
 

 et discipline ou spécialité

                                             Jury :

le

Institut Supérieur de l’Aéronautique et de l’Espace 

Quentin CHENOT

jeudi 9 décembre 2021

Prédire et améliorer la performance humaine lors de tâches complexes

Predicting and improving human performance in complex tasks

ED AA : Neurosciences

Équipe d'accueil ISAE-ONERA ACDC

M. Antoni VALERO CABRÉ Professeur Brain Paris Institute - Président
Mme Laura ASTOLFI Professeure associée Université de Rome Sapienza - Rapporteure

M. Xavier DE BOISSEZON Professeur CHU de Toulouse - Directeur de thèse
Mme Stefanie ENRIQUEZ-GEPPERT Professeure associée Université de Groningue -Examinatrice

M. Stephen FAIRCLOUGH Professeur Université de Liverpool John-Moores - Rapporteur 
M. Sébastien SCANNELLA Ingénieur-chercheur ISAE-SUPAERO - Co-directeur de thèse

M. Xavier DE BOISSEZON (directeur de thèse)
M. Sébastien SCANNELLA (co-directeur de thèse)





Résumé

La capacité à effectuer des tâches complexes est emblématique du comportement humain.
Elle est essentielle dans de nombreux aspects de la vie quotidienne, mais également dans
les contextes où la sécurité des personnes dépend de cette capacité (par exemple, les pilotes
de ligne) ou pour les personnes souffrant de troubles cognitifs. L’objectif de cette thèse
était double : (1) développer des outils pour prédire la performance à des tâches complexes
chez les personnes saines à partir de données neurophysiologiques; et (2) développer des
protocoles pour améliorer la performance à des tâches complexes (chez les personnes saines)
ou les tâches de la vie quotidienne (chez les patients atteints de lésions cérébrales).

Pour atteindre ces objectifs, nous avons d’abord validé l’utilisation d’une tâche qualifiée
de complexe (Space Fortress), en démontrant que cette dernière possède de solides qual-
ités psychométriques, étant hautement sensible, fiable et valide, ce qui en fait une tâche
appropriée mettant en jeu les fonctions exécutives.

Le premier axe de recherche de cette thèse a porté sur la prédiction de la performance à
cette tâche à partir de mesures neurophysiologiques. En utilisant deux techniques différentes
de neuroimagerie (spectroscopie dans le proche infrarouge fonctionnelle et électroencéphalo-
graphie), nous avons pu démontrer que l’activité cérébrale intrinsèque (c’est-à-dire au repos)
du réseau fronto-pariétal pouvait prédire une partie de la performance à cette tâche. Une
perspective majeure de ce travail est qu’il pourrait exister des marqueurs neuronaux intrin-
sèques de tâches plus complexes et écologiques. Dans le contexte de la neuroergonomie, de
tels marqueurs pourraient être utilisés soit comme un outil prédictif à des fins de sélection,
soit comme une opportunité d’élaborer des entraînements cognitifs individualisés.

Un deuxième axe de recherche de cette thèse s’est focalisé sur l’amélioration des perfor-
mances par l’utilisation de la stimulation cérébrale non invasive couplée à un entraînement
cognitif. Nos résultats montrent qu’un certain type de stimulation (stimulation transcrâni-
enne haute définition à bruit aléatoire) favoriserait non pas la vitesse d’apprentissage, mais la
rétention des performances. Des résultats similaires, qui restent à confirmer, ont été obtenus
chez des patients dysexécutifs atteints de lésions cérébrales, avec une amélioration des per-
formances dans certaines de leurs tâches quotidiennes (par exemple, planifier des courses,
gérer une boîte mail, préparer une recette).

Les résultats obtenus au cours de cette thèse pourraient conduire au développement
de nouveaux programmes d’entraînement cognitif ciblé. De tels programmes pourraient
permettre d’améliorer la qualité de l’entraînement et de la prise en charge de certaines
personnes, qu’elles soient saines, confrontées à des situations complexes, ou atteintes de
lésions cérébrales, confrontées à des défis quotidiens.
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Summary

The ability to perform complex tasks is emblematic of human behavior. It is essential in many
aspects of daily life, which is particularly true in contexts where the safety of people depends
on this ability (e.g. airline pilots) or for people with cognitive impairments. The objective
of this thesis was twofold: (1) to develop tools for predicting complex task performance in
healthy people based on neurophysiological data; and (2) to develop protocols to improve
complex task performance in healthy people or daily-living task in brain-damaged patients.

To achieve these objectives, we first selected a task qualified as complex (Space Fortress)
because it was described as involving high-level cognitive functions such as executive func-
tions. We demonstrated for the first time that this task has solid psychometric qualities,
being highly sensitive, reliable and valid, making it a suitable task that relies on global
executive functions.

The first research axis focused on the prediction of performance on this task from neu-
rophysiological measures. Using two different neuroimaging techniques (functional near-
infrared spectroscopy and electroencephalography), we were able to demonstrate that the
intrinsic (i.e. resting state) brain activity of the fronto-parietal network could predict a part
of the overall performance on this task. A major perspective of this work is that there may
be intrinsic neural markers of more complex tasks (e.g. flying a plane or driving). In the con-
text of neuroergonomics, such markers could be used either as a predictive tool for selection
purposes or as an opportunity to elaborate individualized cognitive training.

A second line of research focused on improving performance with the use of non-invasive
brain stimulation coupled with cognitive training. Our results also show that a certain type
of montage (high-definition transcranial random noise stimulation) would promote not the
speed of learning, but the maintenance of long-term performance. Similar results, which
remain to be confirmed, have been obtained in dysexecutive brain-damaged patients, with
an improvement of performance in some of their daily tasks (e.g. planning errands, managing
an email box, cooking a recipe).

The results obtained during this thesis could lead to the development of new targeted
cognitive training programs. Such programs could allow the improvement of the quality of
training and care of certain people, whether they are healthy, facing complex situations, or
brain-damaged, facing daily challenges.

ii



– What brings you here [in this thesis]?

– Oh you might say a little business. . . and a little pleasure.

– Which do you prefer? Business, or pleasure?

– Well, that depends on what you regard as business. . . And what you may regard as
pleasure!

– Here we say, business is pleasure.

– And to me, pleasure is my business.

– Then your business should be a pleasure, making my pleasure a business.

– Unless, some mistake business for pleasure, while others know no business but pleasure.

– In that case, I will show you my business.

– My pleasure.

Any resemblance to the dialogue of a movie (Start the Revolution Without Me) would be
purely coincidental.
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CHAPTER 1

Introduction

From the invention of writing to the detection of gravitational waves through the elabo-
ration of complex scientific theories or tools, the human species is capable of tremendous
achievements. All of these inventions and accomplishments require a common and unique
feature particularly recognizable in the human species: high-level cognitive processes such as
the executive functions. These are a set of cognitive processes that allow us to adapt to an
increasingly changing environment and to resolve complex problems.

