i.e., trajectories, tangential velocity and head direction) during spatial
navigation in healthy childreddditionally, we will present the draft outline of anotherchet
which discussed thexecutive functions and the role of inhibition involved in spatial navigation
in typical and psychiatric children, adolescents, and adu#iig the VHLM. This paper is
being drafted and is expected to be submitted at the en@2f 20

Finally, in the last part of the dissertation, we will integrate our results and discuss them
according to the theoretical background in order to synthesize the relevant findings. Future
perspectives of research will be considered in the conclusion.
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ABBREVIATIONS

ADHD: Attention Deficit Hyperactive Disorder
ASD: Autism Spectrum Disorder

BTS: Basic Trajectory Software version 1

Cb: Patients affected by cerebellar pathologies
CBT: The Corsi Block Test

CCTT: Color Trail Test CTT

CFI: TheCognitive Flexibility Inventory

CP: Cerebral Palsy

CPa : Cerebellar Patients

CPM: ColoredProgressive Matrices

DBSCAN: DensityBased Spatial Clusteringf Applications With Noise
DCC: Dimensional Change Card Sort

DCD: Developmental coordination disorder
DSM-V: Diagnostic and Statistical Manual of Mental Disorders fifth edition
EC: Eyes Closed

e-CBT: Electronic versn of theCorsi Block Test
EEG: Electroencephalogram

EFs: Executive Functions

EMG : Electromyography

EO :Eyes Open

FMRI : FunctionalMagnetic Resonance Imaging
fNIRS: functional Neatinfrared spectroscopy
GMFCS : The Gross Motor Function Classification System
GOLT : goatoriented locomotor task

GWAS: Using genome association studies

HAC : Hierarchical Agglomerative Clusteg

IMD: Internal model deficit

LIP : Lateral Intraparietal Area

LTL: Left Temporal Lobe

LTM: Long Term Memory

MABC: Movement Assessment Battery for Children
MCBT : an electronic version of th@orsi Block Test
MCBT : Modified Corsi Block Test

MCI : Mild Cognitive Impairment.



MR : Mental rotation

MRI : Magnetic Resonance Imaging

MRT : Mental Rotation Test

MTL : Medial Temporal Lobe

M-WalCT : Modified Walking Corsi Test larger version/xém with 18 squares of 3x3 cm
(Nori et al., (2015))

MWCT : Modified Walking Corsi Test

NEPSY II: The developmental neuropsychological assessment, second edition
OA: Older Adults

OA-F : Older Adults Female

OA-M : Older Adults Male

OH : Healthy older subject

OLM: Object Location Memory

RIRB: Restrictive and repetitive behavior

RTL : Right Temporal Lobe

SOPT: The SelDrdered Pointing Task

SPA Score Point Attribution

STM: Shortterm memory

SWM : Spatial Working Memory

TCT : Triangle Completion Tasks

TD : Typical neurodevelopment

TDR :topographicatielayedrecall

TEA-Ch: The Test of Everyday Attention for Children
TL : Topographical Learning

TMT: Trail Making Test

TSTM : topographical Shoterm Memory

V1: Primary visual cortex

V2. Secondary visual cortex

V3: third visual complex

VC: The Virtual CarpetM paradigm

VHLM : The Virtual House Locomotor Maze Protocol
VR: Viewpoint Recognition

VSA: Visual-Spatial Assessment

VSDR : Visuo Spatial Delayed Recall

VSL : Visuo-Spatial Learning
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VSTM : VisualShortTerm Memory Test
VSWNM: Visuospatial Working Memory
VWalCT: Virtual Walking Corsi test
WalCT: Walking Corsi Test

WCST: The Wisconsin Cat8orting Test
WM: Working memory

YA -F: Young Adults Female

YA: Young Adults

YA-M: Young Adults Male

YH : healthy young subject
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GENERAL INTRODUCTION
This dissertationvasorganized in four main parte present the main topics and elements of
the study. In the first part of the dissertation, we provided a brief theoretical background
concerning four main subjects of the study \kh@re cognitive development, executive
functions (EFs), spatial cognition, and neurodevelopmental disorders. The objective of the part
| is to present a short synopsis of the relevant literature to establish the context of the research.
In part 1l of the dissertation, we described the methods sedcimhwe presergd the
paradigms and protocols designed to explore the spatial navigation abilities. Moreover, we
detailed and illustratethe procedure as well dse experimental setups used to recibrel
locomotor trajectory of the participants.
In part 11l of the dissertation, walsopresenédthe experimental results and the research
articles published idifferentindexed journalsincludingthe draft ofoneatrticle in preparation
for submissionThe section is divided into three thematic: a) Developmental exploration of
spatial cognitive capacities and brain activity in healthy adults using the WalCT, b) Replanning
following target shift during locomotion, and c) Inhibitory control and cognilebility in
the visuespatial locomotor task.
Finally, in part IV, we discussed the stuce s 6 aneé thalimplications of these
findings according t@ general theoretical framewoM/e proposed future perspectives, and
we opened the discussion farther investigations based on our findings
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PARTI: I NTRODUCTI ON AND ETAT DE LO6ART
In this section, we will focus on four aspeaf human cognition such as a) cognitive
development, b) EFs, c) spatial cognition and d) neurodevelopmental disorders.

a) First, weintroducedthe theories and concepts regarding the scientific stidy
cognitive development. Wstartedby presentinghe pioneer works of Jean Piaget regarding
cognitive and spatial development in children and adolescents. Next, we d#¥scribe
contemporaneous perspectives know as-pagjetian perspectives of cognitive development
andIC proposed by Olivier Houdé.

b) Concering EFs, webeganby preserihg a brief historical introduction of EFs
followedby its definition and its components. Then, describedhe three main cores of EFs
such a3C, WM andCF based on the concepts proposed by Adele Diamond (2013). Next, each
EFs corewas discused individually presenting the definitions, the principal theories,
assessment, and how each cognitive function developed during childhood.

c) Next, we providel the seentific literature of spatial cognition that weelieved
relevantfor understanding the background of the dissertation.|yirste definel spatial
cognition.Then weoutlined different spaces of action (i.e., near action space, far action space,
andenv r onment al action space) and its differe
model , Cutting and Vishtonds moetd¢he diflerend Pr ev
spatial reference framewakuch as egocentric, allocentric and heterocemtdditionally, we
preseredthe experimental background of spatial navigation regamietipodsused to assess
visuospatial working memory (VSWM) in the near action space and far action such as the Corsi
blocking test (CBT,)the Walking Corsi test (WalCTgndwe analyzedhe resultsMoreover,
we proposedsubsequent improvement in the assessment of spatial navigation by means of the
Magic Carpet Paradigm. Finally, vdescribedhe neural bases of cognitive strategies during
the WalCT.

d) In the last part of theniroduction, we presead four main neurodevelopmental
disorders studied in the dissertation such asléwelopmental coordination disorder (DCD),
Attention deficit and hyperactive disorders (ADHD), autism spectrum disorder (ASD) and
cerebral palsy (CPEach disordewasdescribedaccording to aiagnosis criteriojtheetiology

and is EFs profile.
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I.1. Cognitive development

.1.1. P i a gtlebryoscognitive development

One of the mostamouspsychologists of the XX century was Jean Piaget (188D). His
contributions impacted multidisciplinary fields dedicated to studying developmental cognition
such as psychology, cognitive neuroscience, and educRimyet, 1947, 1983Hedeveloped

different research methods and conducteerées of experiments to study and determine the
development of intellectual capacities in children and adolescents. Piaget was interested in how
children solve problems and what kind of errors they make while resolving them. His
constructivist perspectivadically opposed the classical point of view of the stimuésponse

proposed by the behavioraligach as Ivan Pavlov (184386) and John B. Watson (1878

1958) I nst ead, Piagetds perspective considered

ler, ni ng process and fAacquisitiono.

Accordingtohim, a chi |l dés cognitive capacities ev
to adulthood in a linear and an accumulative mode passing by a series of progressive stages in
a hierarchic order (i.e., in a staage model). Piaget suggests that cognitive development is
possible due to the interaction of four mechanisms. These mechanisms are brain maturation,
the manipulation of real and abstract objects, social interaction, and equilibration. According to
him, bran maturation is the natural development of the brain which opens new possibilities for
the development of intelligence. However, Piaget believes that brain maturation is essential but
not enough for cognitive development. He believed that the interadtmther factors such as
the physical experience and social interaction are fundamental for development. Concerning
equilibration, Piaget defined it as a cognitive capacity to deal with conflicts or differences
between the information acquired through eigree and new information. Essentially,
equilibration is the balance between assimilation and the accommodation of the information.

According to Pisehgracodcspt (Leh elusteryof ideash anit of
understanding is a key element foe ttonstruction of the development throughout the stages
The schemarefers to the organization of knowledge by the mechanisms of assimilation and
accommodation. Assimilation is defined as a cognitive mechanism that allows us to include
new information fronthe environment necessary for constructing knowledge. Accommodation
is a cognitive process of adapting or changing previous knowledge based on the new

information. These two processes open the possibility to incorporate information into a schema
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or createa new onéPiaget, 1947)These stages were categorized from elemental sensorimotor
capacities to the more sophisticated cognitive capacities.

Piaget(1947)proposed four stages of human cognitive development presented in a stair
mode (step by step): the sensorimotor stage, the preoperational stage, the concrete operational
stage, the formal operational stage:

The sensorimotor stagézero to two years) (Stage 1) is the first stage of development in
which the child learns through interacting with the world using the five senses and motricity
(motoric scheme). In the sensorimotor stage, the newborn reflexes such as grasping, and
suckirg are stimulated or triggered by the sensorial experiences (e.g., sound, light, touch, etc.,)
allowing them to develop schemas. The schemas in this stage are patterns of behaviors that
become more sophisticated progressively to voluntary actions. Fondaste their first
mont hs, a child builds a relationship with o
the child can see ito. Around eight mont hs o
to exist even when the object was hiddesm them (i.e., object permanence). This object
permanence was developed thanks to the searching of the objects to attain a goal. The
construction of reality evolves from depende
Or epr es e ngeace bythe meansmftcredtimgia mental version of the motoric scheme.
This supposes that children can imagine themselves doing actions before doing them. Thus,
previous experiences provide the elements for the imagination of future scenarios. This is a
crucial moment of the end of the sensorimotor stage, marked by the beginning of the capacities
of abstraction. In conclusion, the milestones or achievements in the sensorimotor stage are

object permanence, geatiented actions, and deferred imitations.

The preoperational stage(two to seven years) (Stage 2) is characterized by the
development of linguistics aptitudes and the capacity for representing the world (mental
representation), the use of the symbolic thinking (more intuitive than logical), andam&go
point of view with difficulties to take in consideration the third point of view. In this stage,
using the child tends to focus the attention on dominant features avoiding general aspects
Opercepunod | i ke the high of a gl ass.

Forinstanceu si ng t he fAdAbeaker tasko, Piaget i den:
the same quantity of water in glass A (normal glass) is transferred to glafieBatd thimer
than glass A), the preschoolers will focus their attention on the height gt attributing

more quantity to the glass B. Additionally, during this period, the child tends to consider
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i nani mate objects (e.g., teddy bear) as | ivi
This can be interpreted as a difficulty to diglish between reality and fantasy. Progressively

in the preoperational stage, the child internalizes the experiences with the world through mental
operations based on the previous experiences
drawing objets by heart. For example, in the symbolic game (using the imagination) the child

pl ays with objects attributing other objects
capacities of abstraction developed during the internalization of thd wirhelp the child to

acquire more advanced reasoning skills.

The concrete operational stag@seven toapproximately eleven dwelve) (Stage 3) is
characterized by the acquisition of logical thinking (reasoning), the understanding of the notions
of number, and physical (concrete) proprieties of the objects like weight, volume, and height.
The c¢child understands the concept of Aconse
change when its physical appearance chengeA c | ear e x ampnlseerivsatti loen 6
now the child realizes that the same quantity of liquid does not change when is in glass B (tall
and narrow), or glass A (nor mal gl ass) . Th
reversibilityd of t he ean<sthattieerchilbis capaderatiankina per a
backward manner to sol ve a probl em. Addi t
6classificationdéd are developed in this stag
arrange objects according to dimensi s |, l engt h, and thickness.
concerned with the ability to categorize elements according to their size, shape, color, function,
etc. In this stage, mental flexibility starts to take part in the resolution of the elemental problems.
However, the concrete operational stage is limited in terms of the lack of hypakbetictive

reasoning acquired in the formal operational stage.

In the formal operational stag€¢from twelve to adulthood) (Stage 4), logical thinking
evolves into hypothat-deductive reasoning. The use of hypothdiductive reasoning allows
us to obtain conclusions 06i nf ethenhar evilénceb as e d
During this stage, the resolution of a particular problem becomes more sophisticated in
comparison to the previous stage. On one hand, the adolescent can apply a series of
combinations of logical rules and examination of variables during the hypothesis testing. On
the other hand, the adolescent can judge the validity of the inference®pasgexa conclusion.
In the formal operational stage, adolescents understand and conceptualize abstract ideas such
as politics, philosophy, ethics, and morals. The propositional thinking based on the logic of the
statements is a developmental milestondenformal operational stage. Piaget suggested that
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efficient reasoning in the last stage of development is characterized by greater mental flexibility
and the ability to understand the multiple perspectives of others. Piaget considered that logical

mathemécal development is essential for the development of other cognitive domains

.L1.2.Pi aget 6s theory of spatial devel opment

Piaget was patrticularly interested in understanding how children acquired and develop spatial
capacities.He publishedtwo books based on series of experiments concerning spatial
development of childre(Piaget et al., 1948; Piaget & Inhelder, 1948ipget considered that

the development of spatial capacities is built progressdeghending othechildd experience.
According to Piaget, the spatial reasoning is acquired from initial stages of the development
and continus toevolve throughout adolescence. Piagaggestedhat there are three types of
spatial relationships in the development of spatial reasoningoplaéogical representations,
projective,andEuclidean concepts

Thetopological representatianare initially developed by children, and it is considered
to bethe ability to represent an object isolated of the context based on their perception. This
ability involved representing an object outside of a comprehensive system or organized layout.
Piaget distinguished between several characteristics of the elements concertapgpkbgical
representatioa such as proximity, separation, order, and continuity. The cognitive
development of the topological representation in childygenedhe possibilityto acquirethe
projective,and Euclidean representationg\ccording to Piaget, the projective and Euclidian
representation are developed si mu(Pidgetnke ousl y
Inhelder, 1948)

Theprojective relationships described as the capacity to adopt perspectives of atheven

objects whereas thEuclidean concept®fersto the use of coordinates relative to the distances,

size, scale and involving comparison and seriation. The concgpbjelctive refers to the

ability to imagne a location from another perspectmeadapto anothepoint of view. To test

this capacityof coordinate spatial perspectiy@aget devised the three mountains task (Figure

1). In the three mountains task, the child is sitting in front of three model mountaitiseand
experimenter placea d ol | in different positions. The
viewpoint by selecting a set of pictures. According to Piaget, chilafraboutfour years old

cannot distinguish between their perspective and thé golint of view. Piaget irerpreted this

as & absencef the ability to changeiewpoints due td h e  cegdcdntiicdtandency of

spatialmanipulation.
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FigurelRepresent ation of Piagetdés the Three mou

According to Piagét sheory of the development of spaaghildren progressively
interiorize the knowledge of the environment beginning by the topological representation of
space, following by the projective and Euclidean representations. Thus, sertherimotor
stage, babis are capable of idengihg object features such as size, shapebscololintegrating
them intotheir senses. Additionally, children improve gradually the wvis@unual coordination
giving them the possibility to reach the object and manipulated thener Liat the
preoperational stages hi | dr en gradually understand the r
and distanceMoreover the projective and the Euclidean representations of space become more
elaborate. Thus, children are capable to represent spabestablish relationshgpbetween
differentobjects. Foexamplethe child understandisatthere are different possible trajectories
to reach a point in space. In this stafe spatial navigation is based on an egocentric point of
view. At the beginmg of the next stage, theoncrete operational stagéie development of
abstract thinking introdusea broader perspective gradually absorbing offuents of view
opening the possibilitie® better understanithe multitude of the different representais of
the world. However, it is important teememberthat childrei® gocentric point of view
remainsdominant andstays centeredon ther own personalexperienceslin the formal
operational stagea global perspective of space is achieuaggratinga variety ofviewpoint.

For instancea goal can be accomplishigbeing able to plan and replan (reversibility) several
options. At this stage, adolescents can consider sequences ofsaatepable ogpplying
logical thinking.

The studyof visouspatial capacities in children and adults have revealed that the
perception of the environment is developed progressively with age. Poir¢kétldl)observed

that overestimation and underestimation of lengths
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The theory proposed by Piaget was the foundation for understanding cognitive
devel opment. However, some of Piagetds i deas
the door for further investigations as well as further theoretical conceptualizaftioognitive
devel opment . One of the main criticisms of
adolescenta dul t s6 cognitive capacities &ordgt&t he un
Houdé, 2014; Houdé, 20Q0)-or instance, studies in babies suggest elaborate cognitive
capacities not predicted by (Bopaky2i2pTeglasdéte or vy
al., 2011) According to Piaget, hypothetiedéductive reasoning is only observed in the last
stage of cognitive development characterized by a proficient use ebrdghformal thinking.

However, adolescents and adults fail 60% of the formal operations taskedley Piaget
(Byrnes, 202Q)

1.1.3. PostPiagetian perspectives of cognitive development

The scientific evidence compiled in the last three decades studying cognitive development
suggest s rtchaaste tnhoed edls® apir oposed by Piaget does:s
predictions of cognitive devel opment. The ¢
early cognitive capacities observed in children (nonrelated to the hypeade€iictive
rea®ning) and the unexpected errors in reasoning (i.e., regressions) in the formal operational
stage in adolescertsd u | t s, opened the possibility of r
Alternatively, postPiagetian experimental psychologists and cogaitneuroscientists are
interested in understanding and conceptualizing new perspectives capable of explaining

cognitive development.

The contemporary NeBiagetian approach proposed by Robert Sigd!e99, 2016)
suggests that childrends reasoning is richer
etc.) than proposed within mosbgnitive development theorieSee Figure 2)Siegler
considers that during probleswolving, children have different ways of reasoning based on a
collection of strategiefSiegler, 2006)Siegler observed that these strategies competed between
them to solve a particular problem. Siegler proposes the analogous overlapping waves strategies
of cognitive development in which the acquigitiof knowledge is determined by the selection,
variation, and discovery of different cognitive strategies. Some strategies have more probability
to be used based on previous experiences. According to Siegler, a strategy becomes dominant
or frequent when & reliability is very high. For instance, if a particular strategy has a high
success rate for solving a given problem, the probability for the strategy to be reused is higher

than another alternative strategy that failed to solve the same problem. Howmrer
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sophisticated strategies or a new way of thinking can emerge when children rely on analogous
strategies or instructions. Thus, cognitive development is associated with two important factors,

age and a transfer of experier{&egler, 2016)Studies of intellectual capacities suggest that

the course of cognitive ontogenesis follows@atlinear developmentrajectory. Thisnon

linear develoment trajectoryis characterizedbg dy nami ¢ and i rregul ar
6accidental é in the ac(@#audésa019jHoude & Borstc20Tha;i t i Vv
Siegler, 1999)
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Figure22Represent ati on oy afhet {A)N Pti amigret dse t hed e |
of cognitive development from stage 1 (Biological reaction) to stage 4 (Formal thinking). (B)
Non-linear development of cognitive strategies (Siegler, 1999).

This conceptual perspective of cognitive developmems strengthened by the
experimental findings of human rationality by psychologist and economist Daniel Kahneman.
Kahneman is recognized in the scientific community for his important contributions (the Nobel
prize of the economy in the psychology of jutient in 2002) in the field of decisienaking
and human reasoning. Kahneman adopted the concepts previously suggested by Stanovich et
West(2000)about human reasoning. The idea of two cognitive systevo$sed in judgment
and choice. These cognitive systems are system 1 (i.e., Intuitive, automatic, and fast) and system
2 (i.e., |l ogic and slow). On the one hand, S
a heuristic, praactive, holistic, involed in automatic cognitive processing in the resolution of
problems, characterized by fast responses. System 1 guides us to confirm our bias removing
doubts. The heuristics responses are useful in a lot of common situations, but they are prompted

to errorswhen they are not adapted to specific problems that require alternative solutions.

On the other hand, System 2 is considered to be a logic system, more demanding in

terms of cognitive resources (i.e., attention) and to@suming but yields accurate ués
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(Kahneman, 2011)This idea of two different systems or dual processes of reasoning was also
studied by cognitive scientists such Jonathan Evans and David Ovas &wh Ove(2003)

consider that these two systems compete for the control of our dewiaking and genera
behavior . They al so define systemsdecieasf Auni:
animals. System 1 is involved in rapid decisions and spontaneous actions. System 2 is the
antagonist to system 1, it is required in hypothetitsaductive reasoning by means of cognitive
processes such &M. According to Kahneman, System 2Znsolved in the adaptation of a

new set of automatic responses in system 1. So, throughout cognitive development, new
cognitive strategies can be learned and overlearned becoming heuristic responses. System 1
helps us in a lot of situations where we neetkety on contextual automatic responses. The A

notB error task used by Piaget illustrates overlearning behavior in infants which can lead to

inappropriate responses (System 1).

In the Anot-B error task, two pieces of clothing are shown to an infaoti{cA and
cloth B) (both at the same reach distance). First, the experimenter shows an object (a toy) to the
baby. Then, the object is hidden from the in
expects the baby to seek the object underneath éldo obtain the toy. This procedure is
repeated several times using cloth A (i.esAAA-A). Then, the object is shown to the infant
and hidden under cloth B (left). Interestingly, infants continue seeking the object under cloth A
and not B(Figure 3).This behavior is attributed to a lack I&f not developed yet in infants.
Thus, the acquisition of cognitive development is related to the brain maturagianities of
the prefrontal cortex and associated with the capacity to inhibit inappropriatesegptoudé,
2000)
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Figure.Repr es ent at i-rorB ewof task. iL.@kyeet in Giesv, 2A0Dbject under cloth,
3. Infant finds object, A0bject in view, 5. Object under other cloth, 6. Infant searches for object
under first cloth.

Anot her example of automatic strategies a
equalsn u mb e r @iagktj 18%2)During the learning process of numbers and quantities,
children associate visuospatial properties with numbers. This idodtiee correspondence
between numbers and their incremental representation (i.e., one giraffe, two hippopotamus,
three crocodiles, etc.). The lenggqualsn u mber bi as i s evidenced usi
number task. In the conservation number tagken two rows with the same number of
elements but different lengths (one row having more space between elements) are shown to
children, the childrends task is to decide
objects §ee Figure 4)Until the ageof seven, children incorrectly consider that the longer row
contains more elemen{Borst & Houdé, 2014; Leroux et al., 2008)he automatization of
length equal number overleeed at school will induce errors when the strategy is not pertinent

to the circumstances (System 1).
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According to Houdé et Guichaf2001) children needa inhibit previous overlearned

strateges such as lengtequatnumber in order to succeed in the number conservation task.

This was experimentally demonstrated using an adaptation of the number conservation task to

the negative prime paradig(Borst, Moutier, et al., 2013; Tipper, 1983 the experiment,

children performed a computerized number conservation task. Children were asked to identify

whether or not the two rows have same number of elements. The experimsigal wias

divided into test and control conditions. Each condition was divided into prime and probe trials.