Remarkably, excellent executive functioning is important in certain professions where
people need to perform complex tasks (e.g. flying a plane or managing a nuclear power
plant). Indeed, recent research in neuroergonomics have shown that operators can, in cer-
tain situations, make decision errors due to a temporary impairment in executive functioning.
Contextual factors such as time pressure, conflict or high workload can interfere with exec-
utive functions. It is now recognized that interferences in these cognitive processes during
critical situations are the main cause of numerous accidents in high-risk systems, with con-
sequent financial and human losses as a result. Thus, there is a need to keep improving the
prediction of complex tasks performance in healthy people, especially in operational contexts.
Indeed, the prediction of cognitive efficiency is of crucial importance as it allows to better
adapt systems to humans. For example, if one is able to predict the operator state, one can
adapt the amount of information presented to him, in order to reduce/increase workload to
obtain optimal level of performance. In addition, and in a complementary way, there is a
need to improve training for operators, in order to reduce these interferences.
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1.1. Human factors in aeronautics

Apart from complex environments, and without even talking about high performance,
maintaining good executive control is essential for the proper implementation of all cognitive
functions necessary in daily life. Thus, patients suffering from a dysexecutive syndrome (i.e.
impaired executive functions), due to a brain lesion, are often unable to carry out the simplest
tasks of life and are highly dependent on relatives and hospital authorities. The most common
way to help these patients recovering is through cognitive rehabilitation, which may include
neuropsychological evaluation (to target the impaired functions), occupational therapy and
cognitive training. This treatment shows some limits however, with sometime improvements
in the trained tasks but few transfer effects in everyday life.

This thesis is based on this double observation, and it aimed at elaborating new paradigms
(1) to predict behavioral performance in complex task that involves executive functions; and
(2) to better train people in tasks that require executive functioning in both healthy and
clinical population. The objectives and methods developed here were inspired by cognitive
neuroscience, neuroergonomics, clinical and aeronautical fields.

1.1 Human factors in aeronautics

Flying an airplane require extensive skills for a pilot. As an example, in a typical landing phase,
a pilot must perform heavy multitasking with several tasks to be carried out in parallel. These
include in a non-exhaustive way: monitoring the aircraft flight parameters (speed, altitude,
heading, descent rate, alignment with the flight plan), perform the landing procedure with
different checklists, configure the airplane (extend flaps and gear, arming the different speed
brakes) and communicating with co-pilot and air traffic controllers. Therefore, the ability to
properly execute such tasks must be an important part, both in pilot’s selection and in the
learning of this profession.

This is all the most important as pilots have hundreds of lives under their wings, and
aeronautical safety is one of the main concerns of both aircraft manufacturers and aircraft
companies, as a crash can heavily influence commercial outputs (see the recent Boeing crisis
with the 737 max).

Historically, the number of crashes have drastically diminished since the standardization
of commercial aviation in the 50s. The annual fatal accident rate dropped from 40 per
million departure in 1959 to less than 0.4 per million departure today. This drastic reduction
has been made possible thanks to the improvements and incredible progresses in the design
of aircraft systems (see Figure 1.1).

Despite these progresses, however, there are still crashes that cost human lives. As an
example, in commercial aviation, the 2010-2020 decade saw a total of 347 accidents, with 46
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Chapter 1. Introduction

Figure 1.1. Example of cockpit design evolution other three generations of the Boeing 737.
Note the disappearance of the quadrants in favor of electronic panels and screens. A. The
737-100 developed in the 1960s; B. The 737-800 developed in the 1990s; C. The 737-MAX
developed in the 2010s
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1.1. Human factors in aeronautics
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Figure 1.2. Causes of airplane fatal accidents in percentage. Data from http://www
.planecrashinfo.com/cause.htm

being fatal. It is estimated that around 57% of these crashes were due to pilot errors in this
decade, which is higher than the 49% since the 1950s1 (see Figure 1.2). These pilot’s errors
have been categorized and include in a non-exhaustive way: following an improper procedure,
flying visually (VFR) instead of instrumentally (IFR), controlled flight into terrain, excessive
landing speed, fuel starvation and navigation errors. To cope with these situations, efforts
have been made in order to properly assess executive functioning as well as to improve it.
For instance, training techniques for pilots are currently based on flight simulators. However,
they are still insufficient because they are based on finite knowledge of the events that led
to the incident, whereas an incident is often linked to a conjunction of unfavorable factors
that have never occurred (Reason, 1990). As a consequence, there is a need to continue to
improve the understanding of human skills in order to better predict and train it in operational
contexts.

One of the main purpose of this thesis is directly in line with this assertion. Indeed,
our aim was to increase our knowledge of the potential brain markers that can predict
performance in a complex task, and to propose new ways of training using brain stimulation
in healthy participants.

1http://www.planecrashinfo.com/cause.htm
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Chapter 1. Introduction

1.2 Dysexecutive syndrome patients

On the other hand, patients with frontal lobe lesions can show impairments in executive
functioning. These patients may show a diversity of symptoms, which are regrouped under
the clinical term of "dysexecutive syndrome". Associated disabilities can often compromise
their quality of life with a loss in autonomy and a dependence from other persons. It has been
described that patients with this syndrome may have difficulties to perform daily life activities
that require some degree of executive functions such as cooking, shopping for groceries, or
driving in a new place.

For example, Chevignard et al. (2008) asked patients with dysexecutive syndrome to
cook (baking a cake and cooking an omelette). They showed that half of them (n = 45) did
not succeed in the task, and some of these patients even demonstrated dangerous behaviors.
This example illustrates how impairments in executive functions may impact the patient’s
autonomy on such simple tasks. This will unfortunately impact the patient’s quality of
life, with higher reported rates of psychiatric disorders (anxiety and depression) in these
populations (Liang et al., 2020).

To allow these patients to regain some behavioral efficiency, several approaches have
been proposed during the last 20 years of research on the subject. One major problem of
this trouble is the multidimensionality of the symptoms, which can not be targeted by one
specific rehabilitation. Instead, it is recommended to adapt the rehabilitation to the patient
(Burgess et al., 2006). Several rehabilitation approaches have been proposed, which may be
driven by (1) stimulating impaired executive functions based on cognitive models (Friedman
& Miyake, 2017); (2) training patients on ecological tasks they need to perform in everyday
life (Burgess et al., 2006) or (3) promoting brain plasticity with techniques such as non-
invasive brain stimulation (Sohlberg et al., 1993). Yet, there is a need to continue research
on these areas as the results on this field are inconsistent, which may be due to the use of
different methods (Wood & Fussey, 2018) and the wide variety of these impairments.

Another purpose of this thesis was to create and use up-to-date techniques to try to
improve rehabilitation efficiency for these patients. To this aim, an individualized patient
follow-up (with a single-case experimental design) was proposed, associating cognitive train-
ing (virtual ecological tasks) with non-invasive brain stimulation.

1.3 Thesis problematic and summary

As previously shown, there are limits in the prevention of human error in operational contexts.
This is why it is necessary to develop better performance prediction tools, and not only based
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on behavioral data (e.g. results at the end of a training course or results to a test). This is
the first objective of this thesis, that is, to find intrinsic neurophysiological data that predict
complex task performance.

Second, there are also limits in the training of operators, and in the rehabilitation of
patients. In the first case, the training, as qualitative and quantitative as it may be, will
never be able to cover all the situations that an operator may face. Therefore, it is necessary
to develop new protocols of training for these operators. In the second case, the rehabilitation
of the patient, if it can show effects during clinical tasks, is poorly transferred to everyday
life, limiting the recovery of their autonomy. Here again, it is necessary to develop new types
of rehabilitation. The second objective of this thesis was thus to evaluate new protocols
coupling cognitive training and brain stimulation in these two populations.

Precisely, the findings and contributions of this thesis can be summarized as follows:

• To find a complex and "close to real life" task that relies on executive functioning.
This objective has been achieved with our first experiment, validating the use of Space
Fortress video game – a complex and semi-ecological task – as a measure of global
executive functioning.

• To find intrinsic brain markers of performance on this complex task in healthy partici-
pants. This objective was achieved with our second and third experiments using dif-
ferent neuroimaging techniques (Electroencephalography and functional Near Infrared
Spectroscopy respectively) to extract metrics that could predict task performance.

• To develop a training protocol that could improve learning and performance retention
in the chosen complex task in healthy participants. This objective was achieved with
our fourth experiment, in which we coupled a specific brain stimulation technique
(transcranial random noise stimulation) with on-task practice in a longitudinal study
over two weeks.

• To develop a rehabilitation protocol that could improve learning and long-term man-
agement of daily living tasks in patients with impairments in executive functions. This
objective was achieved with our last experiment, using a longitudinal rehabilitation
protocol coupling transcranial random noise stimulation with virtual ecological tasks,
with an individualized 3-month follow-up of patients with dysexecutive syndrome.

The development of such training paradigms and brain predictors of performance may
have impact in both healthy and brain-damaged populations. In the high-risk systems field,
this could allow operators to better maintain a resistance to interference from contextual
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factors, and improve safety. In the clinical field, this could allow improving and predicting
rehabilitation processes, which could in turn improve patients’ living conditions. The impact
of this thesis work could also extend to other types of populations where learning and training
of complex skills are important, like students, athletes and pro-gamers.
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CHAPTER 2

Review of literature

The two main objectives of this thesis were to find ways to (1) predict and (2) improve
complex task performance. As complex tasks mainly rely on executive functions, we will
address the definition an models of the latter in the first part of this chapter (section 2.1). In a
second part, we will describe the neurophysiological substrates of executive functions (section
2.2). In the last part of this chapter (section 2.3), we will discuss how the brain stimulation
techniques can modulate the brain’s activity in order to improve task performance.
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2.1 The executive functions

2.1.1 Historic of executive functions: concept and definitions

Executive functions (EFs) is an umbrella term that has a long history, well before the use of
the term itself. The higher-cognitive functions began to be investigated with neuropsychology
in the 1870s with brain-damaged patients. The infamous Phineas Gage is one of the first
patients that have been clinically followed (Harlow, 1868), with descriptions of its symptoms.
The damages caused in his prefrontal cortex by the penetrating tamping iron caused changes
in his personality and behaviors. He was observed as being "fitful, irreverent, [...], capricious
and vacillating" with a "lack of forethought, concern for the future" suggesting troubles
in inhibition and acts to pursuit a goal. These observations were later corroborated by
neuropsychologists (Luria, 1962; Freeman et al., 1942) who studied frontal damaged patients,
and noted that typical symptoms included troubles in taking into account feedbacks from the
environment, whether it be social or directed for a goal. It was in 1973 that Karl Pribram
(Pribram, 1973) coined the term "executive" when stating "the frontal cortex is critically
involved in implementing executive programs where these are necessary to maintain brain
organization in the face of insufficient redundancy in input processing and in the outcomes
of behavior". The term "executive functions" has become popular in the decade since this
statement was made, with now more than 4000 articles published per year using this keyword.

What are the executive functions? This question is somewhat non-trivial, as a lot of
clinicians and researchers have addressed the issue. By reading the literature, we can see
that there are almost as many definitions as there are authors. For instance, Sergeant et al.
(2002) noted that there were at least 33 definitions of EFs at the time. Among them, we
will highlight a few that we think are relevant to grasp this complex concept in the frame of
our work.

Stuss & Benson (1986) proposed that EFs are "called into action in non-routine or novel
situations" and that they "provide conscious direction to the functional systems for efficient
processing of information".

Lezak et al. (2004) wrote that EFs "refer to a collection of interrelated cognitive and
behavioral skills that are responsible for purposeful, goal-directed activity, and include the
highest level of human functioning, such as intellect, thought, self-control, and social inter-
action"

Oosterlaan et al. (2005) wrote that EFs "encompasses metacognitive processes that
enable efficient planning, execution, verification, and regulation of goal directed behavior"

Therefore, when EFs are impaired – as it is often the case in frontal brain-damaged
patients – it is not surprising to see that it impacts behavior in several daily-life domains (see
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Table 2.1. Executive functions are important to just about every aspect of life (from
Diamond, 2013).

Aspects of life The ways in which EFs are relevant to that aspect of life
Mental health EFs are impaired in many mental disorders, including addictions, Atten-

tion deficit hyperactivity (ADHD), Conduct disorder, Depression, Obsessive
compulsive disorder (OCD), Schizophrenia

Physical health Impaired EFs are associated with obesity, overeating, substance abuse, and
poor treatment adherence

Quality of life People with better EFs enjoy a better quality of life
School readiness EFs are more important for school readiness than are IQ or entry-level read-

ing or math
School success EFs predict both math and reading competence throughout the school years
Job success Impaired EFs may lead to poor productivity and difficulty finding and keep-

ing a job
Marital harmony A partner with impaired EFs can be more difficult to get along with, less

dependable, and/or more likely to act on impulse
Public safety Impaired EFs may lead to social problems (including crime, reckless behav-

ior, violence, and emotional outbursts)

table 2.1 for a list of consequences).
Overall, it is now widely recognized that EFs is an "umbrella" term that encompass

multiple set of high-level cognitive processes that allow individuals to perform goal-directed
actions. To do so, different cognitive functions are recruited to build a plan and maintain
it in memory, or to adapt to the environment if it changes, through the use of feedbacks.
Because this kind of definition was and still remains blurry, some authors have proposed
models of EFs, for example by using an empiric approach based on statistics that are derived
from the results of various cognitive tasks (Miyake et al., 2000).

13
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2.1.2 Models of executive functions

Indeed, different EF models have been proposed in the last 40 years (Chan et al., 2008). We
will described what we think are the most relevant ones, keeping in mind, however, that this
is a non-exhaustive list.

Baddeley and Hitch’s model

This model (Baddeley & Hitch, 1974) is centered on short-term (working) memory and
dissociates the visual from the auditory encoding in short-term memory, in two different
modules: the phonological loop (auditory encoding) and the visuospatial sketchpad (visual
and spatial encoding). The authors added a third and central module named the central
executive, whose purpose is to manipulate the information by supervising the two modules.
The central executive was described as a "supervisory system" who controls the two other
"slaves systems". In the following years, they added interactions between the short-term and
long-term memory systems with the addition of the visual semantics, language and episodic
long-term memory (Figure 2.1). Here, we can see that there already was the idea of cognitive
functions that interact with each other, with some others having a hierarchical organization
in the sense that some high-level processes can control lower ones.

Figure 2.1. Baddeley’s model of working memory
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Figure 2.2. Stuss and Benson’s model of executive functions

Stuss and Benson’s model

Stuss & Benson (1986) proposed a neuropsychological model based on observations in brain-
damaged patients. This model dissociates three hierarchical levels. The first comprises the
lowest cognitive functions that are recruited to perform automatic responses by sequencing
and performing motor actions. This includes processes such as attention, emotions, alertness
and so on. The second includes intermediate supervisory systems, whose role is to select a
goal, plan and anticipate motor actions. The final level has been described as "metacogni-
tive" and includes the monitoring and the regulation of the previously mentioned cognitive
functions through self-awareness (Figure 2.2).