Il n the prime test trials, children perfor med

two rows with the same number of elements withedéht length$ long row vs short row). In

the probe test trials, two rows with different lengths and different number of elements (i.e,

longer row equals more elements) were presented to children. In the control prime trials, the

presentation of the elem&s was arranged to control the strategy (i.e., elements presented

vertically on the screen). This presentation was devised to avoid any inference on the strategy

to activate the probe trial. In the control probe trial, the rows were presented horizontally

identically as in the test probe trials and conserving the samedegqgéinumber. The analysis

was performed on the compari son between the

The results suggested a significant negative priming effeotd time for activate the right

strategy) on the test probe trials in comparison to the control probe. This means that the

inhibition process of the leng#gualnumber strategy in the previous prime test influence the

decision in the probe trials (HoudéGuichart 2001).
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[.1.4.H o u dtliréesystem theorand the role of inhibitionin cognitive development

Cognitive development is challenged by situations where System 1 (i,e., heuristics, intuitions)

and System 2 (i.e., logic thinking) are in competit{@amond, 1998; Houdé, 2019 he

winner in this cognitive competition determines the outcome. If therepasiive feedback

applying a System 1 stegy, a human being will automatically strengthen and react identically

the next time in a similar situation. However, if the individual received negative feedback or
outcome, they would consider that the strategy applied is not adapted to the probleandtri

error experience). This is why, they adapt their way to solve a problem by applying other
strategies | ogi c al rules (System 2). Thus, when ¢ty
operational stage) fail during the resolution of a reasoninglgm, rather than considering

t hem as i | | ogiDe Neys et d.h2al8)pe\ycan fcomgiet tiset as having been

mi sl ed by heuristics &édhypothesis of Presump:
(Houdé, 200Q)The equilibrium between these two cognifivecessing systems is determined

by cognitive control. Thus, valid or invalid reasoning is defined by the capacity of performing

IC (System 3)(Borst & Houdé, 2014; Houdé, 2019, 202@ystem 3 inte’enes as a
metacognitive control system blocking or stopping the heuristic system (System 1) for
activating the algorithmic one (System 2). This thsgstem theory is proposed by Olivier

Houdé based on experimental and neuroimaging SateH{gure 3.

Three-systems theory (O. Houdé)

Heuristic system
Automatic and intuitive thinking “ 1

| Reliability T Speed

Inhibitory system
Interrupting the heuristic system for

activating the algorithmic system
— Metacognitive control

Algorithmic system
Logico-mathematical 2
and analytical thinking

1 Reliability | Speed

Figure 5. Threesystems theory of cognitive brain. System 3 (Inhibitory system) in the
prefrontal cortex controls and mediates the cognitive competence between System 1(Heuristic
system) and System 2 (Algorithmic system). Syssamhibits the heuristic system and actives

the algorithmic systerfBorst & Houdé, 2014; Houdé, 2019)
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This new perspective opens the possibility to understand cognitive strategy processing
(system 1 and system 2) as regulated systems capable of debiasing (unbiasing) reas®ning. Th
idea contrasts with Evanso6 (1983) perspectiv
bias. Evans considered that biases are permanent due to the rapid and preactivated nature of
System 1. However, the theoretical framework®{system 3) ivased on empirical findings
in several cognitive and emotional domains such as object represe(Baib& Fox, 1992;

Diamond & GoldmarRakic, 1989) numerical cognition(Borst, Poirel, et al., 2013; Houdé &
Guichart, 2001; Poirel et al., 2012; Roell et al., 2019; Viarouge et al., , 2@B8)ng process
(Ahr et al., 2016, 2017; Borst et al., 2015; Houdé et al., 20dgiral reasoningHoudé, 2000,
2007; Houdé et al., 2000; Houdé & Borst, 2014, 204ba) emotional processirgite et al.,
2018; Draperi et al., 2022)

In parallel with cognitive development, brain development plays a crucial role in the
acquisition ofiC. Brain imaging studies demonstrated that the prefrontal cortex subierves
which is also associated withther highlevel capacities in the executienctions system
(WM, CPF). Using Magnetic Resonance Imaging (MRI), structural changes have been
documented in the prefrontal cortex from childhood to adolesd&asey et al., 2005 he
adequate use o€ is associated to a walleveloped prefrontal cortex. This is due to the high
cognitive cost of controlling or blocking misleading strategies. Theeg r ont all cor
maturation requires more neurobiological processes (i.e., structural architecture and functional
organization) in comparison to other brain structures and is only achieved in adulthood
(Caballero et al., 2016)

[.2. Executivefunctions: Vicarious processing of the brain

The history of the term executive functions (EFs) dates back to the nineteenth century and the
early twentieth century and it is related to the clinical stuoirepatients who were reported to

have sustained general frontal lobes damage or more specifically prefrontal cortex lesions
(Krudop & Pijnenburg, 20150ne of the most notorious cases in cognitive neurosciences was
documented by Dr. John Martyn Harlow (1848, 1868) who described a series of behavioral
disorders in a patient after suffering a frontal lesion. The tragic accident occurred when the
patentPhneas Gage was working at the railroad c
left cheek destroying the left side of the brain. After his physical recovery from the accident,
Gage presented personality changesonsibla ch as

behavi or o. However, Gagedbds cognitive functio
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133 years after the death of Phineas Gage (1883), the reconstruction of the brain damage
by means of neuroimaging techniques revealed a bilateral l@sitimee prefrontal cortex
(Damasio et al., 1994)

Herman Oppenheim (1880) and Jastrowitz (1888) documented behavioral and
emotional changes after the frontal | obe dan
formally introduced by Erich Feuchtwanger in 1923. The clirobalervations in patients with
frontal lesions allowed them to identify atypical behaviors that were not associated with other
cognitive faculties (memory, speech, or sensorimotor deficit). These atypical behaviors were
characterized as affective dysredida (irritability), personality changes, and difficulties to
learn new behavior. The conceptualization of the frontal lobe syndrome increased interest in
the study of behavioral manifestation after frontal lobe damage. However, the term EFs is
rooted in he description of the neuropsychologist Alexander Luria (1980) concerning frontal
|l obe functioning. Luria suggested that fron
programming, controlling, and verifying the activity of the brain. In 1982, MiielLezak
conceptualized the term Aexecutive functioni
problemsolving, and selfnonitoring. Lezak proposed that the frontal lobes were involved in
executive functioning of other important behavioral andmitive abilities. Alan Baddeley
(1986) introduced the term fidysexecutive sy
regarding impairment in the emotional, cognitive, and behavioral domains mainly associated
with frontal damage. Baddeley suggesteat the dysexecutive syndrome is a dysfunction of
such planning, abstract thinkin@F, and behavioral control.

According to Ardila (2008) EFs abilities are invol veq
iemotmmtniavdt i onal 6 processing. These two EFs
of the prefrontal lobes. Consistent with this idea, EFs are determined according to the presence
(Ahot component 0)ifoaodlhe admEparceocEsging®iandedmot i
et al., 2008; Zelazo & Carlson, 2012) The f@Acol do0 component of EF:
cognitive processing, vthr eas t he fAhot o component i's i nv
processing (emotional categorization positive or negative). The hot component in EFs is related
to the emotional valence of beliefs, motivation, previous learnings, and desires. In contrast to
the hot component, the cold component is related to planning,|l@/\@F (Peterson & Welsh,

2014; Roy et al., 2012)

In the last decades, the study of EFs has become an increasingly relevant subject of
research for cognitive neuroscience and cognitive science. This insecbatacterized by the
aim of understanding and enhancing the potential of EFs in people who suffer from cognitive

decline or/and accelerated their development in children and adole@&mt®nd & Ling,
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2016) Several theoretical perspectives have been proposed in order to understand the
mechanisms underlying EFB. W. Burgess et al., 2000; Diamond, 2013; Duncan & Owen,
2000; Luria et al., 1966; Miyake et al., 2000; Norman & Shallice, 1986yvever, due to its
complexity, there is still not a common agreement between reseakgbrldwide to establish
a consensual terminology, components number, and conceptualization theoretical framework
(Baggetta & Alexander, 2016; Banich, 2009; Braver et al., 2010; Chun et al., 2011; Kassai et
al., 2019; McCabe et al., 2010)

According to scientific literature, EFs are also knowexecutive contrahndcognitive
control. EFs are a set of higlevel cognitive processes involved in the control of actions,
emotions regulation, and deliberated reasoning. EFs allow us to learn, to manage thoughts, to
be able to produce innovative ideas, to reason without internal or extaerétiences in a
vicarious way(Berthoz, 2017)EFs allow us to predict the consequences of our behavior and
anticipated outcomes. EFs are high demanding in neurocognitive resources redfarirtg ef
accomplish a challenging given task. As a consensus, EFs are categorized in three main
intercorrelated cognitive faculties such I& CF and WM (Borst, 2018; Diamond, 2013;
Diamond & Ling, 2016; Lehto et al., 2003; Miyake et al., 2000; Niendam et al., 2012; Traverso
et al., 2015; Zelazo & Carlson, 2012)hese three categories of E&® the cornerstones for
higher cognitive processes like problem solving, planning, and reag@uvfims & Koechlin,
2012; Lunt et al., 2012)n addition, EFs are crucial to our integral wediing. Indeed, our
mental and physical health depends on a smooth executive functioning. Moreover, academic
achievements, prosocial behaviorgersonaigrowth and wealth are associated with the
development of EFMoffittetal.,2011) I n t hi s di ssertation, we
model of EFs based on the three components mentioned @beveond, 2013; Diamond et
al., 2007; Diamond & Lee, 2011; Diamond & Ling, 2016)

[.2.1. Inhibitory control
IC (Inhibition) is defined as an essential compured EFs(Diamond, 2013; Lehto et al., 2003;

Miyake et al.,2000) Inhibition is a cognitive function involved in the control of all kinds of
mental processes, behavior, and emotions that require suppression or retention in order to be
modulatedBerthoz, 2020b)Iinhibitory control allows us to stop or block strong learned habits,
internal or external inappropriate impelling, and resist attractive lures. Thus, a key
cognitive process that allows us to be focused, avoiding distractions or mental dispersion, but
at the same time, allows us to disengage from mental processes (hyperfocus atterep3.

us to coordinate behavior in order to adapt to any environmental changes, and to be able to exert

our free will. IC is an essential brain mechanism that costrat regulates overlearned
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automatic strategies, giving us the possibility to active cognitive capacities in order to reflect
properly(Borst & Houdé, 2014; Houdé, 2019; Houdé & Borst, 2014, 2016k} required in
different levels of informatioprocesing, from the selection of the information (basic process)

to the execution of the response (higher level pro¢Esgdman & Miyake, 2004; Nigg, 2000)

It is possible to argue that inhibition is a powerful mechanism provided by evolution. Tt
allows to reorganize the brain networks inxgd in cognitive and behavioral capacities
(Berthoz, 2017, p. 97)We can considdC as being the aptitude that enables us to achieve our
goaloriented behavior by suppressing strong irrelevant respo(Bas & Robbins,2013;
Houdé, 2001, 2004; Luna, 2009)

There is a large and growing body of published studies describing the i@leasfa
fundamental aspect in the decisimaking procesgCassotti et al., 2016; Constantinidis &
Luna, 2019; Shenoy & Yu, 201,13heory of mind (i.e., ability to understand feelinggughts,
emotions of other peopléLCarlson et al., 2013; Carlson & Moses, 2001; Perner et al., 2002)
reasonng (Houdé, 2007; Houdé & Borst, 2015kyeativity (Camarda et al., 201&nd the
ability to take a thireperson perspectiv@ite et al., 2016; Thirioux et al., 2014)

1.2.1.1. Taxonomy of Inhibitory control

Taking in consideration the findings suggesting the important@ iof the general aspects of

the live (decisiormaking, reasoning, theory of mind, etc), the scientific studg dfas become

a subject of greater importance for cognitive neurosciencepp®chology and the cognitive
sciences. This importance is explained by the impadCobn all the facets in cognitive
development including: learning, emotional processing, metacognitive skills, prosocial
behavior, and social interaction in all stagédife. However, the conceptualization ¢
regarding quality, composition, interpretation and executive functions is still a matter of debate
in the scientific communityHoward et al., 2014)Here, ve will present in a chronological
order different theoretical approaches of a classificatid@ aficluding Dempster and Corkill
(Dempter, 1993), Harnishfeger (1995), Nigg (2000) , Friedman and M{Zé&k&) Munakata
(2011) and Diamond (2013).

.l21.2.Dempster et Corkill s taxonomy: Resi stanc

Resistance to the interference theory defines inhibition (interference) as a primary or general
mechanism capable of control cognition and behavioral functioipgmpster, 1991;
Dempster & Corkill, 1999a, 1999b)his theory highlights three types of different interference:
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motor, perceptual and verbalhese interferences are divided according to the information
source (exogenous and endogenous), and they depend on the stimulus temporality (i.e.,
sequential or simultaneous). According to Dempster et Crokill (1999a), there are two kinds of
activation ofinformation during task execution. The activation of relevant information that
helps the achievement of a particular task, whereas the activation of irrelevant information
(taskoff information) difficult the performance and avoid the execution of the tastheir,
theoretical proposition, the cognitive strategies or plans are based on the context and consider
that the changes in the context lead a change in strategies. Therefore, a key aspect is to
determine when information is relevant or irrelevarander to apply the correct strategy. The
suppression of irrelevant information depends primarily on the prefrontal cortex. The prefrontal
cortex performs control on the type of interfereatlewing it to focus our attention on the
pertinent stimuli. Thelevelopment of inhibition is progressively increased from childhood to
adolescence. The first inhibitory capacity acquired by children is the inhibition of the motor
skills. The development of inhibition is fulfilled in adulthood when the prefrontal cfely
developed.

This idea of the prefrontal cortex as a main brain network involved in different types of
inhibitions is similar to Lur i aBDempsterol®@lept i or
1993) Luria considered that frontal lobe damage producediatyaf clinical manifestations
such as the difficulties to inhibit an inappropriate response. The type of inhibition varied in
function of the area of the prefrontal cortex injufedria, 1966,1973) This perspective of the
prefrontal cortex role in inhibition has been corroborate by Dupue et Collaborators. According
to the Depue et al., (2016) the right prefrontal cortex networks are involved in the regulation of
inhibition in cognitive, dective and motor processes. The prefrontal cortex is activated during
the inhibition of specifitasks;however, some networks are coactive during the inhibition

process.

.l21.3Harni shfegerds taxonomy

Harnishfeger (1995) distinguished three main features of inhibition mechanisms: a) a
psychological component (i.e., cognitive and behavioral inhibition), b) control and awareness
of the inhibition (i.e., automatic and intentional inhibition), andctarification between
interference and cognitive inhibition. According to Harnishfe(@®©5)behavioral inhibition

refers to the intentional capacity of suppressing motor behavior,iniglgyatification, and
impulse control. Behavioral inhibition includes all kinds of acts that require suppressing a motor
response. In contrast, cognitive inhibition is recruited during cognitive processes such as

thinking, planning, mental reflection et€his cognitive inhibition is involved during the
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intentional (conscious) or unintentional (not available of conscience) mental processes. The
dissociation between cognitive and behavioral inhibition is based on the correlation between
performances in inbition tasks. However, Harnishferger suggested that there is a relationship
between these to inhibitory capacities. Cognitive inhibition is considered as being the
Afacilitator mechani smo of behavior al i nhib
inhibition capacities. Both mechanisms will be developed during childhood and become
efficient during adulthood.

The automatic inhibitoni s def i ned as an HApreconscious
serves to filtrate and to select information that is tratiethto our conscience. The automatic
inhibition is a spontaneous inhibition that can be intentionally recruited by thinking or
introspection. Harnishferger suggested thatat®matic inhibitionis involved in a selective
attention task such as the Stpa@ask. In the Stroop task, a list of color names (green, yellow)
are written in a different ink color which are then presented to the participant. In the control
condition, the color matches the ink color (congruent, greérdmr). In the test conditigrna
color is written in another ink color. The
word and not the word of the cola.§.Green in redGreer) (see Figure 6 In this example,
the color is green, but the ink color is red
this case red and not the word which is green.atitematic inhibitiomallows to the participant
to block the written process to acte the name color of the ink. Timeentional inhibitionis

a conscious process that is required in the conscious suppression of the irrelevant information.
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Figure 6. Representation tf tasks. a) Stroop color test, b) Franker task, c¢) Simon tBst ,
stopsignal, e)GO, Nogo test, and f) Antisaccadask(FromLinzarini (2017).

The distinction between interference and cognitive inhibition is based on their functional
process. According to Harnishfeg€r995) cognitive irhibition and interference are terms
which cannot be used synonymously. The term inhibition is associated with the suppression
process of irrelevant stimuli. The inhibition process enables to release the WM load by blocking

the stimuli non pertinent. Intexfence is not associated with the suppression of the stimuli. The
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term interference is related to performance decline due to-chsiitaction stimuli. For instance,
during a dual task the performance decrements because of the distracting stimuli.

1.2.1.4.N i g gdsomy: Inhibition and disinhibition developmental psychopathology

Nigg (2000) proposed an integrative taxonomy based on a different seri€robdels and
concepts in order to provide a contribution
taxonomy distinguishes the intentional inhibition (i.éfpeful process) from the automatic
inhibition in order to classify them. According to Nigg (200D )rocesses can be grouped into
three main categories: dxecutive inhibition effect, b) Motivational inhibitiomnd c)
Automatic inhibition of attentio(irable J.

a) The Executive inhibition controkefers to the intentional capacity of suppress
information in order to help higlevel information processing such W4V. The Executive
inhibition control is considered as effortful requiring a lot of cognitive resources to stop the
irrelevant stimuli that compete against the appropriate stimuliEkkeutive inhibitiorcontrol
is divided intointerference contrgiCognitive inhibition Behavioral nhibitionandoculomotor
inhibition.

Interference controis involved in the suppression of a stimulus that produces the
competition between two responses or during the blocking of distractors that avoid the
production of a primary responggognitive inhbition is defined as theontrol mechanism that
inhibits the irrelevantideation to protect WM and the attention. Behavioral inhibition
participated in the suppression of a stimulus that triggered a motor response. Concerning
oculomotor inhibitionit is considered as effortfully suppress reflexive saccade.

The motivational inhibition effectis related to emotional context concerning the
inhibition of response to punishment cu@Sray & McNaughton, 2003)and responseot
novelty (Kagan et al., 1998)According to Gray and McNaughton (2003), the behavioral
inhibition system is activated during conflict such as signalpusfishment, novel stimuli,
innate fear stimuli, and signal of noeward. These conflict resolution takes part inhibiting the
behavioral response, increasing arousal, and increasing attention.

Automatic inhibition of attentiors involved suppressingnspected stimuli for both attention
and oculomotor saccade, inhibiting information at attended locations while attending

elsewhere.
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Table 1. Inhibitionsystems in Cognitive Psychology and Cognitive Neurosciences according
to Niggs.

Inhibition system & type Example measure Possible neural correlate

Effortful inhibition of motor or cognitive response
1. Interference control (prevent interference due to resource or Stroop; flanker tasks; priming; Anterior cingulate — dorsolateral
stimulus competition) dual-task interference prefrontal/premotor cortex — basal
ganglia
2. Cognitive inhibition (suppress nonpertinent ideation to Effortful: directed ignoring; Anterior cingulate — prefrontal —
protect working memory/attention) ratings of intrusive thoughts; association cortex
Automatic: negative priming

3. Behavioral inhibition (suppress prepotent Stop task Lateral and orbital prefrontal—premotor
[automatic/prepared] response; suppress cued but socially
inappropriate response) .

4. Oculomotor (effortful suppression of reflexive saccade) Antisaccade task; oculomotor Frontal eye fields/orbitofrontal cortex

tasks
Automatic inhibition of attention

1. Recently inspected stimuli (suppressed for both attention and Attentional & oculomotor Superior colliculus — midbrain or
oculomotor saccade) inhibition of return oculomotor pathway, respectively

2. Information at unattended locations (suppressed while Covert attentional orienting; Posterior association cortex
attending elsewhere) neglect/extinction

.2.1.5.Fr i edman a magkonokhy y ak e 6

Friedman and Miyak¢2004)introduced a new conceptualizationI@f based on the
empirical evaluation of the taxonomies proposed by Dempster and Corkill (Dempter, 1993),
Harnishfeger (1995), Nigg (2000). Friedmard aviiyake (2004)suggest threéC processing.

These three functions are Prepotent Response Inhibition, Resistance to Distractor Interference,
and Resistance to Proactive Interference.

According to Friedman and Miyake (2004yePotent Response Inhibition is the
combination of behavioral inhibition and oculomotor inhibition suggested by Nigg (2000). This
inhibition is presented in all kinds of motor responses, including the suppression of the reflexive
saccades. Friedman and Mke (2004) used three main tasks to explore the Prepotent Response
Inhibition which are the Antisaccade task, the Stmmal task, and the Stroop task. In the
Antisaccade task, the participant tries to suppress a saccade (oculomotor response) toward a
previous presented cuélallett, 1978) In the Stopsignal task, first the participant needs to
learn the association between a stimulus with responses (left arrow, press left button or right
arrow, press right button). Then, the participant needs to withhold a response when an auditory
signalis presented simultaneously with the stimul@s D. Logan, 1994)and the Stroop task
(Stroop, 1935)

Resistance to Distractor Interference sha
control, which is the capacity of suppressing an interference dsntalus competition or
interference due to the source. Friedman and Miyake (2004) studied this capacity using the
Flacker tasks, Word naming, and shape matching. In the Flacker tasks, a stimulus (e.g., an
arrow) is presented among distractors. Three tmmdi are presented to the participant, in the
neutral condition, a stimulus (directional arrow) is presented among another shapes (squares).

In the congruent condition, all the arrows are oriented in the same direction. In the incongruent
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condition,thear ow i s pointing in the opposite direc
arrow key according to the direction of the stimuli (arrdi&gfiksen & Eriksen, 1974)in the
Word naming, the participant is required to say the word in green avoid the dist(&ttdrs
Kane et al., 1994)In the shape matching, the participant identifies whether a white shape
matches the distractors or nfldeSchepper & Treisman, 1996)

Concerning Resistance to Proactive Interference, it is defined as cognitive inhibition
proposed by Nigg (2000). Resistance to Pigadhterference or cognitive inhibition is defined
as the skill to suppress unwanted information to protect WM. In order to assess this capacity,
Friedman and Miyake (2004) used the Brdwaterson variant, ABACi AD, Cued recall
tasks. In the BrowiPetersa variant, the participant needs to encode three random trigrams
(e.g., ACF). Then, the participant is required to count backward deducing three or four numbers
from a given number (100,97, 94¢é) during an i
the participants retrieves the random trigram AGE Kane & Engle, 2000)In the AB ACi
AD task, the participant needs to memorize threéetf list ABi ACi AD using clued words.
For example, the cue word APPLE was paired with the response word tomato in the AB list,
avocado in théAC list, and orange in the AD ligtosen & Engle, 1998)in the Cued recall
tasks, the participant meamized a clued list of words for recalliffjolan & Tehan, 1999)

Friedman and Miyake (2004) used 220 participants who were enrolled in the study.
Friedman and Miyake (2004) tested the three inhibitory classifications: a Confirmattoy f
analysis. The results showed that Prepotent Response Inhibition and Resistance to Distractor
Interference were associated. However, Resistance to Proactive Interference was not related
with either of them. The author interpreted the results as a oanmhibitory ability, but this
function was not related to other inhibition functions such as Resistance to Proactive
Interference. The author concluded that inhibition related functions are associated to others kind
of cognitive abilities. Friedman and ij¥hke considered that the concept of inhibition is
Aoverextendedod in research. The authors sugg
they study inhibitory functions defining the type of inhibition and the tools used to assess the

functions.

.2.16.Munakatads taxonomy

Munakata et al.(2011)suggested an unified frameworkI@f based on the functioning of the
prefrontal cortex. According to Munakata and collaborators, two different types of inhibitions
(targeted globla inhibition and indirect competitive inhibition) are supported by the

specialization of various networks of the prefrontal cortex. The prefrontal cortex is involved in
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many aspects of inhibition as well contributing to the executive functioning. Thisctist is
based on the nature of the connectivity with other brain structures and the type of information
processed.