Norman and Shallice’s model

Norman & Shallice (1986) proposed a model of the attentional component in executive
functioning. In this model, there are four systems that allow to deal with routine or new
situations. The first one is the sensory perceptual system, which contains all perceptual
processes (visual, auditory, somatosensorial and so on). The second system is the Trigger
Data Base, which contains multiple schemes of action. The schemes of actions are knowledge
structures that control the sequences of actions. The role of the Sensory Perceptual System
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is to select the most appropriate scheme when dealing with known situations in a fast and
automatic manner. When a person faces a new situation, the Supervisory Attentional System
(SAS) enters into play by creating new schemes of action by adopting and implementing
new strategies and planning of action. The drawback however, is that the SAS is slow and
controlled. Finally, the Contention Scheduling manages conflicts by inhibiting automatic
schemes performed by the Trigger Data Base and by recruiting the SAS when necessary. In
fine, the contention scheduling is responsible for the motor action to be performed.

Figure 2.3. Norman and Shallice’s model of executive functions

Miyake and Friedman’s model of executive functions

The previous presented models were either based on neuropsychological symptoms from
brain-damaged patients or on theoretical grounds. In a more recent model, Miyake et al.
(2000) present another approach using the power of statistics with factorial analyses. The
idea behind factorial analyses is to extract latent variable (non-observable directly) by finding
patterns between observable variables (measurable directly). They proposed to evaluate a
theoretical model of executive functions – which would correspond to latent variables – as
they are not observable directly. In details, their model distinguishes between three executive
function latent variables: updating, shifting and inhibition. Their goal was to validate this
theoretical model through empirical data. To do so, they measured (in healthy participants)
the behavioral responses obtained across nine cognitive tasks, which correspond to observable
variables (e.g. response time or percentage of correct responses). Interestingly, they validated
their model and showed that the executive functions (updating, shifting, inhibition) are inter-
related with each other. Indeed, they observed correlation coefficients ranging from .4 to .6
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Figure 2.4. Miyake and Friedman’s model of executive functions

between the three latent variables. Therefore, they argued that the EFs construct show both
"unity and diversity". A description of these three constructs is given below:

• Updating : the updating construct consists of encoding, maintaining and updating
content (verbal or non-verbal) in short-term memory. Therefore, it is closely related
to working memory. Specifically, the content in short-term memory will be constantly
and dynamically revised and replaced depending on the relevance of the task at hand.
This construct is thought to be especially important as it will help individuals to build a
mental representation of any situation or task. In other words, it will help to make sense
of anything that unfolds over time (Diamond, 2013). Moreover, by reordering content
in working memory, it will help to see the relationship between the different items, and
therefore will play a role in deriving new plans, thinking or reasoning. A typical example
would be the reading of a text, within which the updating will incorporate the sense
of every word and sentences in order to construct a meaningful representation of the
whole. Interestingly, this construct can somehow be associated with the "situational
awareness", a central concept in human factor (Endsley, 1995). Classical updating
tasks include to hold and manipulate information in working memory. A straightforward
updating task is for example to ask participants to repeat and reorder a random list
of numbers (e.g. 3, 9, 4, 6, 1 would be 1, 3, 4, 6 and 9); or reorder a random list of
animals by size (e.g. cat, elephant, fly, jaguar would be fly, cat, jaguar, elephant). The
difficulty of these updating tasks (and therefore the recruitment of updating processes)
can easily be modified by increasing the number of items in the lists. Note that these
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tasks necessitate to manipulate verbal content (letters, numbers, words) in working
memory. A non-verbal updating task would be the Corsi blocks (Corsi, 1972), in which
the participant needs to memorize the location of blocks that appear one at a time in
a 3 x 3 grid.

• Inhibition: this executive function construct concerns one’s ability "to deliberately
inhibit dominant, automatic or prepotent responses when necessary" (Miyake et al.,
2000). In other words, this ability allows to deal with the control of our behaviors,
thoughts, attention and emotions in response to stimuli. Indeed, certain stimuli will
generate a strong internal predisposition that we need to override in order to do what’s
most appropriate or needed (Diamond, 2013). Several layers of complexity have been
proposed to describe inhibition mechanisms, such as inhibitory control of attention,
cognitive inhibition or self-control (Diamond, 2013). The inhibitory control of attention
deals with one’s ability to control interference at the level of perception. This is
done by suppressing attention to non-relevant stimuli (e.g. focusing on one voice and
inhibiting all others in a cocktail party, Cherry, 1953). The cognitive inhibition allows
us to suppress prepotent mental representations (e.g. to inhibit the automatic reading
of a word and respond according to its ink color in the Stroop task, Stroop, 1935).
Finally, the self-control deals with the ability to control one’s behavior in order to
resist the temptations and not act impulsively (e.g. resist overeating if you are on
a diet). This also includes the ability to stay focused on a task despite distractions.
Typical inhibition tasks require the participant to stop an automatic response with the
presentation of a stimulus. An example is the Go/No-Go task, where the participant
has to press a button when a certain stimulus is presented (e.g. the letter X ) and
not press it (refrain it) when another stimulus is presented (e.g. the letter Y ). The
difficulty of this task lies in the fact that there are more Go than No-Go trials (e.g.
80% of X and 20% of Y ), promoting the expectation (and automatic response) of the
participant.

• Switching : The last executive function construct deals with the ability to shift back
and forth between multiple tasks, operations or mental sets (Miyake et al., 2000). It is
typically recruited when performing multitask. The switching between different tasks
has a mental cost, which can be measured through different tasks. Indeed, switching
tasks usually include two tasks from which the participant must switch between one
another. For example, a classical neuropsychological evaluation is the trail making
test (Reitan, 1955), where a participant is asked to connect numbers and letters in
ascending order, alternating between these two components (i.e. 1-A-2-B-3-C...).
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The model from Miyake et al. (2000) seems to have a consensus in the literature, as it
has been validated several times in different large healthy adult samples (Karr et al., 2018).
However, one should note that although this model has a strong scientific value, it still has
some weaknesses. The first one being that it depends on the selected tasks to extract the
latent variables (executive functions). Miyake and Friedman themselves willingly admit that
their model is limited because they choose tasks that will tap specifically these three executive
functions. As they mentioned, this model seemed a reasonable one, but it certainly does not
represent all executive functions. More complex cognitive functions like planing, reasoning
and coordinating multiple cognitive processes are yet to be studied in a more complex model
that would require a large sample size with several cognitive tests.

Diamond’s model of executive functions

Figure 2.5. Diamond’s Model of executive functions

Diamond’s model (Diamond, 2013) is one of the most recent and is a synthesis of previous
models, adding the development of executive functions in youth. Moreover, this theoretical
model takes into account "higher level executive function" such as reasoning, problem-solving
and planning which are linked with fluid intelligence. One major cognitive construct devel-
oped in this model is the cognitive flexibility. This has been defined as the ability to change
perspectives or see things from a different angle ("thinking outside the box"). It is typically
recruited when one is stuck on a problem, and another solution must be found by changing
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the approach. Moreover, in this model, cognitive flexibility also encompasses the switching
(from Miyake et al., 2000). Diamond also argues that cognitive flexibility is built on the
efficient functioning of both inhibition and working memory. Indeed, in order to change per-
spective, there is a need to inhibit the current one and "load" a new one through reasoning in
working memory. This view is backed up by developmental studies showing that this ability
to change perspective, or to switch, appears right after the development of inhibition and
working memory in youth (Diamond, 2013).

Highlights

• The executive functions are a set of high-level cognitive functions that allow an
adapted behavior in a changing environment

• They are useful in everyday tasks, and crucial for operators’ complex tasks manage-
ment

• A precise model of executive functions is difficult to come by, as the involved cognitive
functions are intertwined, being both "unified and distincts"

• The model from Miyake et al. (2000), describing the inhibition, updating and shifting,
is a strong and reproducible model based on empirical data
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2.2 Neurophysiological substrates of executive functions

In this section, we will first present a basic description of the brain anatomy and functions.
Then we will describe the literature that has investigated the neurophysiological substrates
of executive functions (from the model of Miyake et al., 2000), first, at the level of brain
region activations, and second, at the level of whole brain networks. Finally, we will see
the interest of using brain stimulation tools to promote brain activity, in order to improve
performance on tasks involving executive functions.

2.2.1 Brain function and anatomy

Basics of neuroanatomy

The main cells in the brain are neurons. It is estimated that a healthy brain contains
approximately 80 to 100 billion neurons (Herculano-Houzel, 2009), meaning that each of us
have more neurons in their brain than there are stars in the Milky Way. This outstanding
number allows the human specie to thrive in a number of motor, perceptive and cognitive
processes.

Basically, a neuron is constituted of three main parts, the cell body, the dendrites and
the axon as shown in the Figure 2.6. Neurons are units specialized in communication, as
they contain a lot of branches (dendrites and axons) that allow connections between them.
These connections take form in two ways: chemical and electrical. Electrical communication
through the propagation of action potentials generated in the axon hillock and chemical
communication through the use of neurotransmitters released in the synaptic cleft (between
pre- and post-synaptic neurons).

It can be observed that most of the neurons are localized in the grey matter (high density
of neuron bodies), which is constituted of 6 layers (Figure 2.6). This grey matter forms the
neocortex of the brain, which presents several circumvolutions and sulci, giving the human
brain its strange and fascinating shape. Different atlases have been proposed to describe the
brain grey matter areas, for example a famous description is based on its cytoarchitecture
(i.e. Brodmann area ), its form and shape (e.g. Standring, 2020), or MRI parcellation (e.g.
AAL, Tzourio-Mazoyer et al., 2002).

The neuronal axons spread in the rest of the brain forming the white matter – hence
located underneath the grey matter – which allows the connection between different areas of
the brains. It is constituted of several major pathways of axons that are called tracts and that
form the human connectome. To put some interesting numbers in perspective, it is estimated
that all the myelinated fibers put end to end would form a long cable whose length would
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A 
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B 

Figure 2.6. The brain illustrated at different scales (modified from Purves et al., 2018). A.
Lateral view of a human brain B. Cross-section of the postcentral gyrus. C. Cross-section
of the cortical lamination. D. A pyramidal neuron.
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Figure 2.7. Tractography examples (virtual reconstruction of the brain fibers) from a frontal
view. A. Complete tractogram showing all brain fibers. B. The pyramidal tract (Chenot et
al., 2019), which is the brain network involved in the motor processes (from motor areas to
the spinal cord).

approximately correspond to 150 to 180,000 km (half of the earth-moon distance, Pakkenberg
et al., 2003). Research on the human connectome is still growing, with the tracts surprisingly
not well-defined to date (Chenot et al., 2019; Maier-Hein et al., 2017). An example of a
reconstructed virtual human connectome as well as a tract can be found in the figure 2.7.

To supply the neurons in energy and oxygen, a complex network of cerebral arteries and
veins work along with neuron cell supports called neuroglial cells (macroglia and microglia).
It is estimated that the rate of the cerebral blood flow (CBF) is approximately of 750 ml per
minute in an adult healthy brain (Kandel et al., 2000).

Brain connectivity

Brain connectivity has become a main topic in neurosciences in the last 20 years (Jirsa &
McIntosh, 2007), with an exponential number of publications. With the rise of neuropsy-
chology at the end of the 19th century, it has been first thought that each brain area had
a specific and unique function. It is now widely accepted that the brain is composed of dif-
ferent areas that communicate between one another, and that complex cognitive functions
– such as the executive functions – involve multiple brain networks (Sporns et al., 2004).
The activity of the networks relies on the vast and impressive network of fibers that connect

23



2.2. Neurophysiological substrates of executive functions

structures in the brain: the white matter.

Anatomical Brain connectivity The neuroanatomical connectivity concerns the physical
connection between different brain areas. This includes close individual connections between
neurons (microscale connectivity) and larger pathways that comprise millions of fibers that go
through the white matter (macroscale connectivity). Anatomical brain connectivity concerns
the study of these fibers. It is studied with techniques such as DTI (Diffusion Tensor Imaging)
in MRI and tractography, that try to reconstruct the pathways of fibers, and to measure their
integrity (an example of tractography can be found in the Figure 2.7).

Figure 2.8. Examples of three types of connectivity (structural, functional and effective)
in a macaque brain. While the first is based on anatomical data, the other two are based
on functional data. Below are the connectivity matrices, where each line or row represents
a neural element, and each square in the matrix represents a relationship (binary structural
connections on the left, symmetric mutual information in the middle, and non-symmetric
transfer entropy on the right; from Sporns, 2007, for more details, see Honey et al., 2007).

Functional Brain connectivity These anatomical connections between neurons allow a
functional communication, which has been termed functional connectivity. In other words,
this is the study of how the activity of one particular brain structure (e.g. a neuron or a
brain area) is related (e.g. functionally connected) with the activity of other brain structures
(Figure 2.8). It is studied with neuroimaging tools such as EEG, fMRI and fNIRS. Note that
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the resolution, origin of signal can differ between these tools, offering a complementarity in
their uses.

Two types of functional connectivity can be dissociated, with the typical functional con-
nectivity that assess a direct relationship between two neural elements (e.g. correlations,
mutual information, spectral coherence); and effective connectivity that assess causal re-
lationship between the activity of two neural elements (e.g. dynamic causal modeling or
Granger causality). A detailed review of the different functional connectivity metrics can be
found in Rubinov & Sporns (2010).

2.2.2 The executive functions and their associated brain activations

The neural substrates of executive functions have been largely studied with fMRI. In this
non-exhaustive part, we will review the associated brain activation using the terms from the
Miyake and Friedman’s model (Friedman & Miyake, 2017, "executive functions"; "inhibition",
"shifting" and "updating"). Neurosynth1 is a powerful free platform that performs meta-
analyses of brain activation associated with specific keywords. Using the selected terms
provides a set of brain regions that includes frontal and parietal areas (Figure 2.9).

Specifically, Rottschy et al. (2012) proposed a systematic review on working memory and
updating tasks (mostly n-back and Sternberg tasks) in 189 fMRI studies. They showed that
there is a symmetrical activation (in both hemisphere) in several frontal areas. These include
the posterior superior and inferior frontal gyri (Brodmann areas 44/45), the dorsolateral
prefrontal cortex (DLPFC) and the supplementary motor area (SMA). In the parietal areas,
bilateral activation was also found in the intraparietal sulcus (IPS) and the superior parietal
lobule (SPL). In this review, they also showed that the task effect (when comparing a working
memory task vs. a non-working memory control) was more important in the left hemisphere,
especially in the DLPFC, SPL and IPS; whereas the load effect (when comparing difficulty
load, for example 1-back vs 3-back) showed higher activation in the frontal areas. Taken
together, the results of this meta-analysis show that there is a "core" network that underlies
updating and working memory cognitive functions, which involved fronto-parietal areas.