The authors considered that the prefrontal cortex plays an important role in inhibiting
but also in the maintenance of the informatiod &ére representations of goals and planning.
This consideration is important to understand the cognitive processes of behavior control. Thus,
the prefrontal cortex is responsible for goal maintaining (abstract information) and inhibition
as well as othecognitive processes. Munakata et §2011)proposed two different types of
inhibition supported by the prefrontal cortex. The first type of inhibition concerns the directed
goaltinhibition based on prefrontal cortex projects to the subcortical and archicortical areas.
The second type of inhibition refers to the overall inhibition or indirect competitive inhibition
within cortical and subcortical regions. In the second type of inhibition the prefrontal cortex
projections ativate the GABAergic interneurons. Although, the global form of inhibition is
supported by subcortical regions and the prefrontal cortex maintaining and contextualizing the
moment when to inhibit, the competitive form of inhibition takes part in the mtadroortex
(and some subcortical) regions assuring the excitation of goal relevant options.

Munakata et al., (2011) suggested three examples to illustrate the first type of inhibitory
or directed goal inhibition: suppressing memory retrieval, copingstigssors, and inhibition
responses. These three inhibition processes reach the various regions of the prefrontal cortex
such as the medial and lateral, dorsal and ventral. Moreover, these inhibition processes recruit
two different mechanisms of globalrécted inhibition. The first mechanism target areas
reached by the excitatory GABAergic interneurons of the prefrontal cortex. In the second
mechanism, inhibition occurs when the excitatory projections of the prefrontal cortex can
synapse onto excitatoryearons which then activate GABAergic interneurons in the target
areas. In the third mechanism, according to Munakata (2011), the distinction between targeted
global inhibition and indirect competitive inhibition is clearly observed. However, they argue
that the two functions are not mutually exclusive, and they can work together.

.2.1.7.Di amondds taxonomy

Diamond (2013) proposd@ to be an essential element or core of the EFs. Diamond (2013)
indicated thatC is defined as the capacity of controlling our bebg attention, emotions, and
being able to resist external and internal
taxonomy, thelC is divided into two main categories: interference control and response

inhibition. Interference control is categorizedanC of attention and b) cognitive inhibition.
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Interference control of attention refers to the capacity to select or direct the focus of attention
(Figure?).

IC of attention is required at a perceptive level of information treatment, being
exogeneous (bottomp, stimulusdriven, or automatic) when a stimulus directed the orientation
of our attention. For instance, when we are walking on the street, and weractedtby a
particular advertisement on a billboard. All our attention is directed to the advertisement
avoiding all the other information in our immediate surroundings. Conversely, endod@€nous
of attention (topdown, active, goadiriven) is required whewe consciously decide to ignore a
particular stimulus. Endogenous allows us to be focused on a particular task avoiding any

distractions.

Executive functions

Inhibitory Control

Response Working Memory

Interference Control Inhibition
Cognitive Selective Self-control
Inhibition Focus & Discipline
Attention
Cognitive
Flexibility

Higher-level Executive functions

Reasoning ‘ ‘ Problem-solving ‘ ‘ Planning ‘

Figure7.Di a momoded of executive functions and functionidggm Diamond(2013).

According to Diamond (2013), cognitive inhibition is involved during the control of
undesirable thinking and memories. Cognitive inhibition participates by actively blocking the
inappropriate ideas or thoughts that comes to our (dinderson & Levy, 2009)This capacity
allows us to think without any interference. Moreover, cognitive inhibition helps to the
intentional forgetting of unpleasant or irrelevant information stocked in memory. Another
important feature of cognitive iithition is its association with the correct functioning of WM
capacity. In order for it to work properly, WM needs to be free (avoiding a cluttered workspace)
from inappropriate stimuli or interferences. Cognitive inhibition significantly contributegto th
information treatment restricting being able to be hyperfocused on one idea at the time and

controlling the repletion of old ideas in an infinite lo@jostle et al., 2004)
51



Self-control or behavioral inhibition is involved during the control of emotions and
behavior. This capacity is vital in everyday life because itwallas to behave correctly
according to the circumstances and social norms-cBalfol is the will to resist temptation
and to avoid acting impulsively. Diamond (2013) pointed out that discipline is related-to self
control delayed gratification. Discipknand seklcontrol delayed gratification are fundamental

for the accomplishment of important tasks that require a huge effort or even sacrifice.

.l2.1.8Bert hozds taxonomy: Mul tiplicity of forms

According to Berthoz2020a)i n hi s book Al'®dj nGvolibwiioanch®st
with multiple forms of inhibition. These forms of inhibit®@are present from basic biological
operations to the more sophisticated forms of social interaction. The mechanisms of inhibition
are required to stop or suppress an ongoing action or process to allow the selection of another
action or process which seemwre pertinent depending on the context. These forms of
inhibition and its oppositedisinhibition, are omnipresent and are at the core of all actions
living beings, such as decision making, learning, and even forgetting. Indeed, these inhibitory
mechaisms are a wellunctioning process and even define our laws and rules in society.
According to the author, the inhibitory mechanisms of the brain are categorized according to a)
the neurophysiological processes of inhibition, b) the inhibition that alfowactions, c) the
inhibition for decision making and choice, d) the inhibition for learning, and e) the inhibition
in the social interactionHere, we present the main concepts (amhaustive) concerning
inhibitions.

a) The neurophysiological process# inhibition include divers forms of suppression
of biological processes indispensable for the functional activity of a system. For instance,
inhibition is observed at a neuronal levas in the case of presynaptic inhibition, (when an
inhibitory neura sends as synaptic input to another neuron-éxamal synapseYhis process,
known asPresynaptic inhibitionwhen an inhibitory neuron sends a synaptic input to another
neuron (axeaxonal synapse) to make it less possible to produce an gmiiemtia) or
postsynaptic inhibitionThe neurophysiological process pfesynapticinhibition is often
involved in the selection of the information treated by our senses (proprioception, vision, touch,
etc).

b) The inhibition that allows actions includegroup of neuronal processes of inhibition
involved in a variety of behaviors and is in the control of action (body functions). These
processes are theeciprocal, mutual, lateral inhibition reactive inhibition, retroactive

inhibition, and proactive inibition. Reciprocal inhibitiorrefers to the relaxation of muscles on
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one side of a joint stimuliaity the contraction on the other side of the joMutual inhibition
occurs when inhibitory neurons actively inhibit one another in ordéaliba decisionand
allowing the intervention of a specialized systdmateral inhibitionis consideredo bethe
excitation of a group of neurons inhibig the activity of another group of neurofeactive
inhibitionis described as the capacity to inhibit an actiat ihalready initiated. This capacity
allows us to disengage an impulsive actiRetroactive inhibitioms considered as the necessary
suppressiorof information to switch between taskBroactive inhibitionoccurs when old
information interferences witlthe learning of new informationintentional inhibitionis
associated with the willingness to stop an ongoing action.

c) In the inhibition for decision making and choice, two functional categories of
inhibition are highlighted: thdirectand thandirect form of inhibition. Thedirect category of
inhibition in related to the goahaintaining, whereas thiedirectcategory is associated to goal
relevant optiongMunakata et al., 2011)The directed global inhibition is supported by
subcortical and archicortical areas. Tihdirect inhibition occurs within neocortical and in
some subcortical regions. The role of the prefrontal cortex plays is to maintaining abstract
information like go&s and context. Thus, the prefrontal cortex is involved in the
contextualization and in the selection of relevant action. According to Collins and Koechlin
(2012) the frontal lobes are involved in the coordination and selection of appropriate behaviors
for a given task. Koechlin (2007) suggested three models to explain the prefrontal cortex
functioning and its relation to human cognition. The first model is a Bayesian model (i.e.,
probabilistic), the second model concerns the assessment of the situation, and the third model
regards the effectiveness of past actions. Koechlin suggested that decisiselectszl and
based on the maximization of the reinforcement. The planification of the actions are based on
reliability and on the predictively. This approach considers that in decision making the human
brain cannot process more than three or four diffesgategies at the same time (see Koechlin
(2020).

d) The inhibition for learning, according to Berthoz, involves ignoring irrelevant
information and knowing when it is ideal to act. The vicariant inhibition refers to the capacity
of changing from one task to another. This involves being able to suppress all kinds of
information related to the previous task that is not pertinent to the new task. Moreover, the
vicariant inhibition helps us to ignore overlearned actions to adaptdw &earning.

e) The inhibition in social interaction is an essential process for understanding other
perceptions, emotions and feelings. In order to achieve a correct social interaction, it is
necessary to inhibit an emotional contagion and change ot sml@nother viewpoint. The

adaptation to another point of view involves inhibiting an egocentric point of view and adopting
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another referential framework, such as the heterocentric referential framework. This inhibition
is responsible for suppressing gyathy and instead activates empatBgrthoz & Thrioux,
2010, 2010)

The inhibitory capacities aracquired duringdevelopment of the brain. Children
acquired the capacity of adapting other point of views when they have the ability to inhibit their
egocentric framework. Thus, allocentric and hetantee referential are related to the
maturation of brain structures capable to switch between perspectives. Brain structures such as
the prefrontal cortex, the basal ganglia and the cerebellum required considerable maturation in
order to perform inhibitionBerthoz suggested that there are critical stages betw@egmrars
old and 1213 years old in which children development elaborated capacities to change
referential frameg¢Belmonti, Cioni, et al., 2015; Poirel et al., 201Thus, the abnormal lack

of inhibition during the development is an indicator of developmental disorders.

1.2.2. Working memory
1.2.2.1.Definition of Working Memory

The notionofme mory functioning as the fAstorehouse
and processed one at a time was suggested by John Locke @@&9Bistorical reviews, see

(Logie, 1996; Logie & Cowan, 2015)The formal introduction of theri® WM as a cognitive

ability was suggested by Miller, Galanter, and Prib(a860) However, the main theoretical

and empirical contributions to the term WM are attributed to Alain Baddeley and Graham Hitch

(A. D. Baddeley & Hitch, 1974)According to Baddeley, WM is defined as a limited memory
capacity to store and manipulate information for a short period of time contributngnition

and behavior processing. Baddel eyds multico
different components: a central executive which is involved in the attentional and cognitive
processing of information. The information is selected and Gkgsnto two subsystems. The

first subsystem is known as the phonological loop whereas the second subsystem is the
visuospatial sketchpad or Visuospatial Working Memory (VSWM). The phonological loop
stores verbal information contrary to the VSWM, whichtcibutes to the storage of neerbal
information. An important element of WM is the episodic buffer which is involved in the
combination of the information to establish integrated epis@deBaddeley, 1998, 2012; A.

D. Baddeley & Hitch, 1994(Figure8).

54



Central
executive

Visuo-spatial — Episodic
sketch-pad buffer

le ==l Phonological
loop

Visual Episodic Lanauage
semantics long-term memory giiag

Figure8. Multicomponent mode(A. Baddeley, 2010)it includes links to longerm memory
and a fourth component, tepisodic buffer that is accessible to conscious awareness

In the past five decades, the term WM has become more popular in the scientific
community due to its important implications. The increase of its popularity goes hand in hand
with the rising impatance of cognitive neurosciences. Nonetheless, the term WM has caused a
lot of controversy regarding its meaning and it is often confused with alternative terms, in other

words, the term lacks clariffCowan, 2017; Postle,025) According to Cowan (2017) there
are 9 different definitions for WNiTable2).

55



Table 2. WorkingMemory (WM) definitions arranged in a chronological order (Adopteth
Cowen, (2017)).

Authors years

Working Memory

Definition

Laird, 2012;
Newell&Simon, 1956

Miller et al., 1960

Baddeley, 1986,2000;
Baddeley & Hitch,
1974

Olton et al., 1977

Daneman & Carpenter,
1980

Cowan, 1988

Ericsson & Kintsch,
1995

Engle, 2002

Unsworth & Engle,
2007

Computer WM

Life-planning WM

Multicomponent
WM

Recent-event WM

Storage-and-
processing WM

Generic WM

Long-term WM

Attention-control
WM

Inclusive WM

A holding place for information to be used temporarily,
with the possibility of many working memories being
held concurrently.

A part of the mind that saves information about goals
and subgoals needed to carry out ecologically useful
actions.

A multicomponent system that holds information
temporarily and mediates its use in ongoing mental
activities.

A part of the mind that can be used to keep track of

sequences of behaviors to remain effective over time.

A combination of temporary storage and the processing
that acts upon it, with a limited capacity for the sum of
storage and processing activities. When the storage
component alone is measured, or the processing
component alone is measured, the term WM is not
applied, in contrast to the usage within multicomponent
WM. Further distinguishing this definition from

multicomponent WM, there is not always a clear
commitment to multiple storage components, only a
separation between storage and processing

The ensemble of components of the mind that hold a
limited amount of information temporarily in a
heightened state of availability for use in ongoing
information processing.

The use of cue and data-structure formation in long-term
memory that allows the information related to an activity
to be retrieved relatively easily after a delay.

The use of attention to preserve information about goals
and sub-goals for ongoing processing and to inhibit
distractions from those goals; it operates in conjunction
with short-term storage mechanisms that hold task-
relevant information in a manner that does not require
attention.

The mental mechanisms that are needed to carry out a
complex span task; it can include both temporary storage

attention for the mediation of performance.

Based on the conceptualizations of WM in freble2, WM can be considered as an
essential mechanism for updating and establishing coherent relationships betareeation.
WM helps us to mentally reorder and combine different items to make sense and establish new
alternatives. Thus, WM is involved in different activities that require applying conceptual

knowledge for planning egoing or upcoming decisions. WM untles all kinds of cognitive
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and behavioral activities for ensuring the successful completion of th tBsk Es posi t o
Postle, 2015)Additionally, WM participates in the recall of information stored on the-long

term memory necessary for the executive control of behéviansouri et al., 2015Hence,

WM processing is related to numerous daily activities. Its impairment is associated with
learning difficulties, psychiatric syndromes, and neuropsychological pathol@jak et al.,

2007; Peng & Fuchs, 2016; Y. Wang et al., 2017)

1.2.2.2.Difference between Working Memory and Shor{Term Memory

According to Atkinson and Shiffrifl968) shortterm memory (STMjefers to the capacity of
storing information for a short period of time. STM is characterized by its brief duration and its
limited capacity. The preservation of the information stored in STM decays over time.
However, the duration of STM is still a sebj of debate in the scientific community today
(Cowan, 2008)The difference between STM and WM are characterized by the treatment of
the information. WM allows us to keep information in our mind for cammg and
manipulating it, whereas STM is involved in the storage and recalling of the infornfation
Baddeley, 2012WWe can consider the STM as a passive repository system were information is
stored. Ths distinction between WM and STM is observed in two ways. The first difference is
observed in the developmental progression of both memories and the second difference is
supported by the neuroimaging studies indicating different brain networks activatidnvi

and STM.

The neural networks associated with WM are the dorsolateral prefrontal cortex, the
anterior cingulate cortex, and the posterior parietal c¢@eein et al., 2011; Kim et al., 2015;
Osaka et al., 2003; Owens et al., 2017; Zakia Z. Haque et al.,. Z0#1 prefrontal cortex is
related to the process of differentiation between irrelevant and relevant intormatognitive
tasks( Curtis & DO6Esposito, 200 3; D6Espo®et o &
dorsolateral prefrontal cortex is not associated with temporal storage of the information. In
addition, multiple studies suggest that the prefrontal cortex is not involved in the maintenance
of shortterm storag€Emrich et al., 2013; Ester et al., 2009; Koenigalg 2009; Passingham
& Sakai, 2004; Serences et al., 2Q0)erefore, there is a link between the brain maturation
and the development of STM and WM. WM relies on the prefrontal cortex matuities et
al., 2018; Tamnes et al., 2013yoncerning the difference in the development, STM is
developed more precociously than WMiamond, 2013; Jones et al., 202Blowever, it is
important to bear in mind that STM intervenes in a larger domain of basic cognitive processing

of the information.
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1.2.2.3.Visuospatial Working memory

The term Visuospatial Working memory (VSWM)fees to the integration, processing, and
manipulation of visual and spatial information for a short period of (fn@addeley, 2012)

This term regroups the visual and spatial processing of informatioreover, the visual and

the spatial processing of the information can be easily distinguished from each other. The visual
processing concerns the characteristics of the stimuli such as color, shape, size, texture,
recognition of a picture, etc. The spdtiprocessing of the information involves the
characteristics of the stimuli like location, the spatial relationship between objects and the
movement of visual stimuli in space. VSWM is closely related to the mental rotation capacity
both involved during tte object rotation angisualizationspatial dimensiongCornoldi &
Mammarella, 2008; L. Wang et al., 2018)

VSWM is involved in many daily activities that require encoding and maintaining a
mental representation of visgpatal information(Uttal et al., 2013)This cognitive capacity
seems to be particularly reduced during the aging process. The studies compariagudtder
and young adults have revealed that VSWM is especially affected during the aging process
(Buckner, 2004; Hedden & Gabrieli, 2004)hus, according to Wager and Sm{2003)
neuroimaging studies in WM established a lateralization of the prefrontal cortex during the
tasks thatequire spatial and nespatial WM. The right prefrontal cortex is related to the spatial
treatment of the information. The verbal processing of the information is associated with the
right prefrontal cortex. Concerning the visual WM, the network conne¢otdte maintenance
of the visual information is related to the frontoparietal and lateral prefrontal ¢Daeiel et
al., 2016; Rottschy et al., 2012)

The relative independence between visuospatial and verbal WM has been reported in
behavioral studies with children. Krogsrud et collaboraf@€s8) suggested that both WMs
development differs involving relatively independent neural substrates. According to Krogsrud
et al. (2018), the development of VSWM relies on the white matter maturation ensuring the
neural connections between frontal, parietal, and subcortical structures. The white matter
maturing during development is associated to an increase of VSWM capacities during
childhood.

1.2.2.4.Working Memory measurement

Here, we aimed to present the represergatind widely employed tasks to explore WM
capacities. The-back task (also called AX Continuous Performance Tasks, 6CRXs) is
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considered as one of the most used experimental paradigms to ass¢€swaivet al., 2005)
In the nback task, a series of stimuli (letters, numbers, or words) are presented to the participant
and the participant is asked to monitor and to identify whether a stimulus was presented n trials
before. The most frequent versions dfack tasks arthe 2back and the-Back. For instance,
in 2-back tasks, a sequence of letters in a random order are presented to the participant. The
participant must respond when the same letter presented 2 trials earlier (e.d2, N, R, O,
etc.). The control aadition are the dack task or -back versions. The dependent variable
analyzed in theback task is the accuracy, number of errors and the latency (delay of reaction
time). The participants response is recorded each time that they press a button. d&motion
versions of the 1back task incorporates emotional features such as f&resnheeke &
Mueller, 2016) emotional scend#ur et al., 2017; Marx et al., 201 Btc.

The Digit Span Backward is a subtest of the Wechsler intelligence scale devised to test
WM. In the Digit Span Backward, the participant must repeat a sequence of numbers in a
backward manner. Fanstance, if the sequence of number is 5,9,6,3 the participant 3,6,9,5. The
forward version of subtest assesses STM, the participant repeats a sequence of number in the
same order. According to Diamond (2003), the numerical order reorganization of a saquenc
a curate measure to explore WM capacities. For instance, if the sequence 5,9,6,3 the participant
is asked to be reordering it in a numerical order 3,5,6,9.

The SelfOrdered Pointing task (SOPT) is an neuropsychological task developed to
study the funtioning of the prefrontal lobe related to W(RRetrideset al., 1993; Petrides &
Milner, 1982) In beginning of the SOPT, the practitioner presents a series of different items
(e.g., boxes containing rewards, abstract designs, or lien drawings). Each series includes
between 3 to 12 items. The same seriageais is presented each time varying the position of
the items (random order). The examinees are instructed to select an item and then continue to
select a different item, thus completing the whole series of items without repeating the items
selected. Itthe participant selected an item already chosen, it is considered as an error. The
performance considers as the total span score of error produce during {fie Rets et al.,
2007)

Dualtask paradigms provides an outstanding approach to study EFRs,tdadact that
they combine cognitive tasks and motor tasks to explore WM capa(itiesllacott &
ShumwayCook, 2002) These paradigms involve simultaneous treatment such as cognitive
processing (e.g., mental operations, digit recall, spatial orientation) and behavioral tasks
(walking, gait at postural controfHuang & Mercer, 2001)Gait developmental differences in
typical children vs young adults have been observed when comparing the execution of cognitive

task while wiking (Schaefer, 2014)This phenomenon is known as diakk interference.
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However, duatask interference is observed in the opposite direction. Behavioral activities such
as walking or postural control can affect the performance in cognitive tasks. This is evidenced
by increasinghe number of errors and increasing the latency of the response (reaction time)
(Hocking et al., 2020; D. S. Reilly et al., 2008; Schaefer et al., 20lj)roimaging studies
suggesthat the prefrontal cortex contributes during the performance oftdsialparadigms
(Kdbler et al.,, 2019; Lin & Lin, 2016; Mandrick et al., 2013joreover, studies in the
gerontological population suggest that poor performance in dual tasks is associated with
structural ad functional brain impairment and agelated cognitive declin@llali et al., 2019;

Lucas et al., 2019; D. Ross et al., 2021)

[.2.2.5.Working memory development

The developmental trajectory of WM varies throughout the lifespan. During childhood the
development of WM occurs alongside significant biologicals changes such as brain maturation
(Buss et al., 2018; Tamnes et al., 20d8Jicorreltes with aspectsf the environmensuch as
education(Finch, 2019; Hunte& Shields, 2022)Studies in babies suggest that during the first
year of life, WM is manifested in basic mental operations becoming more sophisticated in later
stages of lifdBuss et al., 2018; Diamond & Goldm&akic, 1989; G. D. Reynolds & Romano,
2016 ; Ro s s s h eleuhng chéddhooda the devel@pthéntal)progression of WM
seems to be linedBest & Miller, 2010; Cowan, 2016; Gathercole et al., 2004)

However, this description of WM development is based on limited information. A
different proposition of WM development during childhood suggested that at the beginning of
elementary school, the development of WM is steeper becoming curvilinear in upper
elementary schoo(Stipek & Valentino, 2015; Tgky et al., 2013)During childhood, the
increase of WM capacities are related to the developméedi,cdttentional maintenance, and
IC (G. D. Reynolds & Romano, 201@nterestingly, the memory capacities and processing
speed improve later in later childhood. According to Cowen (2016), WM continues to improve
progressively across childhood into adolescence. During puberty, the development of WM
increases, reaching a level of no relative changes (plateaus) in the middle to late adolescence
(Conklin et al., 2007; Gathercole et al., 2004; Isbell et al., 2015; Luciana et al., 2005; Uliman
et al.,2014)

As humans become adults, WM capacities remain optimal but reduced in comparison
to the WM capacities observed at the adolescence stage. MoreoverraltatggeWM decline
is manifested after the age of 40 to 50 years(Albbway & Alloway, 2013; Eriksson et al.,
2015; Nyberg et al., 2014wanson, 2017)In older adults, WM capacities such as processing

speed, selective attention, and distractor suppression are diminished over time indicating
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difficulties to achieve a task that requires a good amount of WM resources. Concerning the
inter-individual differences, some typical children develop early and more rapidly WM than

other typical children.

1.2.3. Cognitive flexibility

In this section, we will focus oGF. First, we will discuss its importance and attempt to provide

a definition. Then, we Wipresent the most representative tools used to evaluate and measure
CF. Next, we will discuss the most relevant findings concer@iRrglevelopment. Finally, we

will introduce the neural bases GF.

CFis required when daily situations or unexpectedurirstances challenge our usual
functioning to deal with the problems. In additi@F; is closely related to creativity and being
inventive. This capacity allows us to adapt to a variety of conditions. In general, this executive
function positively impactthe general aspects of daily life. Moreov@Fis considered a good
predictor of academic achievement, mental health, and wésltimakata et al., 2013)
According to Cartwright et al(2019) CF is essential for the development of academic and
sccial skills.