Zhang et al. (2017) performed a meta-analysis on the brain activation in inhibition tasks
(mostly antisaccade, stop signal, Go/No Go, Flankers tasks) in 323 experiments. They sepa-
rated the inhibition processes in three sub-categories: interference resolution (select informa-
tion according to its relevance, assessed by the Stroop or Flanker tasks), action withholding
(withholding response to one of two stimuli in one modality (e.g. auditory) presented in only
a few trials; assessed by the Go/NoGo task), and cancellation task (the same stimulus in

1https://neurosynth.org/
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Executive functions
128 studies

Updating
115 studies

Inhibition
601 studies

Switching
193 studies

Figure 2.9. Brain activation associated with the executive functions keywords, using Neu-
rosynth (september 2021).
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one modality – for example visual – will always be present, to which the participant must
always respond, except when it is coupled with a stimulus in another modality – for example
auditory; typically assessed by the stop-signal task). They showed common brain activation
in the right inferior frontal gyrus, the anterior cingulate cortex (ACC) and the right supe-
rior parietal gyrus. These results were coherent with other meta-analyses on the inhibition
(Simmonds et al., 2008; Swick et al., 2011; Cieslik et al., 2015). Taken together, the results
of these meta-analyses highlight that the inhibition processes include two brain networks,
namely the ventral attention network (more associated with interference resolution), and the
fronto-parietal network (more associated with action withholding/cancellation).

For the shifting, Wager et al. (2004) performed a meta-analysis of brain activity under
different switching tasks in 31 studies. They classified the latter in several categories: for
example switch in attributes (shift of an attribute of an object, e.g. from shape to color) or
rules (shift in the rules, e.g. if the first rule is to press A when X appears and B when Y
appears, the second rule is to press B when X appears and A when Y appears). More details
about the different types of shifting can be found in their review. Of particular interest is
the common neural activation when performing these tasks. Their results show that the
bilateral anterior and posterior IPS, as well as the medial prefrontal cortex, are consistent in
their activation during these tasks. These results were later corroborated by another meta-
analysis that found common activation in frontal and parietal areas (medial prefrontal cortex,
DLPFC, see C. Kim et al., 2012).

On one hand, these results show an ensemble of fronto-parietal brain regions that are
usually more active when performing different executive tasks involving inhibition, shifting or
updating abilities (Sylvester et al., 2003; Derrfuss et al., 2004; Collette et al., 2005; Niendam
et al., 2012; Nee et al., 2013). On the other hand, these studies also highlight the fact that
distinct brain areas are associated with each of these executive functions. Taken together,
the results of these studies are in line with the notion of unity and diversity of the executive
functions developed by Miyake and Friedman (Miyake et al., 2000).
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2.2.3 The executive functions and their associated brain networks

The previous section showed that the activity of frontal and parietal brain areas are associated
with the executive functions. These areas are forming different neural networks which have
been named the fronto-parietal, the salience and the attentional networks. It has been showed
that these areas are connected anatomically. For example, in a recent review, Parlatini et
al. (2017) investigated the anatomical connections of these areas using diffusion MRI and
tractography. They described that three branches of the Superior Longitudinal Fasciculus
(SLF I, II and III) connect the different frontal and parietal areas. Specifically, the SLF I is
the superior tract and connects the superior frontal lobe to the superior parietal lobule; the
SLF II is in the middle tract and connects the middle frontal gyrus to the intraparietal sulcus;
the SLF III is the inferior tract and connects the inferior frontal gyrus to the inferior parietal
lobule (see Figure 2.10). Furthermore, they performed a meta-analysis on the functional
connectivity between these areas, that supports their anatomical results. Indeed, they showed
that the areas that are highly connected at the functional level (e.g. high correlation between
the activity of the different brain regions) are highly connected at the anatomical level, and
supports various cognitive functions, including the executive functions (Figure 2.10).

A B 

Figure 2.10. The fronto-parietal networks. A. Anatomical substrates showing the three
Superior Longitudinal Fasciculus. B. Functional substrates of different cognitive functions
involving fronto-parietal areas (including executive functions). Modified from Parlatini et al.
(2017)
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Unsurprisingly, fMRI studies show that the functional connectivity in these networks is
high (Cole et al., 2012) and increases when dealing with novel and complex tasks that require
executive functions (Cole & Schneider, 2007; Duncan, 2010; Cole et al., 2012). Specifically,
the intrinsic functional connectivity (i.e. at rest) of the fronto-parietal network has been
correlated with high-level cognitive function abilities such as fluid intelligence (Cole et al.,
2012; Hearne et al., 2016), attention (Fellrath et al., 2016; Markett et al., 2014) and working
memory in particular (H. Liu et al., 2017; van Dam et al., 2015).

The fronto-parietal network also plays a central role in dynamics behind executive func-
tions (Xu et al., 2015; Niendam et al., 2012; Martínez et al., 2013). Recent works (Zanto &
Gazzaley, 2013; Hartwigsen, 2018; Uddin, 2021) proposed that the fronto-parietal network is
a flexible hub that supports the flexibility of the different cognitive functions (i.e. cognitive
flexibility, Ionescu, 2012). This view – known as the "Flexible Hub Theory" – is in line with
recent advances in neurosciences that have shed light on the fact that temporal brain dy-
namics may be an important feature of cerebral activity (Jia et al., 2014). The flexible hub
theory postulates that neural flexibility (i.e. the ability of the brain to change from one state
to another) is related to cognitive performance (Uddin, 2021; Hartwigsen, 2018). Specifi-
cally, the dynamic flexibility of the fronto-parietal network would allow the implementation of
adaptive capacity at the behavioral level (Zanto & Gazzaley, 2013). Such ability is thought
to play an important role when dealing with novel and complex tasks, where the executive
functions are typically recruited (Friedman & Miyake, 2017).

To support this flexible hub theory, several studies have shown that the fronto-parietal
network is able to alter its functional connectivity depending on the task demand. These
studies, using fMRI dynamic Functional Connectivity (dFC), showed that there is additional
relevant information to extract that is not accessible with static functional connectivity (Preti
et al., 2017). For instance, it has been observed that dFC variability of the fronto-parietal
network correlates with performance on the Stroop or on the Wisconsin Card Sorting Test,
two tasks that involve executive functions (Douw et al., 2016; Nomi et al., 2017). Another
study found that dFC in this network correlates with performance in the dimensional change
card sort test – a task used to measure cognitive flexibility (Chen et al., 2016). Furthermore,
this network has also been shown to be dynamically modulated during executive function
tasks, such as the stroop or the n-back (Douw et al., 2016; Braun et al., 2015).

Taken together, these fMRI dFC studies show that brain network dynamics – especially
the fronto-parietal network – may be an intrinsic signature of cognitive performance (Nomi
et al., 2017; Uddin, 2021).