However, the lack of or impairment @F skills is related to a variety of neurocognitive
pathologies impacting cognitive development from childhood to adulthood. This is particularly
observed in patients diagnosed with Attention Deficit Hgptve Disorder (ADHD)Perrault
et al., 2019; Wiktutt et al., 2005)autism spectrum disorder (ASBlughes et al., 1994; Reed,

2018) depressior(Gabrys et al., 2018)pedatric bipolar disordef O6 Donne | | et al
Passarotti et al., 201671 z he i me r(wanbaeltg et &#.,82860d) and Par ki nsono
(Lange et al., 2018)

According to Diamond (2013%Fis one of the three cores of BRgolved in executive
contrd. It is defined as the cognitive capacity to switch between tasks adapting cognitive and
behavioral responses according to the con{Bxittelmann & Karbach, 2017; Jurado &
Rosselli, 2007; Miyake et al., 2000h scientific literatureCFis related to sliing, switching
(task switching)CF, and mental sethifting. CFis also described as cognitive vicariance which
is the braindés capacity to change in a versa
solve problemgBerthoz, 2017)Authors like Brown & Tait(2010) and Uddin(2021) put
forward that cognitive and behavioral flexibilities are difficult to dissociate becausedhre
intertwined. However, in this dissertation, we will refer to previous tern@SFa® cognitive
vicariance to remain consistent throughout the text. TGEsplays a fundamental role in
problemsolving and allow us to adopt different spatial perspest(i.e., change a spatial
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locations perspectives) or interpersonal perspective (i.e., adopting other people point of view)
(Alte et al., 2016; Lambrey et al., 2008; Thirioux et al., 2010; Tore et al.,.2020)

[.2.3.1.Cognitive flexibility assessment

This extraordinary cognitive capacity is studied by means of different psychological, and
neuropsychological tests. We introduced a series of tests commonly used to n@dasure
However, it is important to clarify that even though the goal in these téstsimsasur€F, the

results are impacted by the combination of others executive functions such as W@ and
According to Diamond (2013%Fis based otC andWM. For instance, the Trail Making Test

(TMT) (Reitan & Wolfson, 1993jlevised to studZF in which a series of letters and numbers

needed to be inteatated one at the time (e.g-;1AB-2-C-3é) as qui ck as possi
this task, the participant is required to inhibit the sequential processing of letters to activate the
number processing.

It is important to distinguish between the types of ss®ent: direct and indirect
measurement o€F. Direct measuring refers to all kinds of tasks that can determine the
performance of the participant in a particular situation. This directed measuring provides
guantitative measuring such as the score, lateantiyne, accuracy, error numbers, etc. These
directed methods are developed in a laboratory controlling the variable that can be involved in
the resolution of the task. The direct assessment can m&isoydasks that demand to switch
between rules comening a series of items or tasks that require switching between stimuli. In
the switching between rules, the participant needs to figure out what kind of rule is involved
for solving the problem. Concerning the switching between the items, participansiaat
strategies in order to perform the test. The indirect measuri@§ obrresponds to all kinds of
the questionnaires. These indirect measurements can {asse#fisment or hetero assessment.

The classical direct tests used to as€dsare the Wisonsin CardSorting Test (WCST,

Grant & Berg, 1948) the Dimensional Change Card Sort (D@GErye et al., 1995) Brixton
Spatial Anticipation Tes{P. W. Burgess & Shallice, 1996Ghe TMT (Reitan & Wolfson,
1993) the Color Trail Test (CTT, DO EIl i a ¢t al ., 1996)

WCST, DCCS, and Brixton Spatial Anticipation tests are devised to switch between
rules. The WCSTGrant & Berg, 1948js one of the most popul&@F assessment used in the
clinical and scientific community. In the WCST, a series of cards with different perceptual
criteria (color, shape, number) are given to the participant. However, oificspestructions
are given to the participant concerning the sorting. The experimenter gives only feedback

whether it is correct or not. Once the participant figures out the perceptual criteria of sorting,
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the experimenter changes the criteria of théireprand the participant task is to find again

what is the new sorting criteria. According to MiygR@00) the WCST is also involved in the
assessment of hightvel of cognitive processing due to the nature of the taskadapted

version of the WCST was developed for children (preschoolers) to me2Butiéis test is

known as the Dimensional Change Card Sort (DQEfe et al., 1999) In the DCCS lue

rabbits and red boats cards are given to children (test cards). The task of the children is to match
their car with a target card (blue boats, red rabbits). The assessment consists in two blocks. In
the first block, children are asked to match oneeggar@l criteria (color or shape). If children
matched the color criteria in the first block, in the second block they needed to perform the
shape criteria.

Brixton Spatial Anticipation TegP. W. Burgess & Shallice, 1998 array of two rows
and five columns of circles are presented to the participant. The circles were numbered from
one to ten. In the initial part of the test, a circle in blue is shown to the participant. The
participant is asked to point where the blirele is moving on the next page. If the participant
anticipates the correct circle, then the rule concerning the moving changes. Progressively, the
participant learns the rules and integrates them in the test.

The TMT (Reitan & Wolfson, 1993)previously introduced is a good example of
switching between task During the test, a series of alphabetical letters and numbers are
arranged in a random order on a sheet of pay
alphabet letter (A, B, C, D, etc.) and the numerical order (1, 2, 3, 4, etc.). The practitio
measures the time to complete the task. The TMT has been adapted for pres{Bspjets
Cwik, 2004) In the TMT preschooler version, figures of dog and bones of different sizes are
presented to the preschooler on a sheet of paper. The child nekdmiat aetween dogs and
bones according to their size. For instance, a small dog, then small bone, a medium size dog
and medium bone. The TMT for preschooler involves a specific task (switch between items) in
comparison to the adult version of TMT. A cosmlult version ofthe TMT DO EIl i a et al
and an adapted for childrena med t he Chi l drends Col or Trail
of the TMT is a simplified task alternating colors (pink and yellow) in a sequence of nhumbers
(1, 2, 3, 4, etc.). For example, the pink circle number one, then yellow circle number to and

pink circle number 3.

1.2.3.2.Cognitive flexibility assessment

In clinical assessment, practitioners such as psychologist and neuropsychologist @Easure

by means of several executive function batteries like The Test of Everyday Attention for
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Children (TEAChH, (Manly et al., 2001) the Developmental Neuropsychological Assessment,
second edition (NEPSY Ii(Korkman, 2012), the verbal fluency test of the Deksaplan
Executive Function System {REFS, (Delis et al., 2002)

The TEACh (Manly et al., 2001Heveloped for children aged from 6 to 16 years old
explores attentional capacities (selective attention, sustained attention, inhibition response and,
attention control), and flexibtly switching from one process to another. The battery includes a
subtest called the Creature Counting subtest that allows researchers to &klateng the
test, the participant needs to count according to arrows directions (up, down,). For eXample, i
the arrow points up, the participant counts upwards. The task is to flexibility switch.

The NEPSY Il,(Korkman, 2012)s a cognitive developmental evaluation for chiidre
from 5 to 16 years old and 11 mon@F and fluency are tested using the drawing fluency
subtest. The drawing fluency subtest consists of connecting a series of dots to create different
types of figures (start, trees, houses, etc.). The idea is te aeatany drawings as possible in
a limited amount of time. Additionally, the categorization subtests shares the same principle
than the WCST which is used to asseébsDuring the test, the child should categorize a series
of cards based on the perceptinébrmation. The card can be grouped in different ways. At the
beginning, the practitioner shows a categorization, and the child is required to create a new
categorization. For instance, if the cards show animals, the possible categorization is te organiz
them according to sizes.

Verbal fluency assessment is used to measureCEhenore particular spontaneous
flexibility. The DelisKaplan Executive Function System-{EFS, (Delis et al., 200))is a
battery to evalate general executive functioning in children and adults from 6 to 89. The switch
part of verbal flexibility of the EKEFS are involved in the measuring ©F. In this subtest,
the participant should say as many words as they can in a specific amdoré aftérnating
semantically or phonologically prime. For example, the woalises semantically related to
ani mals, mammals, and rodents or/and phonol o

In the indirectCF assessment different questionnaires have been proposed gbeh us
Cognitive Flexibility Inventory (CFl(Martin & Rubin, 1995), Behavioral Assessment of
Executive Function Inventory (BRIER, (Roth et al., 2005) Cognitive Control and Flexibility
Questionnaire (CCFQ@Gabrys et al., 2018)

The CFI(Martin & Rubin, 1995)s a selfreported questionnaire of 12 items in which
the participant responds using a five point Lilsedle (e.g., strongly disagree, disagree, neither
agree nor disagree, agree, and strongly agree). The questions are devised to determine the
degree of t @GFcongdermg thee nopmalriundbianing in different situations. For

instancad,l iinlg @am wor k on problems that requi
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The BRIEFA (Roth et al., 2008 is an inventory adapted for children, adolescents and
adults.The BRIEFA assesses the i mpact of executive |
using an ecological approach. This inventory helps with the detection of neurological and
psychiatric disorders like learning disabilities, schizophrenia, autism spectsordetlis,
depression, mild cognitive impairment, and dementias. TheBRIEFad ul t 6 s-98 er si o
years old) consists of 75 questions categorized in 9 scales such us inhilorilexibility,
emotional control, seltontrol, initiation, planning/orgamation, task control and material
organization. This inventory can be used in self or hetero assessment. The BRIEF children and
adolescent version {B3 years old)Gioia et al., 2000)ncludes 86 questions and 8 scales:
flexibility, inhibition, emotional control, material organizatidWM, planning/organization and
control. Both, the BRIEF and the BRIEFinclude two indices of metacognitive and behavioral
regulation index.

The Cognitive Control and Flexibility Questionnaire (CCEQabrys et al., 2018)s a
selfreport questionnaire that asses§€¥s mood and anxiety disorders. The CCFQ is an
interesting tool that allows us to evaleaognitive controlCF, and stress management under
difficult situation. In general, this inventory studies the effectiveness of coping strategies

associated cognitive control a@dF.

1.2.3.3.Development of Cognitive flexibility

According to Diamond2013),CF needs to be supported by WM a@ Hence CF develops
afterIC and WM following a progressive improvement to the adulthdbdC. Davidson et al.,
2006; Garon et al., 2008CF capacities are dependent on brain maturation specially the
prefrontal regions and the connections with posterior regBunsge & Zelazo, 2006; Chevalier

& Blaye, 2022)

The study ofCF starts from a very young age. However, it is mainly focused from the
age 14 months (2 wes). It had been demonstrated that children from 2 and a half years old can
accomplish tasks involvin@€F such as the intradimensional shifting or witikdimension
switching(Brooks et al., 2003; Perner et al., 2Q0R)e test is divided in two tasks, in the first
tasks, the child learns an association between a shape and reBpomsgtance, pressing left
for a circle and press right for triangle. In the second task, the pressing is inverted, pressing
right for a circle and press left for triangle.

Adopting the perspective according to Miyake et al., (2000) and Diamond (204.3),
developmental trajectory &F is characterized by the organization and the development of
WM and IC. It seems that children of 3 years old develop their executive functioning
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organization as an unitary capadiyilloughby et al., 2010, 2011This executive functioning
evolves to a more differentiated processes becoming-#awtor structuring. From the age of
4 years oldCF is related to inhibitoryfactor or WM factor(Lee et al., 2013; Monette et al.,
2015; van der Ven et al., 2013)he structural differentiation concerning EFs is observed in
adolescence and adultho&n der Ven et al., 2013puring the adulthood the three functions
are partially independent. However, the declin€Bis noted during the aging procedgerry

et al., 2016; Hulur et al., 2016)

1.3. Spatial cognition

Spatial cognition is a capacity that allow us to orient and navigate through the environment
taking in consideration the different distances, landmarks and combining strategies selection to
solve pasible problems in finding the easiest path for the destindi@human representation

of space is a functional property which allows us to adapt to the environment and is key to
interaction, navigation, avoiding collision and obtaining a clear knowleolg different
distances between objects and humans. Indeed, every behavior that is carried out in an
environment takes into account temporal and spatial properties. Thus, the planning of actions
and its execution are related to the representation of .spheerepresentation of space is an
essential component in the interaction of our surrounding in which the correct anticipation
or/and prediction about any future event are essential to correct funct{Beirigoz & Debru,

2015)

1.3.1. Different spaces of actions

There are different neuropsychological models of the arrangement of space that have
been proposed as a distinction to how the human brain perceives its environment. One of the
models mainly used nowadays is the model of Berthoz, the robtle Cutting and Vishton
(1995) and the model of neuropsychology of 3D space by P(Bvavic, 1998)Alain Berthoz
proposed the hypothesis of different spaces of actiased on the brain lesion studies and the
empirical behavioral observations (See Bennequin and Bd@aZ)for a review). According
to Berthozand Bennequinthere are at least four different brain networks involved in the
construction of 5 spaces of actions. These action spaces bhoglyl3pace?2) near action and
prehension spa¢8) far action spae, and 4)environmental navigation space.

Thebody spacer body schema refers to all the mechanical and dynamic properties of
body. The networks associated with the body space are the tepgraetal junction. This
temporep ar i et al net wor k i s related to the naw,

relationsh p s 0 . This network was identified for th
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brain of epileptic patient@Penfield & Boldrey, 1935)The second space of actiorthe near

action and prehension spaeéich is considered as a reaching space where objects can be
grasped extending the arms. The third space of acttbe far action spacen this s@ce short
displacements (or locomotor trajectories) are needed in order to perform an action. This action
space is associated with walking short distances in a room. The fourth space is the
environmental navigation spacehis navigational space requiredsmlacement of long

di stances | i ke cities. Berthoz6s hypothesis
organization of the brain networks in which each type of action space requires specific
geometries. These types of geometries are compoédduclidean and Nofuclidean
geometries, and they are regrouped in a general geometry calleBeopequin & Berthoz,

2017)

The model of Cutting and Vishto(1995) proposed three categories of the area
surrounding the individual: the first as the personal space (PS), the second as the action space
(AS) and the last as the vista space (VS). The personal space igitimethat surrounds the
person, and it is defined as the region for action (workspace) which is delimited to around 2
meters. This region is an area of interpersonal intimacy where the person allows social
interaction. Just beyond the personal space iABavhich is defined as a space of public
action. In the AS, the individual has the ability to move and to interact with the context
approximately delimited to 30 meters. The VS is characterized by visual perception beyond 30
m.

Pr evi c 06(4998incldded the motor and perceptual integration in relation to
egocentric space segmentation with a neuropsychological explanation of brain fugctionin
Previcdos model proposes a division of the sg
space (PPS), the focal extrapersonal space (FE), the action extrapersonal space (ES) and the 10
ambient extrapersonal space (AE®revic (1998) defined threef these spaces as
Aextrapersonal 0, being regions without the p
objects. In this case, the subject needs to move to interact with its environment. The focal
extrapersonal is used for visual exploratiord aecognition of the objects. The action
extrapersonal space serves to navigate and orientate oneself toward the objects that are situated
beyond the nedbody space. Essentially, if we want to take any object out of reach, we need to
walk toward the objgcs 6 | ocati on. The ambient extraper
without having specific knowledge of the object. However, it can take topographic references
to ensure the navigation in length distances and, thereby, the AES seeks to obtain the adequa
locomotion and correct posture. Previc (1998) defined the peripersonal space like being a zone

of visuomotor operation near of the body space. The PPS is an area where it is possible to
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produce direct actions on objects such as to grasp objects eradad. The PPS involves the
visual system, the vestibular system, and the proprioception. Therefore, the integration of
multiple data can contribute for the estimation and prediction while we produce an action in the

nearbody space.

The segmentationof the space has been demonstrated in several studies in
neuropsychology through behavioral research studies and pathologicalT¢eséseoretical
model by Previc (1998)Figure 9) A) The peripersonal space (yellow region), B) the focal
extrapersonal éd region), C) The action extrapersonal (bleu region) and D) The ambient
extrapersonal (green regiof). In neuropsychology, the perceptive judgement is used to

estimate the boundaries of the peripersonal space.

Action
Extrapersonal

Focal
Extrapersonal

Peripersonal Ambient
Extrapersonal

Figure 9.The four realms of perceptualotor actions in 3D space (from Previc, 1998).

The experimental paradigm of the perceptive judgement was introduced by Warren
(1984)to assess the affordance in the visual guidance. In this study, the participants were asked
to estimée if they were able to climb different types of stairs. This paradigm was used
afterwards by Carello, et ql1989) In their study, the participants were asked to estimate the
distance of where the object was placed without making a movement, respondingtonly w
Areachabl ed or Aunreachabl eo. This task all
reachability. In fact, the authors observed a perceptual overestimation of the limit of
reachability by 10% in correlation with the capacity of action. This otieragon was found
independently of degrees of freedom and is corroborated byother studies that have used the
same paradigm, for instance Mark et §1.997) Fischer(2000) and DelevoyeTurrell et
al.(2010) The first evidence of a dissociation of the space was provided by the study of the
hemispatial neglect syndrome. This syndrome causes an mgdirof spatial cognition

generated by damage in the brain specifically at the right parietal lobe. This syndrome is
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characterized by an intentional or unintentional bias towards the right side. Generally, the
patients affected with this pathology can ordproduce the right side of a drawing in a copy
task, or their estimation of space is shifted towards the right when they are evaluated in a line
bisection taskMort et al., 2003)

Surprisingly, the patients diagnosed with hapatial neglecsyndrome can perform
differently in the same task, when peripersonal space or action extrapersonal space were
compared(Halligan & Marshall, 1991) The authors noted that there were patients who
presented the rightward shift side only in the bisection task in the peripersonal space. However,
the same participant did not showydras when he performed the task using a laser pointer
and the stimuli were presented in the action extrapersonal space, meaning without the capacities
of action. The opposite pattern was reported by Cowey dtl8P1)and Vuilleumier et al.,

(1998) In this particular case, the patients were capable of performing correctly the line
bisection task in the peripersonal space but they presented difficulties when performing the task
in the action extrapersonal space. These findings suggest a clear stigmenf space in
relation with egocentric coordinates. This segmentation plays a role in the treating of the space

that surrounds the body.

1.3.2. Spatial reference frameworks: egocentric, allocentric, and heterocentric.

Regarding spatial navigation, four sphtreferential are distinguished: the egocentric
reference frame (othe route strategy), the allocentric reference frame, the heterocentric
referential framework and the 3D model stratéighgsh & Berthoz, 2021)

I n the egocentric reference frame, each
perspective (i.e selfcentered representations). This egocentric strategy (or first person point
of view) requires a topokinaesthetic memory which updates the@yea#frated perspective
during locomotor movemen{(8erthoz, 1997) Spatial updating by sethotion is generated
from egocentric representations of the environment based on a polar coordinate system
(Lambrey and Berthoz, 2007). The use of this perspective invaoleembering the
landmarks and updating subsequent directions taken during the navigagore D). The
egocentric strategigsr route strategy), organizes and codifies the world from a grlewed

local view which means an egocentric perspective.
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Figure D. An egocentric perspective: represiagtthe location of objects in a space relative
thebodyaxesof the self.

In the allocentric strategies, the locations are encoded in a global manner regarding
their spatial relationship.@., worldcentered representations). The allocentric reference frame
is useful when creating a cognitive map suitable for navigating in a complex envirgihnent
Bur gess, 2 0&0N&adel, 1903k Tdnee dllocentric strategies allows us to detect
localization in the environment producing a rige view (Figure 11). This means that a
location is encoded in the brain by considering the distances between elements or objects
placed ona map or after the visualisation during navigation (e.g., buildings, mountain,
l andmar ks) . Further mor e, the survey strateg)
reduce the distances between two places (shortcuts). These two spatial perspectives ego
allocentric have been identified in the human brain and linked to the two main visual streams;
the egocentric being restricted to the dorsal stream (where), the allocentric requiring both
dorsal and ventral areas (whvalhere)(Galati et al., 2004)The heterocentric strategy involves

imagining someone else perspective. This third perspective required to consider other(s) point
of view to imagingheir position(Berthoz & Thrioux, 2010)

@O 51

Figurell. Allocentric perspectiveencodesnformationasmaplike view.

The study of thedevelopmentof the spatial reference frameworks have reactal
differences inthe estimationof distancesdepending orthe viewpant and agePoirel et al,

(2011)conducted an experiment based on a comparison task of length estimatndidrien
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(from 5 to 12 years o)cand adultsin the experiment, a virtuahage depicda park withtwo
different paths one path wasstraight,and onepath wasserpentineand both pathswere
presented to the participar{fisgure12). The wo conditions were @sented to the participants
a) path with the same lengtiindb) path with different length. Moreovehe presentation of
the virtual imagevaried accordingto an egocentricor anallocentric viewpointDuring the
experimentthe participants were asked to estimatetherthe two patswerethe same length
or if they differed in lengthThe analysis of the errorsoncerning theondition whereboth
pathswerethe same length observadallocentric point of viewndicatedan oveestimation
for the straight pathinterestingly, this overestimation of the straight path decdeasth age
However, wherboth pathswith the samdength were observes in @agocentric viewpoint,
child (5-yearold) overestimated the straight path, whereas adultirestimate thestraight
path in an egocentric point of vieWhe authors interpreted the results accordirnyyfmthesis

of failing to inhibit the perceptual bigkloudé, 2000, 2001)'he overestimatioaf the straight

path from an allocentric viewpointsuggestedhat adultsreliedonah eur i sti ¢ O6str a

equatl o n gerspartiveChildren under 8 years old erestimate the straight path observed
in an egocentric point of viewhe authors pointed othattherewaa n 6 ov erleanhi b
at the school in the judgment Od6bet ween
shortest p a f{Therefore,lbermuthdrs suggesiti@aiGpatial cognition is influenced

by biasinhibition processes.

Allocentric viewpoint Egocentric viewpoint

Figurel2 Examples of the stimuli presented in the experiniairel et al., 2011)

The capacity oswitchingfrom persorperspective view to third persgeispective
view is a crucial capacity for human interactions which allows a correct representation of the
world. Lambrey et al(2008)demonstrated that the visual perspective taking is modulated by

distinct brain networks. They were inteesbtin understanding the role of the MTL in the
71
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visual perspective takinghe MTL is constituted of the hippocampus, the entorhinal cortex,
the perirhinal cortex, the parahippocampal cortex, as well as the temporopolar cortex, which
is often described ateremedial rather than strictly MTL but was considered as part of MTL
structures. Fourteen patients with unilateral temporal lesion (seven left temporal lobule and
seven right temporal lobule) et twerdpe participants were recruited in the study. All
participants completed two tasks: the Object Location Memory (OLM) task and Viewpoint
Recognition (VR) task. In the OLM, the participants were asked to memorize a position of a
target object in the environment from an initredwpoint (Figure13).

Initial viewpoint New viewpoint

No-priming

Priming

Figurel3. lllustration of the Object Location Memory task. After examining an initial view for

5s, observers switched perspective and indicated from the new viewpoint if the lamp had
changed its position. In the priming condition, observers weneed by the avatar occupying

their future location in the environment. In theprdming condition, no avatar was present in

the scene and the new viewpoint was unpredictable. The upper and lower examples show non
primed(135viewpointchangepndprimed(0) trials, respectivelyFrom Lambrey et al., 2008)

Then, the same environment was shown from a new viewpoint and the participants had
to indicatewhetherthe target object had moved. In the VR, the participants observed an avatar
from theinitial viewpoint and imaging his perspective, after which another viewpoint was
presented then decidinghetherthe new viewpoint was that of the avataigurel14). In both

tasks, different conditions weirgcluded:the nepriming conditiorandthe priming condition.
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Initial viewpoint New viewpoint

Correct
priming

Incorrect
priming

Figurel4. lllustration of the viewpoint recognition task. After examining an initial view for 5s,
observers indicated if the new viewpoint was d¢ihe,they expected according to the priming
by the avatar, if the new viewpoinias the perspective adopted by the avatar. The upper and
lower examples show correctly (4&iewpoint change) and incorrectly (90primed trials,
respectively(From Lambrey et al., 2008)

In the noepriming condition, the new viewpoint waspredictable from the initial
viewpoint. In the priming condition, the new viewpoint was primed via an avatar. The results
indicated a double dissociation in the patient's performéfigere 15). The group of Right
Temporal Lobe (RTL) presented impagnt in the viewpoint recognition but not in the object
location memory task. Contrastingly, the group of Left Temporal Lobe (LTL) patients showed
an object location memory task deficit, but they preserved a good performance in the
viewpointrecognitiontask

100
OControl
90 T mLTL
BRTL
* 80
:
o 70
Q
T |
50 ----------------
Chance level
40

Figure 15. Main effect of group on accuracy in the object location memory task. LTL (left
temporal lobe) patients were significantly impaired relative to control subjects. RTL (right
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temporal lobe) patients differed neither from control satg nor from LTL patients. Asterisk
indicates a statistically significant difference<{P.05)(From Lambrey et al., 2008)

1.3.3. From The Corsi BlockTapping Testo The Walking Corsi Test and the Mag(€arpet
Paradigm

In researchand in clinical assessmernhe classic paradigm to study 48WM is theCorsi
Block Test (CBT, Cors{1972). TheCBT test consists of 9 (3x3 cm) wooden blocks arranged
in a wooden board (30x25 cm). During the test, the practitioner peelseséquence of blocks
tapping one block at the time and the participeeinvited to repeat the sequence (Figliég

ain

Figurel6. Representation of &CorsiBlocks Task (CBT) ( Corsi,1972).

There are two versions of the CBT, the forward and the backward version. In the forward
CBT, the participants required torepeat the sequence in the same optesented by the
practitioner. In the backward CBT version, the participant must repeat the same sequence in a
backward order starting for the last wooden block tapped (reverse (Béech et al., 1998;
Donolato et B, 2017) A navigational version of the CBWas proposed by Piccardi et
collaboratorg2008, 2013, 2019)his navigational versiowasnamed the Walking Corsi Test
(WalCT). In the WalCT, 9 tiles of 30x30 cm are arranged on the floor in a navigational space
2.5x3.0 (1:10 scale of CBTIrigure17?). In the WalCT, the experimenter shedeach sequence
walking and standingn every tile (locatn) for a brief period After the presentation of
sequences, the participant is required to reproduce the same sequence in a forward or backward
fashion(Carbone et al., 2020; Piccardi et al., 2010, 2011, 2013; Piccardi, Palermo, et al., 2014)
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Figurel7. A. Representation of the Walking Corsi Test (WalCT)Representatioof the
Magic CarpefTedesco et al., 2017)

The WalCT evolved into the Magic Carpet to improve precision, to better control the
timing of the stimuli presentation and to avoid the possible influence of the experimenter
during the experimentation. The Magic Carpet was developed at the College c [fyrdine
Professor Alain Berthoz and collaborat(Berthoz & Zaoui, 2015)The Magic Carpet shares
the same principle of the CBT and the WalCT, with the difference that the Magic Carpet
consists of 10 translucent tiles with pressure ssn§®80cm x 30cm [height ~1cm]). A
computer indicatgt he i | | umi nat i o n 6-kBy-orseary veeomtithe signalso duc e d
from the pressure sensors when the participant walks over eacRigilee 17. B). This
method allovedus to make a reconstrimm of the trajectories and meastine reaction time
in the task and had been usedaasexperimental protocol in several studi@elmonti,
Berthoz, et al., 2015; Belmonti, Cioni, et al., 2015; Demichelis et al., 2013; Tedesco et al.,
2017) The Magic Carpefacilitated the exploration of the spatial cognitom t he fAnear d
extrapersonal | ocomotor spaceo (i .(Belmonti,t he ar
Cioni, et al., 2015; Perrochon et al., 2Q1H) this dissertation, we used a hew paradigm named
the Virtual Carpet™. This paradigm will belescribed and grainedin detail in the method

section.

[.3.4. Neurocognitiveassessmenif spatial cognition

The exploration of spatial cognitive capacities revealed important finds in the last decades
concerning the brain mechanisms related to the cognitive spatithent. Detection of early

cognitive decline in patients (nabserved by classical evaluations), differences in cognitive
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performance between reaching and locomotor space, age and sex related differences are the
main contribution of the neurocognitiveesssessment of spatial cognition. For instance, in
patients with earl y st ag ethespdatialdcegniteve dssessmentAl z h ¢
revealed/ SWM impairmentn the navigational spacehereas others types of WM such verbal

and VSWM in the reaching space were not affected by the dif@@sehini et al., 2014)It

seened that the spatial cognitive capacitiegere more vulnerable to the progression of
neurodegenerative dementias presenting a premature decline. Thesearesalithe with

those of Perrochon et al2014)where the detection of mild cognitive irmipment was possible

due to the assessment of navi g@x99descibedast r at ¢
taxonomy related to the assessment of cognitive furgtiona locomotor environment.

According to the authors, topographical disorientation is mandf@steur types of deficits: a)

egocentric disorientation, b) anterograde disorientation, ¢) heading disorientation, and
landmark agnosia. The egocentric disorientas@ssociated with the deficit to represent space
according to a selfeference positie. The anterograde disorientatiogfers to adeficit to

encode and recall visual spatial information. The heading disorientation is considered as the
deficit to integrate directional information with locations or landmarks. The landmark agnosia

is definedas the disability to recognize important features of the environment avoiding the

identification of the landmarks.

Thus, the assessment of cognitive capacitideen comparing performances in
different spaces (reaching space vs locomotor spresglemorstrated a cognitive deficit in
adult patients ersugypical adults exclusively in the navigational spéecardi et al., 2011)
Moreover, the assessment of spatial cognitive capaditi children, adolescents and adults
shed Ight ondifferencesrelating tothe acquisition of navigational strategiésvelopment
(Belmonti, Berthoz, et al., 2019n a typical deglopment, egocentric strategies are acquired
in earlychildhood follonedby theacquisition of thallocentric perspectivia later childhood
The ability to adopt a heterocentric point of view is only acquired when reaching pUibesty.
developmental tjactory of the spatial referential frames is linked to the maturation of the
prefrontal cortex and combinegd other cognitive capacities such as tlie CF, and WM.
Additionally, the study of the spatial cognition in children diagnosed witlsu@jgestd that
CP children affected with rigHirain damage presented more difficulties in the spatial
integration than their peers. These findirgpen the possibility to integrate rehabilitation
protocols concerning spatial navigation processing in @mldwith poor navigation
performance¢Belmonti et al., 2016)A recent studyy Bartonek et al.(2021)assessed the

topographic WM in CP children and typical developmental children using/é€T puting
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forward that CP children presented poor VSWM in comparison to typical developmental
children.

Additionally, the assessment of spatial cognitindicatedagerelated differences
regarding VSWM performances between OA and YA in differeatep (reaching space vs
locomotor spacélPerrochon, Mandigout, et al., 2018JA outperform OA in the WalCT,
however, the performance of OA in the reaching space were significantly better than in the
locomotor pace. These results are confirmed by a recent study that evaluated the VSWM in
OA versusYA using a backward version of the WalQTarbone et al., 2020Moreover, new
technologies such as the functional Nedrared spectroscopy (fNIRSyereadapted to the
WalCT had allowed to study the difference related to the performance between OA and YA.
The fNIRS measred the oxygenation level in the brain determining the degree of activation
of a specifical area. The activation of a brain structure is associated with higherofevel
oxygenation. The analysis tfe performance between OA and YA using the fNIRS have
shown that VSWM decline observed in Qvaslinked to a lack of oxygenation levelstime

dorsolateral prefrontal cortex compared to {K&onovsek et al., 2020)

Experimental contribution in study of spatial cognition

The perception of the space is an important factor to take into considering when
studying spatial memory. Indeed, the eye movements are crucial in exploration of the
environment. Demichelis et al., (2013) investigated the eye movements during the re€alling
a trajectory observed in a map. The authors hypothesized that the eye movements executed
during the exploration and learning a route on a map will be implemented to facilitate the
retrieval of information learned for the navigation. Thus, visual eaptor of a map should
influence the efficiency of navigation in the environment from an egocentric or allocentric
perspective. Equally, the experimenter hypothesized that the horizontal eye movements are
more efficient when exploring and recalling in theeg task. Sixteen participants (students)
performed two tasks: learning a path on a neaplpmotor task) (Figur&8) and recalling this
path immediately after during the locomotor task. In the oculomotor task (OT), a set of grey
square targets were shown a computer screen. The task of the participant was to explore
sequentially when a red square appeared and moved over the grey squares. For the learning
phase, 4 paths were proposed respectively. Each path was presented on the screen after a map
rotation of 0°, 90°,180° or 270° (FigurE9). The locomotor task was the magic carpet. The

authors measured the eye movements in the OT and the response time on the magic carpet.
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The results indicated that the horizontal eye movement (ocular anisotropy) in the
learning phase significantly influenced the performance compared with the vertical eye
movements. As was expected, the oculomotor learning generated in the Lgduasegwvas
recalled before the locomotor task, facilitating the navigation performance. ukhera
proposed that a motor transfer is involved between the oculomotor system and the body
movements during the execution of the experiment. The kinesthetic memory contributes to the
mental simulation of the walking path. Furthermore, gender differemeesbserved, men are
more susceptible to the ocular learning orientation than women in the horizontal condition
showing a short time of response. The path integration is an important element of spatial
navigation. Two different strategies have been deedriinvolving path integration:

continuous and configuradtrategies

Figurel8 On the |l eft, experiment al conditions o
example of ocular movements during this learning phase: circles represettixations (the
bigger the diameter, the |l onger the fixation

(the longer the arrow, the faster the gaze move). On this example, the vertical eye movements
are visible (6 and 14) which moved away frtme central square, twice during the patiular
learning(FromDemichelis et al., (201R)

8 . T 3 6 b D T
S S P A | Y A SV
8 ‘5 T 7 ‘_4'. 1A
& i - Y > 2
Path 1, 0° Path 2, 90° Path 3, 180° Path 4, 270°

Figurel9. Exampl e of the combination of spbpedths an:q
(From Demichelis et al., (2013))
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The continuous stratggs an online process of updating the @gove information
during the spatial navigation. However, the configural strategy is an offline process in the path
integration which required the WM representation of the traversed path. For understanding the
proaess characterized in human path integration, Weiner et Bef®#®d4) compared the
continuous and configural strategies. The paradigm used in this study was the Triangle
Completion Tasks (TCT) in which blindfolded participants were led along two sides of a
triangle (Figure20). At the end of this outbound path, they areasésl and asked to complete
the triangle by walking back to the starting point. A group of seventeen participants assessed
individually were instructed to use the continuous or configural strategies during the

experiment. Thexperimentemeasuredhe headrotation,therespons¢ime andthehoming

errors.
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Figure 20. Left: The trianglecompletiontask and homing accuracy measures; middle: The
layout of the 16 outbound paths; right: Exemplary data of one of the participants in the
configural condition (dashed lines represent homing trajectOfesin Wiener et al., 2011)

The results demonstrated thattmuction of the task influenced the performance of the
participants depending on the use of each strategy. Moreover, when participants used the
configural strategy, dissociable cognitive operatidéor human path integration was observed.
Thus, a clearifference of performances between the continuous et configural is manifested
on longer pathgFigure21). The authors also described the role of the head in the anticipation

of the trajectory in the homing direction. Indeed, the authors suggest that uhed ne
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mechanisms underlying the path integrationam®ociatedvith the posteriorparietalcortex
andthe medialtemporalstructures.
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Figure 21. Behavioral results (mean + sem); Top left panel: homing error; top right panel:

response times; lower left pane: direction error ; lower right panel: abdadtaacesrrorfrom
(Wiener et al., 201})

The peripersonal space and the exprersonal space were studied during the typical
development in children (Belmonti et al., 2014). Taking in account the effects of sequence
geometry on perfonance and the types of error made by subjects at different ages, the authors
hypothesized that the sequences geometry will produce disorientation in navigation space in
children rather than in adults. A total of 101 children aged between six to twehseojear
participated in the study. In addition, eighteen healthy adults (nine females, nine males) were
enrolled from a mixed population of university students, medical and paramedical staff,
ranging from twentyone to thirty-two-yearold. The participantsvere tested with CBT and
the AMagi c (FiQueeld. 6t bet esests (Digitspan and
out other than these two so as to not overload any common spatial memory networks possibly
subserving both of them. The authors found thatsipan increased with age in the CBT and

in the fimagic carpeto. The results suggested
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in the range of age 101 for the navigational space. These findings are the evidence of a

cognitive shifting which is ntaration of executive functiorendbrainconnectivity.

(B

Figure 22. Experimental setip. (A) The Magic Carpet. (B) Th€orsi Blocktapping Test
( e x per iview)fFrom Bdnwonti et al, 2015)

In human spatial navigation, the differescbetween men and women have been
widely hypothesized; suggesting that, on the one hand, men use more egocentric
representation strategies of the space based in metric distances and cardinal directions. On the
other hand, women navigation strategies ddpém landmark's positions. These two
navigational processes can be distinguished such as Spatial Updating-imptsatfs and

landmarkbasedrienteering.

To test this hypothesis Lambrey et Berthoz (2007) developed a study to analyze the
possible genderrelated difference in spatial cognition. The experiment took place in a
hexagonaltoom (Figure23-24). All the participants explored beforehand the surrounding of
the hexagonal room. The experiment consisted of three different conditions: a) Stable
Landmarks (Stabid.), b) RotatedLandmarks (Raet.) condition and c¢) Switched.andmarks
(Switch-L) condition In the StableL, the landmarks were compatible before and after the
presentation. In the Rdt, the images displayed on the three screenseatat the second
presentation. In The Switdh two views out of three were switched off after the delay, while
the third one remained at the same location. For each condition, the participant was placed in
the center of the hexagonal room. All trials w&drby switching off the spotlight, then three
screens displayed images of the outside room for 90s. Next, the screen is turned off for 30s
after which the screens displayed images for 90s again. Finally, the spotlight was turned on,
allowing the participat to perform the point task. The task of the participant was to point to
the direction of each of nine different views in the outside environment. The participants were
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divided in two groups immobile and the mobile. In the mobile group, the particigaeised
the instruction to close their eyes and rotate on the spot for the 30s while the weretm
edoff.

1 control video camera
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Figure23. Experimental setip (diagram and reaborld photo). Subjects entered through one

of the three doors and then stood up inside the testing room. Three TV screens were positioned
on three of the six walls of the structure. These scrdispéayedthe landmarkviews (from
Lambrey et Berthoz (200))

The immobile group did not receive any specific instruction to do during the 30s of
pause. Nineteen subjects (10 women, 9 men) volunteered to participate in the study. The
results showed great proportianglobal orientation error in the mobile group because they
were unable to correctly update their spatial representation. In the switching condition, both
groups performed the same in the awareness of the landmark switch. In general, women made
significantly greaterglobal orientationerrorsthanmenin the Rot-L.
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Stable-L —» Pointing
Rot-L —p Pointing
Switch-L ! - Pointing
|
|

Figure24. Procedure in the Stable Rot-L and SwitchL conditions. The hexagon symbolizes

the testing room. The numbers outside this hexagon correspond to scenes inweldeal
environment. The numbers inside the hexagon correspond to the scenes displayed by th
screens. First, each screen displayed the image of one view of the environment as if this screen
were a window to the surroundings. Subjects were instructed to look carefully at each screen to
take in their bearings as precisely as possible. Duringliaise, the spotlights inside the testing
room were turned off and light came only from the video screens. After 90s, the images
disappearedand the screens remained dark for 30 s. Then the screens displayed images of the
environment again and subjects atbok once again at each of the screens. After an additional

90 s, the screens were switched off and the spotlights were turned on. This was the signal
performthe pointingtask(FromLambrey et Berthoz (200))

The authors suggested th@omen have different strategies than men in the use of
egocentric representation of l andmar k | ocat
representation where they expected the landmark ¢Bipere 25). The authors hypothesized
that women takéearings relative to the actual locations of the landmarks as they appear in
the environment. Men used landmarks like an update of the egocespresentation

modulatingboththe actualandexpectedandmarkiocations.
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Figure25. Percentage of women and men who became aware that the landmark views had been
displaced in the Ret and SwitchL conditions. Zindicates a significantdifference
(p<0.05)FromLambrey & Berthoz, 2007)

1.3.5. WalCT as a tool for neuropsychologicalassessment

The WalCT was proposed as a complement in clinical neuropsychological assessment due to
the fact that it can identify the navigation memory impairment in subjects who score normally
in the clas& memory evaluation. Therefore, Piccardi et €013) had implemented a
standardization of the WalCT in an Italian population. The aim of the study was to investigate
the psychometric properties of the WalCT as a topographical memory test and compare the
CBT to the WalCTin a large sample of 289 healthglianparticipants aged 186 years. The
participants were subdivided into six group: Youngest 255years ), Young adults (285

years), Adults (3646 years ), Middleaged (4757 years), Older ( 5&8 years),Oldest ( 69

86 year). The participants were tebkte the CBT and the WalCTn the CBT, the shortand
long-term spatial memory was assessed. In the-teng memory, the learning (VSL) and
delayed recall (VSDR) were tested. Similarly, in the WalCT the experimenter evaluated the
topographical Shoiierm Memory (TSTM), and for the loatgrm memory the Topographical
Learning (TL), and topographicdklayedrecall

The results show that age is an important factor in the performance of the groups; the
younger groups have a better scopsuiformance in comparison with older grouplsose
performanceseens the decline ataround47 yearsold. The authors observed that the

performance for both working spatial memory and learning topographic information has a
84



critical age, estimated at 4B years. Genderelated differencewereonly identified in the
WalCT but not in the CBT being that the men outperformed the women. However, this sex
difference disappeared at the critical age of 47. Although, they measured different spatial
dimensions, thewhors suggested that both the CBT test and the WalCEhastsimilar
componentsuchassequentiabncodingandplanningstrategies.

Recently, virtual reality has been used as an important element in the study of cognition
in several scientific domains. Nori et a(2015)developed a study to evaluate reliableness of
the exploration of topgraphic memory. The authors formulated two objectives; the first aim
was to compare the effects of the real and virtual reality learning environment during the
acquisition of spatial information and the second aim was to determine the gender difference
in both environments. Therefore, the experimenters used a virtual version of the WalCT the
M-Walking Corsi Test (MWalCT) which correspond to enlarge version (7x6m with 18
squares of 3x3 cm). In the virtual navigation, the participants were sitting on aandair
imagined movement when they saw an avatar walk through the space. TWalZR was a
reproduction of the WalCT with the same characteristics of the (B@ure26). In the VR
WalCT learning condition, to start the experiment, an avatar showed ti@paarts the 8
step sequence by walking and stopping for 2s on the squares. Eighty healthy par{foggnts

men and forty womenyereselectedo performbothconditions(realandvirtual navigation).
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Figure26. (A) The M-WalCT platform is depicted. A1 shows the real environmentghthe
virtual version;and(B) differentpathsarerepresentedrom Nori et al., 2015)

The task of the participants was to learn a sequence of 8 blocks dhowhe

experimenter or the avatar. The results demonstrated that the virtual and real environment are
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useful to analyze the topographic memory system. Moreover, the results established gender
related differences as it is shown that men outperformed wontkis task(Figure27)
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Figure27. Means and standard deviations for the main effects of gender and envirgimoment
Nori et al., 2015)

To test the effectiveness of the WalCT in the detection of the early stage of dementia,
Perrochoret al.,(2014)developed a study whichnaed to determine whether the assessment
of VSWM in the Corsi test and complex navigation task is a good indicator of cognitive
impairment in the initial manifestation of a dementing illness. Furthermore, they were
interested in analyzing thdifferent strategies used by subjects in different tests and
investigated whether these cognitive strategies were related to cognitive decline. The authors
hypothesized that the analyses of the strategies used by the participant provide more
information tran the span score in the WalCT. In the study, 51 participants were selected as
sample. This group was subdivided into 15 younger subjects, 21 older subjects and 15
participants diagnosed witlild Cognitive Impairment (MCI). The MCI had been described
as a previous stage before the diagnosis of dementia. The MCI is the intermediate stage
between cognitive health and dementiais pathology is characterized by memory problems,
objective cognitive impairment, and the preservation of the daily functioniiog t®the main
test, all participants had undergone a neuropsychological assessment and a physical test of
walking for 10 minutes in a standardized environment. Moreover, the mood and state of
depression of the participants were also assessed usingtiagriG Depression Scale. The
experi ment al tasks were a newly designed ver
and an electronic version of the CBHRigure 28). In the electronic version othe Modified
CBT, the sequenaare shown on a computerdathe participant repeated the same sequence

by pressing the sequence on WEBT.
86



Figure 28. Description of the protocol. AMCBT is an electronic version of the CBT. The
sequences are controlled by a computeMBJCT is a larger version (3 x 2.5 m; scale 1: 10)
of the CBT. An electronic version of the CBT wargjanizedn an empty room [15, 20]. The
MWOCT is controlled by a miocomputer through WLAN connection. Nine whsiguareg30

x 30 cm)wereplacedon agreycarpet(FromPerrochon et al., (2014)

The level of the difficulty increased after a correct sequence reproduction (two out of
three topass to next level). The criteria of test stops were when two trials out of three at the
same level have not been correctly reproduced. Additionally, the experimenter analyzed the
cognitive strategies assessed from the trajectory errerge different ypes oferrors were
identified (S1) Localisation (one wrong block is shown); (S2) inversion (two blocks are shown
in the wrong order); (S3) approximation (sequences with several errors but with a general
configuration similar to the shown sequencé®4) randomsequencdsequencegresented
without any logic), and (S5 incompletesequencésequencesvith too many or not enough
blocks) (Figure?29).
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Figure @. Analyses of the various strategies used in thesiQest according to thaistakes
thatweremade(FromPerrochon et al., (2014)

The results showed clear differences in the performance of the participants in both
tests. The performance on the MWalCT was lower than on the MCBT. The aenptaimed
these differences by the complexity of the MWalCT which demanded an update of sequence
coding and planning when the participant navigated in the space. The results indicated an
effect of ageing in the performance in the older participants iMiMalCT associated with
the decay of the working spatial memagpacities (Figur80). Moreover, the authors did not
observe a difference in the performance between the young group and the MCI group on the
MCBT. In addition, the author proposed that thwalgsis of the strategies used by the
participant allowed them to identify a pronouncidicit in the MCI group(Figure31).
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Figure30. Impactof the complex navigation task on ti&WM of the subjects in each group.
OH =Healthy older subject; YH = healthy young subject. ANOVA with a plan of 3 x 2 factors
was used. * Significardifference p < 0.05(FromPerrochon et al., (2014)
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Figure31l. Behaviouraprofiles in problem solving at the latest stage of thes@est. The mean

score was <calculated during the subjectds | ¢
mean number of times a strategy was used. a Strategies during MCBT. b Strategies during
MWCT. OH = Healthy older subject. Statistics werefpened using the ManwWhitney test.