Besides fMRI, EEG provides an interesting means of capturing the temporal dynamics of
the brain activity at a higher temporal resolution (Michel & Koenig, 2018; Zappasodi et al.,
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2019). In particular, EEG microstates analyses have recently gained increasing interest to
characterize spatio-temporal electrical brain dynamics (for a review, see Michel & Koenig,
2018). Some authors have even suggested that EEG microstates could be the "atoms of
thoughts" (Lehmann et al., 1987; Lehmann & König, 1997) in the way that they could
represent the unitary elements of cognitive processes. EEG Microstates have been defined
as semi-stable electric potential configurations on the scalp that last approximately 60-120
ms. Several metrics (e.g. coverage, duration, occurrence) can be computed to describe the
dynamics of these microstates that alternate one after another (Lehmann & Michel, 2011).
While several microstates have been described, the literature shows some consistency by
repetitively identifying four main microstates (A, B, C and D), each being a prototypical
configuration of the scalp potential field (Michel & Koenig, 2018).

By combining EEG and fMRI analyses, studies have found that these four main mi-
crostates may be associated with specific fMRI resting state networks: the auditory (A), the
visual (B), the executive control (C) and the attentional (D) networks (Britz et al., 2010;
Van de Ville et al., 2010; Custo et al., 2017; Xu et al., 2020). Recent evidences in favor
of this hypothesis has also been reported with a study that showed that EEG microstates
are closely related to dFC states observed in fMRI and may be relevant markers to study
large-scale brain networks dynamics (Abreu et al., 2020). As a result, EEG microstates anal-
yses approach appears to be adapted to study the temporal dynamics of these networks and
their relationship with higher cognitive processes such as the executive functions (Michel &
Koenig, 2018).

More precisely, microstates C and D (associated with executive control and attentional
networks respectively) metrics seem to be related to higher cognitive functions. As a matter
of fact, the number of occurrences or the mean duration of microstate C during a resting
state correlates negatively with fluid intelligence scores (J. Liu et al., 2020). It has also been
shown that reasoning and arithmetic task significantly modify microstates C and D metrics
(e.g. occurrences, mean duration and coverage) compared to a resting state, revealing that
these cognitive microstates are arguably associated with specific cognitive abilities (Seitzman
et al., 2017; Zappasodi et al., 2019; K. Kim et al., 2021).

Taken together, the results of these studies are in favor of an association between the
fronto-parietal network (investigated whether through functional connectivity or microstate
analyses) and executive functions. The strength behind microstate and functional connec-
tivity analyses is that there are well-established methods that offer a complementary way to
capture the activity of brain networks (Rubinov & Sporns, 2010; Michel & Koenig, 2018).
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Highlights

• When performing executive function tasks, an activation of frontal and parietal areas
are consistently found

• The frontal and parietal areas are anatomically connected by the superior longitudinal
fasciculus, forming the fronto-parietal network

• Different methods can measure the activity of this network, such as functional con-
nectivity or microstates

• The activity of the fronto-parietal network – whether at rest or during a task – has
been related to higher-cognitive functions
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2.3 Brain stimulation as a tool to improve executive functions

In the previous sections, we developed that the executive functions are a set of cognitive
functions (e.g. updating, inhibition and shifting), which are underpinned by the activity of
brain areas that form the fronto-parietal network. The activity of this network is likely to
be dynamic, depending on the task-demand or the learning process. Several studies have
investigated whether it could be possible to interfere with the underpinned processes in order
to enhance behavioral efficiency.

One particularly studied way, for instance, consists in coupling cognitive training with
transcranial electrical stimulation (tES). Indeed, as we saw in the previous section, when
someone performs a task requiring executive functions, an increased activity of the dedicated
brain areas is observed. The basic idea behind these protocols is to strengthen this activity
through the use of tES, in order to enhance learning, performance and/or retention in the
long-term (Elmasry et al., 2015). In the last ten years, the number of publications studying
the effects of tES on cognitive training and cognitive functions has blossomed (Fertonani
& Miniussi, 2017). These non-invasive techniques use a small electrical current (usually in
the 1 mA range) transmitted at the surface of the scalp in order to enhance brain plasticity
through neural mechanisms such as long-term potentiation or stochastic resonance. To put
it simply, these mechanisms allow the modulation of the neurons activity, which in turn
promotes brain plasticity like suggested by the Hebbian theory (Hebb, 1949). Note that
more details about these neural phenomena induced by these techniques are available in the
Material and Methods (section 4.2.3). In this section, we will only describe their effects on
cognition.

The effects of a particular tES – the transcranial direct current stimulation (tDCS) – on
cognitive performance has been widely studied (M.-F. Kuo & Nitsche, 2012). Specifically, it
seems that the coupling of tES with cognitive training induces performance improvements in
the trained cognitive task. However, the effects on non-trained tasks – expected by learning
transfer – are mostly heterogeneous (for a review, see Elmasry et al., 2015), with some studies
that showed an increase of performance, whereas other studies did not (M.-F. Kuo & Nitsche,
2012; Dedoncker et al., 2016; Feltman et al., 2020). The reasons for this heterogeneity may
be found in the limits of the tDCS, which delivers a direct electrical current with a constant
intensity and fixed polarity (Fertonani & Miniussi, 2017). This constant intensity may be
a limit, as it could prevent persistent changes in neuronal membrane potentials through
homeostatic mechanisms (Ho et al., 2015; Murphy et al., 2020).

Recently, a focus has been made on another type of tES, the transcranial Alternative
Current Stimulation (tACS) and on a particular current configuration: the Random Noise
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Stimulation (tRNS). This technique delivers a low intensity alternating current at random
frequencies, producing noise in the neural system. Although the precise effect of such noise
is still debated (Fertonani & Miniussi, 2017), it has been suggested that it induces some
stochastic resonance by modulating, not only the activity of the neurons under the site of
stimulation, but also the activity of the other distant, inter-connected, neurons (Miniussi
et al., 2013). By inducing noise, such stimulation may modify the discharge threshold of
the neurons in the related brain networks, which should in turn induce a modification of
behavioral performance (Fertonani & Miniussi, 2017).

These potential enhancements have been investigated in a wide range of high-level cog-
nitive functions. A summary of these studies can be found in the Table 2.2. Briefly, they
cover a wide range of cognitive functions spreading from attention (Lema et al., 2021),
working memory (Murphy et al., 2020; Mulquiney et al., 2011), inhibition (Brauer et al.,
2018; Brevet-Aeby et al., 2019; Dondé et al., 2019), mathematical skills (Bieck et al., 2018;
Looi et al., 2017; Popescu et al., 2016; Snowball et al., 2013) to multitasking (Harty &
Cohen Kadosh, 2019). Noteworthy, the effects of tRNS on high-level cognitive functions
are also heterogeneous across studies, with some studies showing no effects (Holmes et al.,
2016; Brauer et al., 2018; Parkin et al., 2019) and several others showing significant effects
(Bieck et al., 2018; Brem et al., 2018; Harty & Cohen Kadosh, 2019; Murphy et al., 2020;
Almquist et al., 2019; Snowball et al., 2013; Pasqualotto, 2016).

For instance, Brem et al. (2018) showed that groups that received either tRNS or tDCS
coupled with cognitive training (by means of a video game) had better transfer effect on
fluid intelligence tasks compared to a sham stimulation. In the same way, another study
(Almquist et al., 2019), using an executive function training protocol coupled with tRNS,
showed that the tRNS group had better improvements than the sham group. In addition to
longitudinal, multi-session studies, (Harty & Cohen Kadosh, 2019) investigated the effect of
tRNS on learning of a complex and ecological task during one learning session. They showed
that tRNS promoted better multitasking performance and better long-term retention of the
task during the second session (after two weeks) compared to the sham group.