* Significantdifference p < 0.05(FromPerrochon et al., (2014)

1.3.6. Neural Bases of cognitive strategies during the WalCT

Perceptuabrocessing and EFs are recruited during the navigationparfdrmance in the
WalCT. EFsareengagedn planning ignoringirrelevant distractions anegulatingautomatic

behaviors (i.e., inhibitor controlip the short termmememberingnformation for manipulated
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it (i.,e., WM), and being able tpredictand adjustto eventual changes (i.eCF)(Diamond,

2013) Neuracognitive and neuroimagingassessmentgdicate that the frontallobes are
involvedin EFs specifically the dorsolateral prefrontal cort@iedman & Robbins, 22
Kronovsek et al ., 2020 ; Thevrefrontal c&texdDlbkeds oo si t o,
subcortical structures such as the basal ganglia and the cerebellum ttheriegecutive
processegMcGough et al., 2018; Mirino et al., 2022; Patai & Spiers, 20P1i¢ right medial
temporal lobas keyin the representation of the cognitive maps of the environment and memory
(Eichenbaum, 2017; Igloi et al., 2010; Lambrey et al., 2003; Maguire, 20@t¢over,the
parahippocampusippocampus, retrosplenial cortex, and posterior parietal cortex are the core
areas of spatial navigatigBoccia et al., 2014; R. A. Epstein et al., 20THehippocampus is
engagedn the mental representation of the spataligation(cognitive maps), the planning of

the actions and the using of past experiences in navigatién ¢ he nb a u m, 2004;
Nadel, 1978) The parahippocapus is involved in visual spatial processing, in particular in
place recognition, route planning and mnemonic encodingnoff et al., 2013; R. Epstein et

al., 1999) The retrosplenial cortex is involved in spatial encoding, merandythe integration

of information from egocentric to allocentric spatial proces@itaguire, 2001; A. M. P. Miller

et al., 2019; Vann et al., 2009)

Several studies in the field of neuropsychology and neurosciences have described the
loss of navigational capacities such as recognition of a familiar landmark and general
disorientation after brain damage. An important number of lesions and neuroimaging studies
have shed light on an ensemble of structures that are involved prabessingf spatial

navigation.

To test the hypothesis that the left medial templtmaé is involved in the spatial
navigation recalling of sequences during the locomotion through the space, Lambrey et al.,
(2003)evaluated the performance of two groups of patients with unilateral lesionidteit
in the medial temporal lobe and a control healthy group during a virtual reality task. The virtual
reality task was a largecale virtual maze with a start point and emd point. During
navigationthe participants encountered a chair, a flower, a man, a eltadder,aChristmas

treeandaportrait.(Figure32).
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Figure32. Virtual environment. (A) Map of the virtual maze. (B) Graphic mloaf the virtual
environment (example: view of the crossroads with the ladder). The direction to be taken at
crossroads was signposted by greetoured walls while all the wrong directions were
signposted by redoloured walls. The thick line represetiie pathfollowed by subject§From
Lambrey et al., 2003)

The instruction for the nayation task was to pay close attention to the landmark
placed on their way. After each trial the participant drew the path on a sheet of paper with their
eyes closed eyes. The landmarks recalled on the path were symbolized with a dot. The result
indicatedthat the left medial temporal lobe (MTL) is involved in the sequential memorizing
egocentricperspective(Figure 33). In addition, the right medial temporal lobe patients
presented a performance between the left medial temporal and the control group. The authors
proposed that the functional lateralization presented in the medial temporal lobe is due to
sequential encodin@f language and equally for the sequential of memorizing landmarks or
movements. Thus, the patients presented verbal difficulties to describe the elements seen on
the path. The differences observed in the literature and the findings demonstrated igjfat the r
medial temporal lobe is involved in memorizing the allocentric coordinates, even though the

left medial temporal lobe participates in the route mermoallocentricmemoryperspective.
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Figure33. Memory for the sequence of landmarks inttol and patient groups. The inaccuracy

of memory for the sequence of landmarks was expressed as the percentage of landmarks that
were not correctly placed along the path during the map drawing path. Error bars are the
standard error of the mean. * indiea significantlyimpairedrelativeto the controlgroup( p <
0.05)(FromLambrey et al., 2003)

In the study of Piccardi et al., (2010) the authors were interested in understanding the
different neural systems involved in spatial memory. The aim of the study was to determine
the role of the Medial Temporal Lobe (MTL) areas inezbjocalization in the pepersonal
and extrgpersonal space. The authors suggested the hypothesis that there are two different
memory systems for the object localization in the space: one for the proximal space and
another for the far space. The studgswconducted on a patient group (22 patients) and a
healthy group (21 patients). The patient group had undergone unilateral temporal lobe surgery
for the relief of intractable epilepsy. The patient group was subdivided in eleven right temporal
lobe (RTL) and elevenleft temporal lobe (LTL) surgery. The patient group and the healthy
group were evaluated with a neuropsychological battery to determine their neuropsychological
profile. The experimental testing involved the CBT and the WalCT. In both the CBT and the
WalCT tests, the visual sherérm memory test (VSTM) and two aspects of loegn memory
(LTM) were assessed: learning (VSL) and delayed recall (VSDR). The results indicated that
some patients6 performance i n theménBbEingpand t h
lower scored in comparison with the healthy grékigure 28) Moreover, the lateralization
of the brain lesion right or left did not play a specific impact. Piccardi et al., (2010) presented
that the right and left hippocampus contributehtisuospatial memory for sequences in the
peripersonal space and in the expersonal space. Nevertheless, the analysis of the
individual performance showed a double dissociation between the CBT and WalCT for VSTM
and LTM test(Figure34, 35).
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Figure34. The graph reproduces means ¢ Figure35. The graph shows means and S
SDs of the number of cubes/ squares rece of the number of cubes/squapeformed by
in the shorterm memory task by each groi each group to reach the learning criterior
in CBT and WalCT(From Piccardi et al., the visual learning task. The total score

(2010). 144 was the maximum obtainable for both"
CBT and WalCT (From Piccardi et al.,
(2010).

The double dissociation in the unilateral temporal lwbsurgery patients indicated
the existence of two different memory systems, one system for coding, storing, and recalling
sequences of objects and movements in a smatppesonal space and the other system for
coding, storing, and recalling sequencésoocomotor trajectoriesn a large extrapersonal
spacgFigure36).
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Figure &. The graph reports means and SDs of number of cubes/squares remeaftbeted
min by eachgroupin bothtests(FromPiccardi et al.(2010).

The role of the cerebellum in cognition was proposed in the last decade opening a new
perspective of the cerebellum. Researcher such as Igla €@&l5) conducted a study to
determine the involvement of the cerebellum in the navigation strategies, as well to understand
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its implication in the motor and cognitive human navigation. Based on the previous research,
the authors identified the possible connection between the cerebellum and the prefrontal cortex
and the parietal cortex via the lobe VIRKel | 'y & Stri ck, 20.03; (0N
Moreover, the authors took into consideration the cerebral activations during the navigation
task and the cognitive strategies. The cognitive strategies involved in the navigation are place
based stite@gies which are associated with #ilecentric perspectiveaking and the sequence

based strategies which require #gocentric perspectivd he placebased strategy is related

to the right hippocampus and the sequebased corresponds to the activa the left
hippocampus. Igldi et al., (2014) used the fMRI for measuring the signal BOLD and record a
virtual navigation task (virtual starmazélrigure ¥). The experimenters analyzed the
interaction between the cerebellum and the right and left hgpppoas. The task of the
participants was to move through the starmaze using a keypad and findiggairend
feedback was given after the successful find. In the control trials the participant moved through
a determined portion of the alley and turned taf right The authors found a functional
connectivity between the cerebellum and the hippocampus during the use of cognitive
navigation strategies. The lobule VIIA Crus shares on the one hand, connections with the right
hippocampus and the medial pamletortex which are both involved in the pldussed
navigation strategies. On the other hand, the VIIA Crus | is also connected with the left

hippocampus and medial prefrontal coritexhe egocentricstrategiegFigure37).
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A. Control trial B. Conjunction of training, control and probe trials
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Figure¥.(A)Subj ect 6s path in the control trials.

of training, control and probe trials, whatever strategy was used in probe trials. Left: bilateral
activation of the posterior cerebellum lobule IX (peaks at MNI coatds-12,-58,-41 and
15,-57,-51). Center: Bilateral activation of the thalamus in the white circles (peaki8at:

27, 3 and 21527, 0). Right: activation of the lateral intraparietal area (LIP) and the primary
motor cortex in the white circles (ples at:-21-63, 60 and-24, - 6, 63, respectively). (C)
Training trials. D1: departurepoint for all training trials; G: goal; in red, the most direct path
from the departure to the goal. (D) Activation of structures of interest for training vs. control
trials. Left: bilateral cerebellar lobule VIIA Crus | (peaks at MNI coordinates:&47;36 and
-45,-72,-36). Center and right (adapted from Igloi et al., 2010): Bilateral hippocampus (peaks
at: 30,-6, -15 and-21, -15, -15), along with medial prefront&3, 42, 0) and medial parietal
cortex (0,-54, 30). (E) Plackased path in a probe trial (in blue). D: departure point. (F)
Activation associated with pladesed responses vs. control trials, in the 1st alley. Left: left
cerebellar lobule Vlla Crus(t45-72-36) (Fromlgldi et al, (2015).
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A Place-based probe trials B Sequence-based probe trials 9
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Figure 3. Corrlation matrices between the structures of interest for{lased and sequence
based probe trials averaged over 13 subjects included in the connectivity analysis. Correlation
is significant above 0.18. The names of the structures found activated instlaidy of probe

trials for placebased responses (when compared with control) are highlighted in bold and blue.
Names of structures activated for sequelnaged responses are highlighted in bold and green.
(C) Positive correlation between the allosc@re., tendency to use the plasased strategy)

and the medial pariet&bL (Crus I) correlation on all trials (N = 13) (D) Positive correlation
between the egoscore (i.e., tendency to use the sedoasee strategy) and the left
hippocampusCbR (Crus ) correlation on altrials (N = 13) (Fromlgléi et al, (2015)).

Recently Tedesco et al2017) studied whether the cerebellum is involved in the
processing of navigational sequential information and whether it is influenced by the modality
of the stimuli presentation. The author analytlee performance of twelve patients with
cerebellar lesion and twelve healthy control grougspatial Working MemorySWM) tests
and the navigation test. The SWM test was the CBT. For the navigation assessment, the authors
utilized the WalCT and the eleonhic Magic Carpet. In the WalCT, the sequence was display

by the experimenter whereas in the electronic Magic carpet the sequences were produced by
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the it is indicated by a computer that lights up the tiles in the sequence. The results showed
that the cezbellar patients (CPa) perform like the control in the WalCT despite the fact that
the performance of the patients were significatively different in the Electronic Magic Carpet
(Figure ®). The authors proposed that the decline of the performance in the Electronic Magic
Carpet cannot be attributed to motor problems or cognitive impairment. Moreover, the absence
of difference in the performance in the WalCT between the CPa and control guggested

that also navigation&M is not impaired in patients affected by a cerebellar pathology. They
hypothesized that the differences in performances are influenced by the modality of
presentation of stimuli. Furthermore, in the Electric Magic Catpeteasiest way to solve the

task is normally to use the allocentric strategy. The authors explained that the difference in
performances is probably due to a significant involvement of the cerebellum in sequence
processing. The cerebellum interacted veither structures to achieve a cognitive goal. This
interaction was interrupted by the cerebellar lesion presented in the patients. Nevertheless, the
authors explained that the differences noticed during the performarepsobably due to

significant invdvement of the cerebellum in sequence processing.

Span score

E-WalCT WalCT
oCb mC

Figure 3. E-WalCT and WalCT performance. Mean span score and standard deviation of
patient (Cb) and control group (C) performance onehW@alCT and WalCTp .05 (From
Tedesco et al(2017)
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I.4. Neurodevelopmental disorders

1.4.1. Developmental coordination disorder (DCD)

[.4.1.1.Definition

Developmental coordination disorder (DCD) is a neurodevelopmental disorder that affects the
chil drenbés coordination of wvoluntary motor
abilities with a normal neurological examinati@iotteau et al., 2020)n scientific literature,
DCD is also known as the developmental motorrdmation disorder, developmental
dyspraxia and agnosia, and developmental dyspdysgnosigMagalhdes et al., 2008)CD
affeds the psychomotor development of both fine and gross motor skills blocking the
acquisition of new motor learnings with and without tool use. This neurodevelopmental
disorder is associated with extreme clumsiness and difficulties acquiring psychomdiesabil
In the early stages of human development, typical behaviour such as sitting, crawling, and
walking are delayed compared to the development of typical children of the same age. In the
later stages of development, children with DCD manifest poor sexcturate performance
during the manipulation of objects such as handwriting, drawing, tying shoelaces, buttoning a
shirt, and performing activities like playing games, and riding a bicycle.

The proportion of children affected by DCD varies in functiothef population study
and the type of definition applied. According to Bank e{2019) between 5% and 6% of
schoolaged children are affected by DCD. Howeveifferent studies suggest a distinct
prevalence for DCD of about 5.4 @iagazoglou et al., 201,1§.9 % (Asonitou et al., 2012)
and 4.3 %(Cardoso et al., 2014 oncerning the prevalence in adolescence and adulthood,
longitudinal studies suggest that DCD continues throughout adulifigladk et al., 2019;
Kirby et al., 2008) For instance, a group of 468 Dutch adult students2BLYears old)
presented a prevalence 2.8% of D@2uze, 2005)Regarding sex differences in DCD, studies
suggest that males are more affected by DCD than females. This difference observed was
identified as 2:1 and 3:(Faebo Larsen et al., 2013; Gillberg, 2003; Missiuna et al., 2008)

[.4.1.2.Diagnosis

According to the Diagnostic and Statistical Manual of Mental Disorders fifth edition ({DSM
V)(American Psychiatric Association, 2018) order to establish a diagnosis of DCD, four
criteria must be fulfilledsee Tablg). These criteria are based on extensive research including
the behavioural, and cognitive information of DCD. The diagnosis of DCD involves

coordinated efforts from sevéudifferent disciplines such as neuropsychology, pedopsychiatry
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and psychomotor therapy. The analysis of 176 scientific publications related to voluntary
movement disorder shed light on the diagnostic criteria for @SMitsEngelsman et al.,

2015) These criteria include a) an interference didifties to perform everyday activities, b)

the absence of other disorders, c) a score of intelligence scales or 1Q above of 69, and d) a

deficit in motor skills on the standardized assessment (inferior to 15 %).

Table 3. Criteria for Developmental Coordination Disorder (DCD) according to the IYSM
(2013).

Criterion Description Characteristics

The acquisition and execution of

coordinated  motor  skills is
substantially below that expected
given the individual’s chronological
age and opportunity for skill learning

and use.

Difficulties are manifested as clumsiness
(e.g., dropping or bumping into objects)
as well as slowness and inaccuracy of

performance of motor skills

(e.g.,
catching an object, using scissors or

cutlery, handwriting, riding a bike or

participating in sports).

The motor skills deficit in criterion A  Difficulties in self-care and self-

significantly and persistently maintenance and affects academic/school

B interferes with activities of daily productivity, prevocational and

living appropriate to chronological vocational activities, leisure, and play.
age.
achieve motor

Onset of symptoms is in the early Difficulties to

developmental period. developmental milestones.
The motor skills deficits are not better Absence of cerebral palsy, muscular
explained by intellectual disability, dystrophy, degenerative disorder.
visual impairment, or a neurologic

condition.

One of the most used psychometric tools to assess DCD is the Movement Assessment Battery
for Children (MABC) (Henderson et al., 2007This battery includes eight items for ages
betweersi 6-yearold, 7-10 yeaar old, and 1116 year old. The MABC explores three different
areas such as manual dexterity, ball skills, and balance skills. Complementary to the MABC,
the other aspect of motricity is assessed like handwriting skills, imitation of gestures, muscle
tone.In addition to the behavioral skills, cognitive capacities are also evaluated. EFs, attention,

memory and neurological soft signs are also studied. The severity of DCD is determined by the
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cut-off of the standardized motor test. A score inferior of Sticgretile corresponds to a sever
DCD whereas a score between 5th and 15th percentile is considered to be moderate DCD. A
probable DCD diagnosis is determined when the score is inferior or equal to 15th percentile.
However, to establish a diagnosis in DCDisiimportant to consider the high variability of a
chil dés devel opment during the acquisition o
age of 5, 1t06s possible to establish a diagn:
with regard to the developmental progression of dfBldnk et al., 2012)

Concerning the cognitive assessment in children and adolescents diagnosed with DCD,
several studies suggest that attentional functioning and EFs are in{pifednn et al., 2012;
Querne et al., 2008; Tal Saban et al., 2014; Wilson et al., 20tBr authors indicated
impairment of specific domains in EFs and attentional ttantg (Toussain{Thorin et al.,
2013; Wilson et al., 2013)A recent review othe literature presented a deficit in specific
domains of the cognition, specifically affecting inhibition control, WM, planning and non
verbal, as well as general EFs impairméoachambre et al., 2021 However, deficient
cognitive capacities are a criterion of exclusion. Indeed, according to theMpSbdime DCD
children present attentional defi¢i€aiser et al., 2015; Pieters et al., 2012) recent analysis
suggested that children diagnosed with DCD present fundamental impairment imvigagal

mapping and cognitivenotor integratior{SubaraZukic et al., 2022)

1.4.1.3.Neurocognitive findings

Brain studies indicated abnormal maturation of matetworks as well as clinical signs of
dysfunctional in structural and functional activation patterns in children with DCD. According
to Biotteau et al.(2016) a compilation of neuroimaging studies demonstrated abnormal
activation of a group of brain sictures such as the cerebellum, subcortical (base ganglia), and
cortical (frontal and parietal lobes) involved in DCD. Additionally to these brain areas,
structural features such as cortical thickness of the right orbitofrontal cortex are associated with
symptoms of DCD(Wilson et al., 2017)Genetic factors are associated with the etiology of
DCD. However, this assumption of a genetic origin of DCD needs to be further supported
(Biotteau et al., 2020)

1.4.1.4.Etiology Hypothesis
Four principal etiopathogenetic hypothesis have been proposed to explain DCD. These

hypotheses are visuospatial défiinternal model deficit, procedural learning deficit and EFs

impairment.
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1.4.1.4.1.Visuospatial and perception action deficit

The first hypothesis refers to a visuospatial and perception action deficit presented in DCD. The
exploration of eyéhand coordinatiomnd spatial processing by means of wooden puzzles or
handling blocks have revealed visuospatial processing deficit in children with(Ri@vay,
2007; Biotteau et al., 20L7However, it needs to be specified that even though DCD children
preent lower visuospatial performances compared to control children, ADC&II children
present a visuospatial impairment as a systematic deficit (excluding for extreme slowness).
However, this hypothesis is supported by neuroimaging studies that relatgthamal
functioning of the dorsal visuospatial stream to DGMilliams et al., 2017; Wilmut et al.,
2017) Additionally, DCD children present lower scores in the assessment of WM and STM
compared to other neurodevelopmental disordétkoway, 2007; Alloway et al., 2009)
Nonetheless, contradictory findings hdeen reported concerning the visuospatial disorder in
DCD. The main problems related to these studies are the sample size (i.e., low number of
participants) and the variability concerning the sample. Thus, this hypothesis is difficult to
corroborate due tthe intervention of compensatory mechanisms achieved by children during
development.

The coupling of perception and action have been considered as the main disorder in the
DCD children. Several lines of evidence suggest that the coupling of percepdi@actaon
combined to difficulty to adjust to conditions challenges the adaptability of the children with
DCD (Geuze, 2018; Wade & Kazeck, 2018he development of the coupling perception and
action in DCD have been reported as deficient concerning tasks of imigatiBn Reynolds,
Licari, et al., 2015; J. E. Reynolds, Thornton, et al., 20IB¢se fining suggests a deficit or
atypical activation in the mirror system in children with DCD correlated to a decrease in gray

matter in the premotor frontal regios E. Reynolds et al., 2017)

1.4.1.4.2.Internal modeling deficit in DCD

The second hypothesis is internal modeling deficit in DCD. The internal models are central
nervous system mechanisms that allow us to adapt to the world. These eradsés us to
coordinate the input and the output of information creating representations for future actions.
The prediction of a movement is based on a forward internal model that allows us to anticipate
consequences of movements correcting the ongaitigna (Shadmehr et al., 2010; Wolpert,
1997; Wolpert et al., 1995)ncorrect plans of actions or unexpected environmental changes
are corrected online by the sensorimotor information or feedback facilitating rapid online
adjusting. Thus, thexperience acquired through the actions influence our prediction and
consequences. ddce, DCD is associated with an inadequate prediction of online control of
101



movement. The clinical manifestation of DCD such as inaccuracies, slow movements, effortful
movenent suggest a disruption of predictive motor con{\ilson et al., 2013) This
impairment is known as internal model deficit (IMD). A systematic review of 48 research IMD
in children with DCD suggested a classification according the effector system involved a)
visuospatial attention and oculomotor control, b) control of maatadn, c) dynamic postural
control (Adams et al., 2014)This classification of the deficit in DCD explaitise poor
performances and contribute to the adaptation of the specific treatment and intervention.

[.4.1.4.3.Proceduralmotor skills

The procedural motor skills impairment in children with DCD has been presented as an
important factor in the conceptualization@ED (GoodgoldEdwards & Cermak, 1990The
procedural learning is acquired through three main series of learning stages. These stages are
fast, longer, and automatization learning. Thus, all kind of everyday activities that required
automatization i@ divided into motor adaptation and sequence lealvifapert et al., 2011)
Additionally, procedural learning is adapted according to the type of skill explicit or implicit
leaning. In the explicit learning, the new skill required the use of instructions based on a
procedure whereas, in the implicit learning instructions are no require in the learning.
According to Doyon et al.(2009) corticocerebellar loop and corticostriatal networks are
involved in the processing of a procedural leagnifathological manifestations in the
procedural learning are associated with the disruption of theses networks. Concerning the
procedural motor leaning difficulties in Children with DCD. They present difficulties in the
acquisition of new motor skills angutomatized motor learning. This is characterized by
troubles in anticipation, an incapacity to correct online motor actions and integrate pass
experiences to a new plan of acti¢Bsotteau et al., 2016; Wilson et al., 201&)common tool

to assess procedural impairment in DCD is the motor sequence paradigm are used to identify
deficits in procedural motor skill§Bo & Lee, 2013) Children with DCD present more
variability in the performance and make more difficdt{errors) compared to typical children

of the same age.

[.4.1.5.Executive functions in developmental coordination disorder

As previously introduced, it has been suggested that EFs are affected in both children and adults
with DCD (Leonard & Hill, 2015; Williams et al., 2017This, deficit in EFs is observed in

both Cold EFs and Hot EFs (see EFs section in the introduction). Concerning the cold EFs, it
has reported deficit in WMC, fluency, and planning in DCD. Regarding hot EFs, children
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with DCD presented a high sensitivity to immediate reward. This deficit to inhibit the rewarding
was associated to emotional characteristic of the sti(RahimiGolkhandan et al., 2014,
Williams et al., 2017)VSWM is affect in DCD due to the visuospatial component. However,

other components of EFs are reduced sudbraas well adC.

Bernardi efal., (2018)conducted a longitudinal study following up on the development of
EF in children aged betweeri 711 years old with DCDThe study assessed verbal and-non
verbal EFs two years aparThe results showed that children with DCD presented EFs
difficulties compared to the typical control group. Interestingly, the difficulties persisted during
both evaluations. The results implied that «venbal EFs were affected in both evaluations (2
years apart) with children with DCD. This study revealed that EFs impairment in children with
DCD are not associated to another developmental disorder being exclusively related to motor
deficits. The combination of both motor and cognitive impairment (EFs)ildren with DCD
needs to be explored to provide an adequate intervention and treatment. In addition, more
longitudinal studies are necessary to determine the developmental evolution of DCD.

1.4.2. Attention deficit hyperactivity disorder (ADHD)
According to Barkley(2015b) in 1775,Melchior AdamsWaikard introduced for thirst time

the concept of the syndrome of inattention and hyperaciivipulsivity for explaining clinical
manifestation of disorders related to inattention and behavioral impulsivity. At the end of the
nineteenth century, this concept was identified &snimal brain dysfunction,
hyperactive/hyperkinetic syndrome, and hyperactive reaction of childhood. In 1980, the DSM
lll presented the concept of Attention Deficit Hyperactivity Disorder (ADHD) defining
inattention as the central characteristic of the ADAmerican Psychiatric Association, 1980)
Nowadays, the term ADHD is used wo+ldde to refer to a neurodevelopmental disorder
characterized by symptoms of inattention and/or hyperaciwvipulsivity.

1.4.2.1.Diagnosis

According to DSMV, the diagnostic for being ADHD includes five criteria and nine symptoms
for inattentive and hyperactive/impulsive disordgse Tablel for the criteria and TablB).

The disorder onsets in childhood beforeykarold with 6 or more ¢hical manifestation
(symptoms) for at least 6 months. This disorder is characterized by inattentive signs like
distractively, difficulties for paying attention to the details, lack of concentration or difficulties

for being focused on task that requiedtention, and careless to the mistakes. Additionally, the
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hyperactivity and i mpul sivity are associated

difficulties for stay quiet or remain sit in the same place for a relative short period of time.
These symmms must not be related to emotional issues (e.g., depression or anxiety). However,
emotional dysregulation as well as EFs impairment are related to ADHD.

According to DSMV, the heterogeneity of the ADHD is categorizing in three main
groups: predomindly inattentive, predominantly hyperacti@pulsivity and inattentive and
hyperactiveimpulsivity combined. This heterogeneity in ADHD presentations have been
observed as developmental variability. 168 different symptoms were associated to combined
preentation of ADHD Moreover, Larsson et a(2011)suggest a sex related difference in the
predominance of the sympton@Girls have more piaability to be consider as predominantly
inattentive, whereas boys are more likely to be identifies as comb#uatitionally, the
predominance evolves in function with age. For instances, hyperaojndsive symptoms
more predominant in younger childramderageof 5 years old. Hyperactivienpulsive
symptoms presentation are common in preschool children. Inattentive symptoms are persistent
in the middle childhood and adolescence and being more apparent in the adiWhioodt et
al., 2012) A correlation between age and type of predominance suggests that children of 7 or
8 year old are more likely to be diagnose with a combined presentation while children of 10 or

11 years old are considered as predominanditentive(Polanczyk et al., 2010)

Table 4. Criteria for Attention deficit hyperactivity disorder (ADHREcording to the DSM
V (2013).
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Criterion Description

The presence of several symptoms (inattentive or hyperactive/impulsive)

= negatively affect social and academic activities.

The presence of several symptoms (inattentive or hyperactive/impulsive) of before
B 12 years old.

The presence of symptoms (inattentive or hyperactive/impulsive) in different
c environments (e.g., school, home, work etc).

The symptoms (inattentive or hyperactive/impulsive) interfere with development
= of daily activities.

The symptoms do not occur exclusively during schizophrenia or another psychotic
B disorder and are not better explained by another mental disorder (e.g., mood

disorder, anxiety disorder, dissociative disorder, personality disorder, substance

intoxication or withdrawal)

Table5. Symptoms for diagnosis attention deficit hyperactivity disord¢dADHD) according
to the DSMV (2013).

ADHD symptoms for inattention ADHD symptoms for Hyperactivity/Impulsivity
Makes careless mistakes/lacks attention to detail. Fidgets with or taps hands or feet, squirms in seat.
Difficulty sustaining attention. Leaves seat in situations when remaining seated is

expected.
Does not seem to listen when spoken to directly. Experiences feelings of restlessness.
Fails to follow through on tasks and instructions. Has difficulty engaging in quiet, leisurely activities.
Exhibits poor organization. Is “on-the-go” or acts as if “driven by a motor™.
Avoids/dislikes tasks requiring sustained mental Talks excessively.
effort.
Loses things necessary for tasks/activities. Blurts out answers.
Easily distracted (including unrelated thoughts). Has difficulty waiting their turn.
Is forgetful in daily activities. Interrupts or intrudes on others.

According to Larson et al(2011) 67% of children diagnosed with ADHD present
comobidity of other neurodevelopmental disorders. It has been identified that children and
adults with ADHD are more likely to develop health risks and medical conditions such as

coronary heart disease, suicide, drug abuse (alcohol, smoking other substsieegs),
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problems, poor nutrition, type 2 diabe(&sarkley, 2015a; Nigg, 2013Puring childhood, the
risk of death is doubled for a child with ADHD and five times more likely to die in the midlife
(Dalsgaard et al., 2015 the trouble persists into the adulthood, a decrease of the lifésspan
estimated by 12.7 yea(Barkley & Fischer, 2019)

1.4.2.2.Etiology

Although none are exclusive to ADHD, biological and environmental factors are linked to the
etiology of ADHD, (Nigg et al., 202Q)Most of these factors are associated with gestétat

et al., 2021) Consumption of alcohol and smoking during pregnancy, prematurity, a polluted
environment, and low birth weight are supposed environmental risks for developing ADHD
(Scassellati et al., 2012Concerning the biological factors, genome association studies
(GWAS) have revealed several genetic loci (icBromosomal positions, not genes per se) for
ADHD. Several genetic variants of which at least 40 % are considered to be involved in the
manifestation of ADHD.

Neuroimaging studies demonstrated that brain volume, particularly gray matter, is
reduced by8% to 5% in ADHD patients in comparison to healthy contfGlsstellanos et al.,
2002) Additionally, it has been pointed out that children with ADHD present a lack of
maturation in the frontal region and connections. This late maturation of frontal areas are
considered to be correlated to a functional heterogeneity acros§Yapgeet al., 2021)
Moreover, abnormal subcortical volume in structures such aspighmen caudate nucleus,
caudate nucleus, right globus pallidus and cerebellum are consistent findings associated with
ADHD (Hoogman et al., 2017)Recent findings indicated that dopamio@mbined with
environmental factors is involved in the clinical manifestation of ADHD. This hypothesis
proposed that some genes impact dopamine system causing the ADHD symptoms to manifest.
According to Faraong2018) treatment administrated to act on both dopamine systems
(catecholaminergic neurotransmission) reducing the symptoms of ADHD. Interestingly, it has
been identified in abnormal brain activityelectroencephalogram (EGG) studies, showing an

increased power of low frequency activity through resting state.

1.4.2.3.Theoretical perspectives of ADHD

For the past three decades, the interest in ADHD has increased steadily and different theories

have been proposed to explain the disorder. Here, we will present the two main theories
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regarding ADHD which are BariBlae k @dpatbwdyec ut i v

model.

According t o (BA# 2012exedutve functieningl@, WM andCF)
are crucial components in ADHD. Deficit behavioral inhibition negatively affects other
components of EFs such as WM, sefjulation, control of the internal speech. Boar k| ey 0
model, lack of inhibition in ADHD concerns three intertwined processes: 1) suppression of the
initial response to an event, 2) to stop ongoing reactions or responses given the time to take a
decision, 3) avoid interferences or stopping the digiracor inferences. The impairment of
inhibition can carry out consequences on the whole level of the treatment of information passing
through its selection or filtering to high level processing of the information such Wi,
the main absence of beharabinhibition underlies the deficit in ADHD.

The dualpath way mode(E. J. S. SonugBarke, 2002%tates that ADHD symptoms
are associated with disruption of dopaminergic in at least one of the brhivagat the
mesocortical or the mesolimbic dopaminergic systems. SeBage (2002) suggested that a
dysfunction in the mesocortical dopaminergic system is related to a deficit in the inhibition
process similar to the theory suggested by Berkley. Thisvegtis supposed to be responsible
for the selfregulation of actions and thoughts. The mesolimbic pathway or motivational style
pathway is considered to be involved in the motivation and in the role of delay of reward
gradient. A disruption in the mesolimstpathway can lead to a decrease of the value for futures
events. The deficit in the mesolimbic pathway is associate to a preference to the immediate
rewards showing a deficit for the delayed gratifications. The inattention symptoms are
consequences oféhincrease of the timing (delay) in circumstances where the rewards are not
presented in a short term. Thus, a deficit in both dopaminergic systems affect the quality and
the quantity of the engagement in a particular task. The temporal processingrdéfiziiD
is related to a third pathway. The temporal processing deficit pathway involves the basal ganglia
and the cerebellurfE. SonugeBarke et al., 2010)

1.4.3. Autism spectrum disorder (ASD)
1.4.3.1.Definition

Autism spectrum disorder (ASD) is considered to be a complex neurodevelopmental disorder
characterized by a variety of socialdanoommunicative atypicalities related to restrictive
interests and repetitive behavior (RIRB) and associated with a heterogeneous abilities profile.
The symptom of ASD are clinically detectable and there is a high probability for them to
manifest by agef@® years oldPierce et al., 2019)
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Accordng to DSMYV, five diagnostic criteria (A, B, C, D, and E) and three levels of
severity are related to the social and communication difficulti@SD (Table6). The criterion
A for ASD pinpoints impairment of the social communication and social interaciihese
deficits are present, affect a multitude of different types of social interactions and are manifested
in various contexts (e.g., school, home, playing). The criterion B concerns RIRBs characterized
by a stereotyped and recurrent pattern of bemasich as the continuous use of preferred
objects (e.g., toys), the use of the idiosyncratic phrases or echolalia. The criterion C suggests
that the symptoms are manifested over the course of the development and presented at the early
age. The presence tife symptoms are observed when the social interaction challenges the
restricted capacity of interaction. The criterion D suggests that important areas of functioning
(social and occupational) are affected by the symptoms deteriorating significantlyitditenc
E highlights that the symptoms observed in ASD cannot be explained by an impairment of
cognitive capacities or a global developmental delay. Although cognitive deficiencies can be
observed in ASD, social communication skill are considered befeganthan expected for a
general developmental level.

DSM-V does not establish different subtype.
is no longer consider as form of autism for the D8Mhe distinction in ASD is determined
by the level of assistae needed according to the severity level of the symptoms. Four clinical
specifiers or quasidimensional variables are proposed to establish a clinical diagnostic of ASD:
the level of cognitive functioning, the existence of simultaneous pathologies (aeatiogor
psychiatric), language level, and severity. The level of cognitive functioning in ASD is consider
as a factor of heterogeneity. Regarding language level, verbal impairment can vary from
absence or lack of communication to fluent speech. The dodiyrin ASD is associated with

neurological and psychiatric conditions.

The World Health Organization believed that the prevalence of ASD is 1 in 68 children
in the United States and it is estimated that more than three million people are affeétied by
syndrome(Baio et al., 2018)In France, more than 600.000 individuals are affected by ASD
present cognitive impairme(BonnetBrilhault, 2017) Sex differences are obsedvin autism,
the males are particularly more affected, their numbers four to five times greater than females
(Werling & Geschwind, 2013)

1.4.3.2.Etiology
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Several hypotheses have been proposed to explain the origin of ASD, including misconception
and speculative causes of ASD such as vaccines, exposure to mercury, lead, gluten, or diary
allergies. All the above medical hypotheses have been discéCdedchesne et al., 2020)
Genetic studies in ASD present it to be the result of a genetic con@&#argler et al., 2014)
However, up to today, there is no scientific consensus about which genes precisely are
associated Wi the symptoms of ASI[iSchaaf et al., 2020)t appears that approximately one
thousand genes are related to the clinic manifestation ofA®e Rubei s et al . |
et al., 2012)Although, genetic tests are recommended to subjaghosed with ASD (in vast
majority being children) to distinguish any genetic predisposition to the development of the
disorder.

Regarding environmental factor associated with ASD, it was estimated tbae40f
variance related to ASD is determineddmyironmental factors such as drugs, toxic exposures,
parental age, nutrition and fetal environm@deng et al., 2015; Edelson & Saudino, 2009;
Gaugler et al., 2014Nonetheless, the correlation of some environmental factors are strongly
supported by in vivo and in vitro studies asttier factors need to be explored with additional
experimental evidend@asini et al., 2020)

There is nolaigreement on the brain areas that could explain all the core symptoms of
ASD. Postmortem studies suggest atypical neuroanatomical changes linked to ASD. Brain areas
such as the hippocampus, the limbic system, the entorhinal cortex, and the amygdatadoresen
a different pattern concerning cells density as well as smaller cel{kérepe & Bauman,

1998) Additionally, the study found an atypicahlargedneuron in the cerebellar nuclei,
inferior olive, and vertical limb in younger patient with autism. An increased number of cells
in prefrontal cortex anomalies were found in ASD claid(Courchesne et al., 2011)
Functional MRI studies have shown a hypoactivation in the prefrontal cortexnapolrte areas
combined with enhanced of the visual cortex in patients with &lnson et al., 201Apthers
studies found that brain areas suchihesprefrontal, posterior cortical and subcortical regions
have a low functional integration in individuals with ASCangen et al.2012; Maximo et al.,
2014)

Interestingly, new technologicadvancementand the adaptation of novel paradigms
for the assessment &SD opered the opportunityto automatizethe evaluation of motor
component related to AS[Gargot et al., 2022)This perspective considsd that motor
disturbances are related to clinical manifestation of AB&. instancethe assessment of
interpersonal synchronizati@and motor coordinatiocapacitiesn ASD during an imitation

tasks revealedhinor impairment in ASD children in comparisa@a typical and DCD

children(Xavier et al., 2018)However, @amining the capacity to changerin egocentric to
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heterocatric point of viewin ASD subjectsusing a visoemotor interactive had shown that
ASD patiens havethe ability to chang@oint of view (Gauthier et al., 2(). However, this

capacity is delayed in comparison to typical children.

Table 6.Criteria and symptoms for diagnosis of autism spectrum disorder (A&Dyding to
the DSMV (2013).

Criteria Diagnostic features

A Persistent deficits in social communication and social interaction across multiple contexts, as manifested
by the following, currently or by history (examples are illustrative, not exhaustive; see text):

1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social approach
and failure of normal back-and-forth conversation; to reduced sharing of interests, emotions, or
affect; to failure to initiate or respond to social interactions.
2. Deficits in nonverbal communicative behaviors used for social interaction, ranging, for
example, from poorly integrated verbal and nonverbal communication; to abnormalities in eye
contact and body language or deficits in understanding and use of gestures; to a total lack of
facial expressions and nonverbal communication.
3. Deficits in developing, maintaining, and understanding relationships, ranging, for ex ample,
from difficulties adjusting behavior to suit various social contexts; to difficulties in sharing
imaginative play or in making friends; to absence of interest in peers.

B Restricted, repetitive patterns of behavior, interests, or activities, as manifested by at least two of the
following, currently or by history (examples are illustrative, not exhaustive; see text):
1. Stereotyped or repetitive motor movements, use of objects, or speech (e.g., simple motor
stereotypies, lining up toys or flipping objects, echolalia, idiosyncratic phrases).
2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns of verbal or
nonverbal behavior (e.g., extreme distress at small changes, difficulties with transitions, rigid
thinking patterns, greeting rituals, need to take same route or eat same food every day).
3. Highly restricted, fixated interests that are abnormal in intensity or focus (e.g., strong
attachment to or preoccupation with unusual objects, excessively circumscribed or
perseverative interests).
4. Hyper- or hyporeactivity to sensory input or unusual interest in sensory aspects of the
environment (e.g., apparent indifference to pain/temperature, adverse response to specific
sounds or textures, excessive smelling or touching of objects, visual fascination with lights or
movement)
C Symptoms must be present in the early developmental period (but may not become fully manifest until
social demands exceed limited capacities, or may be masked by learned strategies in later life)

D Symptoms cause clinically significant impairment in social, occupational, or other important areas of
current functioning.

E These disturbances are not better explained by intellectual disability (intellectual developmental
disorder) or global developmental delay. Intellectual disability and autism spectrum disorder frequently
co-occur; to make comorbid diagnoses of autism spectrum disorder and intellectual disability, social
communication should be below that expected for general developmental level.

1.4.3.3.Executive functions and autism spectrum disorder

The role of EFs in ASD is a controversial topic and actual subject of debate in cognitive
neuroscience. EFs impairment in individuals with ASD are consider are clinical markers for the
diagnosis for ASORgdgaard et al., 2019yhe EFs deficit is present during childhood to the

adulthood, however, EFs impairment may vary during cognitive develogawson, 2008;
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Luna et al.,, 2007)Nonetheless, the mesmalysis studies suggest contradictory findings
concerning EFs in individuals with AS[Traig et al., 2016; Lawson et al., 2015his is
possible due to the samples size of the studies,dgeteeity in IQ level and diagnosis related
groups.

The initial studies of EF and ASD found an executive control deficit in children and
adolescent proposing a model for understanding the clinical manifestation i(P&8Bington
& Ozonoff, 1996) This assumption of EFs deficits is believed to be a cognitive marker for
distinguishing ADHD and ASD. Thus, compiled evidence of deficits in EFs in ASD was used
to establish the executive dysfition hypothesigHill, 2004). The executive dysfunction
hypothesis suggested that individuals affected with ASD manifest clinical impairment in
distinct domains of EFs. This consideration supports the idea of a fractionatedofr6Eslin
autism. A recent metanalysis is in favor of the executive dysfunction hypothesis considering
a link between EFs and restricted and repetitive behafhansen & Lewis, 2021)The autlor
found thatC andCF are related to the symptoms of restrictive interest and repetitive behavior.
These measures correlated with the parental report. The authors suggested that EFs play a role
in the development of behavior. Thus, EFs and developmfantals must be considered as a
combination during the study of ASD.

However, others contemporaneous raatalysis studies suggest a broad impairment
of EFs through the life span in individuals with AfDemetriou et al., 2018; Lai et al., 2017)
Thus, both children and adolescent diagnosed with ASD present a generalized deficit in EFs.
An extended deficit as observed @ WM, andCF. Although, an important heterogeneity was
observed in the analysiBhe authors suggest than an underlying shared pathway may influence

EFs in autism.

1.4.4. Cerebral Palsy (CP)
1.4.4.1.Definition
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The conceptualization of Cerebral Palsy (CP) was introduced by Sir William Osler in 1889 to
categorize a group of children presenting divers forms of motor and behavior difficulties. In

high income countries, the prevalence of CP is estimatedto be &oud i n |[(Selilee bi r t
et al., 2016) CP is considered as being a permanent neurodevelopmental disability
characterized by multiple and different types of display of etiology, functional severity,
comorbidities, cognitive and behavioral profilesisen et al., 2011; Matyre et al., 2013;

Oskoui et al., 2017According to Rosenbaum et,g2007)and Bax and Brow(R004)i CP i s

a group of permanent disorders of movement and pgstausing activity limitation, that are

attributed to nonprogressive disturbances that occurred in the developing fetal or immature
brain. The motor disorders of CP are often accompanied by disturbances of sensation,
perception, cognition, communicatiamd behavior, by epilepsy, and by secondary musculletal
probl emso. The Gross Motor Function Classi f
commonly used to determine the | evel of i mp.
related to the pathofyy (Palisano et al., 2008; P. L. Rosenbaum et al., 2008)

1.4.4.2.Etiology

The clinical manifstation in CP associated with motor deficit are accompanied with or without
cognitive impairment caused by brain damage inborn or in early (Beadskleiv, 2020)

Genetic and phonotypic heterogeneity are proptsde the causes underlying in QRwis

et al., 2021)Thus, the etiology in CP is related to multifdetors being identified as hypoxic
ischemic encephalopathy, periventricular leukomalacia, brain malformation, intrauterine
infections, and neonatal strokes as the most common causes. However, it has been estimated
that at least 20% of CP diagnosis laoketiological diagnosis making it difficult to identify the

exact causes of CfRosello et al., 2021)

1.4.4.3.Cognitive assessment of Cerebral Palsy

The cognitive impairment in CP differs between and within spastic (i.e., muscular
weakness), dyskinetic (i.e., impairment of voluntary movements resulting in fragmented or
jerky motions) and ataxic subtyp@#/orld Health Organization, 2018Yhe inherent motor
deficit observed in CP children is considered as a bias factor in the assessougtitove
functions(Sherwell et al., 2014)t is probable that children with CP score lower than typical
developmental children at the same age due motor impairment. Thus, underestimation of

cognitive performances in children with CP could be the result of a efioit.
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Children with CP have more probability to develop cognitive impairment in comparison
with peers. Official statistics of Western countries indicate that 30% to 40% of children with
CP present an 1Q less than(Ahdersen et al., 2008; Sigurdardottir et al., 20@&)ditionally,
recent studies have reported visual impairment as common deficit in children WiBhi{llp
et al., 2020) Deficit in dorsal and ventral streams are related to the visual difficulties in CP
children. EFs impairment in CP children is associated with lack of myelination of the pakfront
cortex and frontal lobes mostly located in the anterior portion. Additionally, the projection
between prefrontal and subcortical structures are related to the EFs deficit presented in CP
children(Crichton et al., 2020)
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Objective

Brainimagng studiesandthe dfferences in cognitive performances observed when comparing
homologougasks such as tH@BT and the/NalCT in the reaching space and in the locomotor
space(Belmonti, Cioni, et al., 2015; Nemnat al., 2013; Perrochon, Gueguin, et al., 2018;
Piccardi et al., 2008, 2010, 201 provide compellingevidence fordiscrimination between
neural circuiteand cognitive processirigr reaching and navigational space alseiguospatial
memorization angpatial learningStudies on spatial cognition represented a growing field in
cognitive neurosciences, and the assessment of the cognitive abilities remained limited
compared to thelassical neurocognitive evaluation. Thus, understanding the complexity of
spatial cognitive processing, how it is developed during our life span and development, and
how it is affected in the neurodevelopmental disorders is vitally important to conttibute

establishing a diagnosedproposing aehabilitaton program

The aim of this thesis was to stukfy, CF, andVSWM involved in typical and atypical
neurodevelopmenising spatial navigations protocols based on the Virtual Carpet Paradigm
(VC) anda goaloriented locomotor task (GOLTWe presentedive studiesgrouped inthree
thematcsfocusing ora) memorization and generationssaquencesf visuospatialtargets p)
plaming and adjusting trajectories when faced witipredicted changehiring the reaching

goal, and c) inhibitiomndreplanning of previously over perfected learned paths.

In the first thematic, we included twstudiesaiming to study the neurocognitive
perfamances in young (YA) and older adults (OA) using the Wal@The first study, we
studied cognitiveabilities such a3/ SWM, mental rotation, and cognitive strategies during
typical aging using a godariented locomotion tasfCastilla, Berthoz, Urukalo, et al., 2022)

In the second study, we investigated the effect of age on cerebral oxygenation in the VSWM
tasks accordingot space (reaching or navigational) and determine if EF and cerebral
oxygenation were involved in VSWM performasgceither in reaching or navigational space
(Kronovsek et al., 2020)

In the second thematic, the aim was to stgdstoriented locomotn in children with
CP, typical children, and adultShree main research questions are posed: 1) Can we detect
disorders of anticipatory orientation and/or trajectory formation in subjects with spastic diplegic
CP?

2) Are navigation skills distinctivelympaired in spastic diplegic CP, independently

from gait disorders?
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3) In contrast to independent locomotion, does accompanied locomotion help subjects
with spastic diplegic CP cope with their perceptual and balance disorders, allowing them to

generate better trajectories?

Concerning the third thematic, vo®nducted one stugdynd we are drafting another
study We aimed to study the development of IC and CF in typicabimical subjects from
children to adults using a navigational protodas. achieve that, we designed and tested an
experimental protocol named theVi r t u al house | ocomotor ma z
technology of th&/irtual Carpet paradignMC). We analysed behavioural parameters such as
tangential velocity, latencies, healestorientation before and during locomotion. We tested
the capacities of inhibition and CF during the planning and replanning of locomotors
trajectories. We identified behavioural indexes of impulsivity and different strategies during the
performance. Regairty the draft of the new article, we adapted a task of negative priming to
the VLHM to assess IC and CF inGOLT. A total of 109 participants were enrolled in the
study including typical, attention deficit and hyperactive disorder, autism spectrum disorde

and developmental coordination disorder subjects.
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PART Il: METHODS: PARADIGM AND PROTOCOLS

In this part we introducethe paradigmsind protocols used during the experimentatiorst,
we will present the Virtual Carpet Paradigm, the experimesgtlp,its protocols,and the
procedures. Next, we descrite locomotor reaching tattke experimental setujps protocols,

andtheprocedures.

II.1. The Virtual Carpet Paradigm

The VC paradgm wascreated by Alain Berthoz and Mohamed Zaoui at the College for
studying behavior and cognitive functions in the reaching space (peripersonal) and in near
locomotor space (Room). The VC is a versatile technological system that allows us to present
visual and auditory stimulie(g.,videos and images) as well as to track and record locomotor
trajectories with higher precision by means of sensors.

In this dissertation, weresentfive studies using two different goal orierntiedomotion
methodologiesthe VCparadigm (VChand the locomotor reaching task. Four studies used the
VC paradigm:

a) A new paradigm for the study of cognitive flexibility in children and Adolescents: The

AVirtual House LocECastilheatal., 20PA®) e 0 ( VHL M)

b) Age and sex impact on visuospatial working memory (VSWM), mental rotation, and

cognitive $rategies during navigatigi€astilla, Berthoz, Urukalo, et al., 2022)
c) Age-related decline in visuepatial working memory is reflected by dorsolateral
prefrontal activation and cognitive capabiliti&onovsek et al., 2020)

d) The Virtual City Paradigd for Testing VisueSpatial Memory, Executive Functions

and CognitiveStrategies in Children With ADHD: A Feasibility Studfpel Lucchese
et al., 2021)

The study conducted using the locomotor reaching task wasod@eated locomotion in

children with spastic diplegia: Anticipatory orienting ategies and trajectory formation
(Castilla, Berthoz, Cioni, et al., 2022b)
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[1.1.1. Experimental setup

The VCE paradigm used two laptops, one video projector(s) ared WTC Vive system
(system of virtual reality) for the experimentation (HTC® Vive, Taiwan), one software for
recording the locomotor trajectories and one software MATLAB for the data analysis and data

visualization (Castilla et al., 20285igure40).
a

e

Figure40. (A) The representation of the experimental setup: (a) control desk location where the
experimenter runs the experiment, (b) departure point, (c) two HTC Vive cameras, (d) the video
projector. (B) 3D motion sensors motitnacker. (a) one handheld 3botion sensor is adapted

to a bike helmet and is worn on the partici
sensor is attached to the bgastillaaval.j202ia)wor n o

p
n
A computer was connected to the video projector for projecting the navigational space
on the floor (3 m x 2.4 m) arttie stimuli, 9 tiles of 30 x 30 cm. This projection was used as a
template to configure the virtual environment coordinates and to present the sequences to the
participant. A second computer was connected to the HTC Vive system (i.e., two infrared
camerasiwo handheld 3D motion sensors, and one virtual reality helmet). The two cameras
were placed diagonally 5 meters (16.4042 feet) apart in order to cover the whole navigational
space. The two haraeld 3D motion sensors were used as trajectory trackerslieg the X,
Y, Z positions every 11 milliseconds (90.90 Heffd)ehorster et al., 2017These 3D motion
sensors were fixed upon a head support which
3D motion sensor was added to a belt which was worthe waist. We were able to measure
and calculate (a) the position of the participant on the spatial array (X,Y coordinates); (b) the
head/waist direction on the horizontal plane (Rotations) in the horizontal component (i.e., Yaw
plane).

We used theBasic Trajectory Software version 1 (BTS) for the setting of the
navigational space and of the data recording. The BTS used the drives of the HTC Vive system;

(a) to generate the virtual targets (e.g., Virtual tiles) in the virtual environment knatlva as
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calibration procedureand (b) to record the participantos
allowmedus(a) o measure the recordsd global navigat
positions in a Cartesian coordinate system éeeexesl, for a full description the calibration
procedure). Using the coordinates of the tiles, we created an algorithm to establish a perimeter
among the center for each tile of 30x30 cm. This setup allowed us to identify the tiles and
determine whether or noadicipants reached a tile target within the sequence.

[1.1.2. Experimental protocols

11.1.2.1. The Virtual House Locomotor Maze Protocol (VHLM™)

The VHLM™ is composed of 6 houses placed about in a simplified labyrinth delimited by
walls created using Microsoft PowerPoint software 2Q@§ure 41). Each house can be
identified as a target for the subject by a green dot appearing on the house and suribunding
by a green light square. A beep sound is launched simultaneously to the lighting of the house
to increase the attentional focus of subjects on the target house. The projection on the floor
delimited the navigational space environment (3.5 x 2.5m). Wtage deals with spatial
memory of the images of a simplified labyrinth with houses projected on the floor. It requires
that the participant generates mental representations of the array tis¢éoneand can recall

them. When the participant has to navegat the virtual labyrinth redirecting himself to the
departure point, the process can even engage mental rotation pr¢Cesbese et al., 2020;
Meilinger et al., 2011)

Learning Replanning

Start Point Start Point

Figure4l. The Virtual Maze layout. (A) The left image shows a target house highlighted in
green. The same house was shown 5 times for inducing an overlearned trajectory. (B) The right
image shows a target house highlighted in green and the obstackéadpaccess to the house

by the shortest paths. This induced the necessity to replan the overlearned tréagoiia

et al., 2021a)
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[1.1.2.1.1.Procedure

In the VHLM, the participants were instructed to walk as fast as possible to reach a target house
after the presentation of the stimuli (in green and the acoustic signal) andbaokn& the

departure point. Moreover, the participants were asked to avoid crossing the walls, obstacles,
and other houses in the whole trajectory. The participants were informed that eventually some

path will be blocked, and they can select othersratere path to reach the target house.

[1.1.2.2. The Virtual Walking Corsi Test (VWalCT)

The VWalCT is an adaptation of the WalCT to the {@astilla, Berthoz, Urukalo, et al., 2022;
Kronovsek et al., 2020)n the VWalICT, 9 tiles of 30 x 3@ (i.e., the stimuli) were projected

on the floor (3 m x 2.4 m)Figure42). During the experimentation, each tile was lit for one
second with an interstimulus interval of one second. The number of tiles increased progressively
across the length of theqgeences by one tile (i.e., sequence of 2 trials of 2 tiles, to sequence of

2 trialsof 9 tiles).

2
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Figure42. Navigational space and locomotory trajectory for a sequence of six tiles: The red
sqguares represent t he ti | e dTide blpeoligpa representsa i n t

locomotor trajectory (2D) generated by a participant during the response (Recalling(phase)
From Castilla et al(2022).

[1.1.2.2.1.Procedure

In each tial, a sequence of tiles was presented automatically to the participants. The
participants6 task was to reproduce the same

a briefperiodoftime. The participantsd trajecaptonri es we.l
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[1.1.2.3. The Virtual City Protocol

The Virtual City protocol was developed Bain Berthoz in collaboration with Giovanni

Ci o mesearsh team at the Stella Maris Hospital in Pisa, Italy. It was implemented in the thesis
project of Benedetta Del Lucchese from the University of Florence, Ttaly Virtual Cityis a
simplified town consisting of 20 different colored houses, stegetd and crossings projected

on the floor for locomotor navigation (Figud8). It was created based on the VC paradigm
using the Unity 5.5.1© platfornThe protocol was used in a recent study nafiidek Virtual

City Paradigm™ for Testing VisueSpatial Memory, Executive Functions and Cognitive
Strategies in Children With ADHD: A Feasibility StuzliDel Lucchese et al., 2021$ee the

full article in theannex2.

Figure43. Representation of The Virtual City protogwbjection on the ground, consisting of
20 housegDel Lucchese et al., 2021)

11.1.2.3.1.Procedure

The participants are instructeddtientivelyobserve the Virtual City and to reach the houses
that flickered (stimuli) on the locomotor vigation space. The stimuli were presented
sequentially (one house after the other each house was flickered for 2500 ms) or simultaneously
(i.e., several houses were lit at g@@me time). Three different conditions were devised for the
Virtual City Protool: a) City Pointing (control condition), b) City Following, and c) The City

planning.
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a) In the City Pointing, the participant was asked to stand on the starting position then
a randomized sequence of houses was presented to the participant. The task of the
participant was to point out the flickered houses using a laser pointer. This control
condition was introduced to assess the visuospatial exploration capacities of the
participants. The participant the was excluded of the stutgyfscored lower than
80% of the total number of sequences presented

b) In the City following, the participant vgaplaced on the starting position and a
randomized sequence of houses were presented. Then, the participant was invited to
reproduce the same sequence in the same order of presentation.

c) In the City Planning, the participant was placed on the startingigpoghien a
simultaneous presentation of the houses was displayed. The participant was asked

to reach each house presented using a shortest path.

[I.2. The locomotor reaching task

The locomotor reaching task has been used to explore navigation capacitiés andyfpical
developmental subjects and patients with developmental disorders ézaprdlPalsy) in near
locomotor spac@Belmonti et al., 2013, 2016} he locomotor reaching task is a gtedomotor
oriented task designed evaluate the development of behavioral and cognitive functions in
clinical and typical subjects. This protocol allowed us to record kinematic movement during

locomotor trajectories.

11.2.1. Experimental setup

The experimental setp included a starting point (Start), a visual corridor and three targets
(Central, left and right)Figure 4). Each target was represented by a round plastic lamp adapted
with a speaker (30 cm in diameter) placed on a table. Adig¥isual start signal was presented

one at a time accompanied by an acoustic start signal (beep) by a programmable controller.
Additionally, this programmable controller gave the output to the motion capture system. The
central target was placed onasmalt abl e (50 | I 730 w I 70 h
starting position (Start) at a distance of 3.8 m. The left and the right targets were positioned at

a distance of 4.20 m (i.e., 3.3 m on either side and 2.6 m in front of Start). Both targets (Left
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and Right) &id on two larger tables (250 | x 7,120 w x 90 h cm) evenly positioned laterally to
Start, with their long axes facing each other.

Left e P t=T Right

displacement (m)

displacement (m)

Figure 44. The representation of the spatial layout on the yaw plane (horizontal plane)
(Belmonti et al., 2013)Start indicates the starting position. Left, Center and Right designate

the three luminous targets. The two vertical bold gray lines depicts the corridor constraining
initial walking direction.

[1.2.2. Procedure

The participants were instructed to stand still on the Start tile waiting for an acoustic signal and
the presentation of a luminous target. After the presentation of the stimuli (acoustic signal and

a luminous target), the participants were asked to teallardsthe luminous target to reach it
and touch it and come back to the Start.
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PART Ill: EXPERIMENTAL RESULTS: PUBLISHED STUDIES

In this sectionwe will present the scientific articles published and submitted te peer
reviewed indexed journals, tetper with the article in preparation for submission. These
articles are grouped ithree thematic: a) Developmental exploration of spatial cognitive
capacities and brain activity in healthy adults using the WalCT, b) Replanning following target
shift durng locomotionandc) Inhibitory control and cognitive flexibility in the vistgpatial

locomotor task

[ll.1. Developmental exploration of spatial cognitive capacities and brain activity in
healthy adults using the WalCT

In the first thematic, our researchexaminedthe exploration of spatial cognitive
capacities and brain activity in healthy young and old adults using the Wah@Tresults of
our research allowed us to publistotscientific articles
The first articl e immad oncvsUespatiad workiAggneemaayn d s e
(VSWM) , ment al rotation ( MR), a publishesigthe t i v e
Neuroscience Research Jourri@lastilla et al., 2022). The article was aiming to study spatial
cognitive abilities such agsuospatial working memorWMR, and cognitive strategies during
typical aging using a goalriented locomotion taskn this study, we tested the following
hypotheses:
I.  The Young Adult (YA) group would perform better than the OA group in WalCT.
i. MR capacities concerning spatial cognitive maps are closely related to VSWM
performances in the navigational space.
iii.  Participants with higher performances in VSWM span scores welylthore on place
sparing strategies; contrary to participants with lower performances in VSWM span
scores who would rely more on patparing strategies
iv.  OA group presented more random errors than the YA when they failed to use spatial
cognitive strategs (Perrochon et al., 2014).
v. Sexrelated differences in VSWM are only present in the young adult group for the
locomotor task (Lambrey and Berthoz, 2007).
vi.  YA-F and OA groups were more susceptible to use of egocéased strategies during

the recallig phase (Colombo et al., 2017; Lambrey and Berthoz, 2007).

The secondtudyi A gredated decline in visuspatial working memory is reflected by

dorsol ater al prefront al activation and coghn
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2020), investigeed the effect of age on cerebral oxygenation in the VSWM tasks according to
space (reaching or navigationahddetermine if EF and cerebral oxygenation were involved
in VSWM performance, either in reaching or navigational space. This study dettesitthe
hypothesis that:
I. YA would show a better VSWM performance and therefore higher cerebral
oxygenation than OA resulting in a stronger increaseoxyfhemoglobin
(p O 2 Hdwncentration and a stronger decreasgeioxyhaemoglobingoH H)b
concentration.
ii. Peformances in cognitive tests would be explicative variables of VSWM

performances, especially for navigational space
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ARTICLE INFO ABSTRACT

Keywords:

Visuospatial working memory
Mental rotation ability

Aging effect

Walking Corsi test

Sex differences

This study assessed the impact of sex and typical aging on visuospatial working memory (VSWM), mental ro-
tations, and navigational strategies using behavioral information. Fifty healthy participants regrouped in older
(OA) and young adults (YA) performed the Walking Corsi test (WalCT) and the Redrawn Mental Rotation Test
(MRT) to explore mental rotation abilities. We recorded kinematic data such as locomotion trajectories, and
spatial orientations during navigation. We created a new method of data analysis for the WalCT performances
and compared it with the classical approach. This original method allowed us to identify cognitive strategies
based on errors analysis. Our data suggested that VSWM and mental rotation capacities in locomotion were
modulated by age (YA scored higher than OA), and sex (Young Adult Males (YA-M) having higher performance
than Young Adult Females (YA-F). We observed a preferential use of cognitive strategies related to sex; YA-F
relied more on egocentric strategies whereas YA-M relied more on allocentric strategies. The preferential use
of cognitive strategies in the YA group was not observed in the OA group producing more random errors per
sequence. The results suggest the effects that age and sex have on VSWM, cognitive strategies, and mental
rotation during navigation and highlight the importance of navigational strategies training.

1. Introduction Miyake and Shah, 1999). MR allows us to rotate mental objects in two or

three dimensions (i.e., Object-based rotation)(Uttal et al., 2013). In this

In addition to classical neuropsychological paper and pencil tests,
spatial navigation assessments contribute to complete the estimation of
neurocognitive capacities which are essential for diagnosing and reha-
bilitation (Mattay et al., 2006; Parizkova et al., 2018; Perrochon et al.,
2014; Sharp et al., 2006). Spatial cognitive abilities such as visuospatial
working memory (VSWM) and mental rotation (MR) are associated
when solving complex visuo-spatial tasks (Borella et al., 2014a; Buckner,
2004; Cornoldi and Mammarella, 2008; Kaltner and Jansen, 2016;
Meilinger et al., 2011; Wang et al., 2018). VSWM temporally stores (i.e.,
memorize) and manipulates visuospatial information (Baddeley, 2012;

paper, we consider MR not only of objects, but also MR of spatial
cognitive maps (Behrens et al., 2018; Epstein et al., 2017). To our
knowledge, this is the first article that studied MR during locomotion in
the Walking Corsi test (WalCT).

1.1. VSWM assessment using the WalCT

The VSWM was initially evaluated using the Corsi Block-tapping Test
(CBT) in the reaching space (Berch et al., 1998; Borella et al., 2014b;
Piccardi et al., 2011, 2010). The CBT consists of a set of nine wooden

Abbreviations: ARE, Angle related error; BTS, Basic Trajectory Software version 1; GDS, Geriatric Depression Scale; MR, Mental rotation; MCI), Mild cognitive
impairments; MMSE, Mini Mental State Examination; OA-F, Older adult Females; OA-M, Older adult Males; OA, Older adults; MRT, Redrawn Mental Rotation;
VWalCT, Virtual Walking Corsi test; VSWM, Visuo-spatial working memory; WalCT, Walking Corsi test; YA-F, Young adult Females; YA-M, Young adult Males; YA,

Young adults.
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blocks (30x30 cm) arranged on a board (2.5x30cm). During the
assessment, the experimenter presents a sequence by tapping the
wooden blocks and the subject’s task is to repeat this sequence identi-
cally (Corsi, 1972). The CBT increases its difficulty incrementing the
number of blocks per sequence. An adaptation of the CBT to the loco-
motor space named the Walking Corsi task (WalCT) allowing to study
the VSWM during navigation and to explore the spatial cognition abil-
ities (Piccardi et al., 2010, 2008). It was designed for the “near distant
extrapersonal locomotor space” (i.e., the area used when walking
around in a room)(Nemmi et al., 2013; Piccardi et al., 2010, 2008).
During its earlier version, the experimenter walked to a sequence of
locations (e.g., tiles in the locomotor space) and the participant’s task
was to repeat this sequence by walking to the same tiles in the same
order (i.e., forward version). Its difficulty increased as the number of
tiles (i.e., spatial locations) per sequence increased and the highest score
obtained during the execution determined the VSWM span. Since the
initial WalCT, other versions of the task have been proposed such as the
Magic Carpet paradigm (MC). The MC based on the WalCT test used nine
translucent tiles with pressure sensors and a central blue light-emitting
diode (Belmonti et al., 2015b; Perrochon et al., 2014). In the MC, a
computer generated sequences and displayed them by illuminating the
tiles one by one while recording the signals from pressure sensors as the
participant walked over each tile(Belmonti et al., 2015a, 2015b; Dem-
ichelis et al., 2013; Meilinger et al., 2011; Perrochon et al., 2014).
Moreover, the WalCT was compared with an emulate virtual 3D envi-
ronment showing the same results in both contexts (Nori et al., 2015).

Here, we used an updated version of the WalCT called the Virtual
Walking Corsi test (VWalCT) combined with the Virtual Carpet™
paradigm. This particular version enabled us to record the subjects’
locomotion, to set the target positions (i.e., spatial locations) in a three-
dimensional array, and to present stimuli automatically. These specific
features allowed us to extract kinematic information (i.e., trajectories,
orientations, and rotations) during navigation. (Berthoz and Zaoui,
2015). This updated version has already been used in several recent
studies (Kronovsek et al., 2020; Perrochon et al., 2018). Moreover, in the
past year, the Virtual Carpet ™ was adapted to include new protocols
such as the Virtual City and the Virtual Labyrinth tasks. These new
protocols were specifically designed to study the VSWM, mental flexi-
bility and to determine behavioral index during locomotion (Castilla
et al., 2021; Del Lucchese et al., 2021). Preliminary explorations of
spatial cognitive abilities, and the VSWM, using the VWalCT have sug-
gested age cognitive decline in OA and sex differences (I{ronovsek et al.,
2020; Perrochon et al., 2018, 2014).

1.2. Mental rotations

In addition to the VSWM, MR is particularly affected by the aging
process, and it is involved in cognitive and behavioral activities (Kaltner
and Jansen, 2016). Recently, Carbone et al. (2020) studied spatial
cognitive abilities comparing healthy YA and OA using the classical
version of the WalCT in a backward manner. They found that
object-based rotation capacities and perspective-taking (i.e.,
participant-based rotation) were closely related to VSWM performances
deteriorating with age. The authors suggested that during the WalCT,
participants kept changing their perspective basing themselves on an
aerial view of the sequence of tiles (i.e., perspective-taking). However,
during the performance of the WalCT, MR capacities are involved in
manipulating the spatial cognitive maps of the memorized array. Here,
we studied MR capacities during the performance of the WalCT (i.e.,
locomotion) and throughout object-based mental rotation.

1.3. Spatial Reference frames
Furthermore, previous research suggested that navigation capacities

involved in spatial reference frames (i.e., egocentric, allocentric, and
heterocentric strategies) are also influenced by the aging process during
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the solving of spatial cognitive tasks (lachini et al., 2009; Perrochon
et al., 2018, 2014). Concerning the egocentric reference frame, each
location is encoded according to the participant’s perspective (i.e.
self-centered representations). This egocentric strategy (or first-person
point of view) requires a topokinaesthetic memory which updates the
self-generated perspective during locomotor movements (Bullens et al.,
2010). In allocentric strategies, each location is encoded according to a
global point of view (i.e., world-centered representations). The allo-
centric reference frame is useful when creating a cognitive map suitable
for navigating in a complex environment (Burgess et al., 2006; O keefe
and Nadel, 1978). Controversially, it has been demonstrated that during
the aging process, the egocentric strategy is better preserved than the
allocentric strategy (Colombo et al., 2017; Gazova et al., 2013) whereas
other findings suggested that both the ego and allocentric strategies are
affected by aging (Fernandez-Baizan et al., 2020; Ruggiero et al., 2016).
Indeed, these impairments are attributed to functional and structural
changes in the hippocampal and the parahippocampal structures occur-
ring during the aging process (Burgess, 2008; Igloi et al., 2010).
Regarding the sex differences in spatial navigational cognitive stra-
tegies, both men and woman are able to use allocentric strategies.
However, it has been demonstrated that men outperform women in
spatial tasks (Fernandez-Baizan et al., 2019; Nori et al., 2015). Females
appear to rely more on the egocentric strategy while performing spatial
cognitive tasks whereas males appeared to rely more on an allocentric
processing of spatial information and also demonstrated capacities to
easily switch between strategies (Lambrey and Berthoz, 2007; Tascon
et al., 2021). Interestingly, this sex difference had not been previously
observed in spatial tasks such as an augmented reality task for
object-location or map-pointing tasks (Munoz-Montoya et al., 2021).

1.4. Neural Bases of cognitive strategies during the WalCT

During the WalCT, perceptual and cognitive processes (i.e., execu-
tive functions or cognitive control) are recruited in order to achieve a
goal. The executive functions are involved in selecting an action plan,
ignoring irrelevant distractions and controlling automatic behaviors (i.
e., inhibitor control), temporarily bearing in mind information for
manipulated it (i.e., Working memory), and being able to anticipate and
adapt to eventual changes (i.e., mental flexibility)(Diamond, 2013).
Neuropsychological and neuroimaging studies suggest that the pre-
frontal cortex is associated in executive functions specifically in the
dorsolateral prefrontal cortex (Friedman and Robbins, 2022; Kronovsek
et al., 2020; Menon and D’Esposito, 2022). The prefrontal cortex shares
connections with subcortical structures such as the basal ganglia and the
cerebellum during cognitive processes (McGough et al., 2018; Mirino
et al., 2022; Patai and Spiers, 2021). Concerning the spatial navigation
processes, the right medial temporal lobe plays a key role in the repre-
sentation of the cognitive maps of the environment and memory
(Eichenbaum, 2017; Igloi et al., 2010; Lambrey et al., 2003; Maguire,
2001). Specific areas such as the hippocampus, parahippocampus, ret-
rosplenial cortex, and posterior parietal cortex are the core areas of
spatial navigation (Boccia et al., 2014; Epstein et al., 2017). The hip-
pocampus is involved in the mental representation of the spatial infor-
mation (cognitive maps), the planning of the actions and the using of
past experiences in navigation (Eichenbaum, 2004; O’keefe and Nadel,
1978). The parahippocampus is involved in visual spatial processing, in
particular in place recognition, route planning and mnemonic encoding
(Aminoff et al., 2013; Epstein et al., 1999). The retrosplenial cortex is
involved in spatial encoding, memory and the integration of information
from egocentric to allocentric spatial processing (Maguire, 2001; Miller
et al., 2019; Vann et al., 2009).

1.5. New goals of this study: spatial error patterns

This study follows our line of research in the field of spatial cogni-
tion. The span score analysis in the WalCT detailed a participant’s
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