Of particular importance, the results of the longitudinal training studies seem to be
moving in a common direction, with an almost systematic effect of the tRNS over long-term
measurements (from one week to six months). A positive effect with improved performance
(and transfer) in various cognitive tasks was found in five of the six studies that used a
longitudinal training protocol (Snowball et al., 2013; Popescu et al., 2016; Almquist et al.,
2019; Brevet-Aeby et al., 2019; Brem et al., 2018, see Table 2.2).

Taken together, these results point out that tRNS is promising for training complex
task skills that involve multiple cognitive functions in healthy individuals, and may have
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2.3. Brain stimulation as a tool to improve executive functions

applications for rehabilitating deficits in cognitive functions in brain-damaged patients.

Highlights

• Transcranial electrical stimulation is an interesting tool to modulate the brain’s ac-
tivity

• Among the different types of transcranial electrical stimulation, the transcranial ran-
dom noise stimulation is one that seems to have superior effects

• The coupling of transcranial random noise stimulation and cognitive training show
promises in the enhancement of cognitive functions and complex task performance
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Table 2.2. Summary of tRNS studies that investigated its effect on cognition (part 1/2)
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Summary of tRNS studies that investigated its effect on cognition (part 2/2)
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CHAPTER 3

Research challenges

The human ability to perform complex tasks is one of the most intriguing issues in psychology
and neurosciences, and finding ways to predict and/or improve performance has become a
significant part of the dedicated literature. This is particularly true in several professions
or task management such as driving (Asimakopulos et al., 2012), flying a plane (Scannella
et al., 2018), performing surgery (Carthey et al., 2003), sports (Kipp et al., 2019), or for
patients’ outcomes or recovery (Debette et al., 2019). High-risk operators, in particular, are
faced with multiple, complex tasks and their ability to perform successfully is important as
it can have a major economic, societal or human impact. Based on these observations, the
main challenge of this thesis was to find proper measurements of complex task performance
and new interventions to improve it. To do so, we designed several protocols in order to 1)
find neurophysiological markers of complex task performance and 2) improve performance in
complex task in healthy participants and daily-living tasks in brain-damaged patients.

3.1 Finding a complex task

Finding a complex task that require global executive functioning is a challenge. For example,
a widely used neuropsychological task – that is supposedly related to executive functions –
is the Wisconsin Card sorting Test (WCST, Anderson et al., 1991). This task consists in
presenting cards to the patient. The latter is told to match these cards to one of four decks,
but not how to match. The experimenter can only say to the participant if this is a correct
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3.1. Finding a complex task

match or not. The participant must derives the rules from the feedback of the experimenter.
The rules to be guessed depends on the characteristics of the cards (color, form or number),
and will change from time to time during the task. The participant must also identify these
changes of rules and respond accordingly. This task was built to detect troubles in executive
functioning. Indeed, it necessitates the involvement of three executive functions (inhibition,
updating and shifting). The drawback of this task however, is that it can be too easy to
perform by healthy young adults, hence it may lack sensitivity in this type of population.

High-quality tasks that are more ecological and dynamic than classical experimental tasks
in psychology (e.g. stroop, n-back, color-shape, WCST) are difficult to find. That is why
we decided to take a look at video games, which are often described as requiring high-level
cognitive functions such as the executive functions (Bavelier et al., 2011). Indeed, among
complex tasks that can be plausible as real life situations and can still be easily studied in
the laboratory, video games appear to be of particular interest (Boot et al., 2017). Video
game practicing effects on cognitive processes, brain functions, and structural changes, have
been extensively investigated during the last two decades (Kühn et al., 2019; Bavelier et al.,
2011; Boot et al., 2008). In the present thesis, we selected one of them: the Space Fortress
(SF) video game (Mané & Donchin, 1989). This video game (non-commercial) was initially
developed by psychologists to better understand learning strategies and human information
processing in the 80s and 90s. Since then, Space Fortress has been extensively studied in the
scientific literature (see Boot et al., 2017; Donchin, 1995; Gopher et al., 1994; Lee, Boot,
et al., 2012; Lee, Voss, et al., 2012; Rabbitt et al., 1989; Scheldrup et al., 2014; Voss et al.,
2012; Erickson et al., 2007; Maclin et al., 2011; Boot et al., 2010, to name a few).

Different arguments were in favor of choosing the Space Fortress task for our experiments.
First, it has a python code1 relatively easy to understand allowing to modify some parameters
(number of events, task duration, and so on). It also contains a very detailed log of all actions
performed by the participant, and all events that happened in the game. This is crucial as it
helps having precise and accessible measures of performance on the different tasks performed
within the video game (response time, keystrokes, etc.). Second, this is a non-commercial
video game, so it is unlikely that participants have played this game before, preventing
expertise of some of them. Third, Space Fortress is more dynamic than typical laboratory
tasks that have a stimulus/response format (e.g. Stroop, WCST). Indeed, the player has to
adapt to the game environment in a continuous way, much like an ecological task (e.g. flying
a plane). Such a dynamic is also likely to reduce task disengagement (Dehais et al., 2020).
Fourth, Space Fortress rules are simple to understand, yet hard to master. This latter point
was also of paramount importance, as it suggests the implementation of high-level cognitive

1https://github.com/CogWorks/SpaceFortress
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Chapter 3. Research challenges

processes (and executive functions) to learn and to master this task. However, this point
needed to be scientifically tested, and this was the objective of our first contribution – to
assess Space Fortress performance relationship with executive functioning.

Indeed, the Space Fortress video game is based on four sub-tasks (see section 4.1 for
details): (1) to control a ship in space, in a gravity-free environment, (2) to destroy a Space
Fortress located in the center of the screen, while destroying mines (3) and capturing bonuses
(4). These four sub-tasks are thought to require different cognitive and executive functions.
For example, the mine task necessitates to memorize and pay attention to letters in order
to correctly identify and destroy them; the bonus task necessitates to maintain and update
symbols in short-term memory (much like a n-back task, Jaeggi et al., 2010) in order to
get bonuses (i.e. points and ammo); the fortress task necessitates to inhibit rapid fire (as it
would not destroy the fortress) and to maintain attention to check the vulnerability of the
fortress; controlling the ship necessitates visuo-spatial and motor skill abilities. Finally, when
performed together, these sub-tasks are likely to involve several cognitive abilities such as
selective and divided attention, planning, executive functions (updating, inhibition, switch-
ing, Miyake et al., 2000; Friedman & Miyake, 2017), episodic memory, cognitive control,
distributing and allocating cognitive resources, decision-making and motor skill (Mané &
Donchin, 1989; Donchin, 1995; Boot et al., 2010).

However, the involvement of these cognitive functions is theoretical, and to our knowl-
edge, only one study has specifically addressed this issue. Rabbitt et al. (1989) recruited 53
university students who underwent a 5-day training on Space Fortress (1 hour per day). Be-
fore the training, the participants performed the AH-4 and AH-5 tests (Heim, 1947), which
allowed discriminating intelligence in the university population. Their results showed that
initial Space Fortress performance was moderately correlated with these tests (r = .283).
However, they showed that the maximum score reached on the fifth day, as well as the rate
of learning, highly correlated with this test (r = .68 and r = .422; respectively) providing ev-
idence that Space Fortress performance is related to intelligence. Besides this specific study,
others have shown that Space Fortress performance can improve performance on several
cognitive tasks. Boot et al. (2010) for instance, recruited 42 participants who underwent a
20-hour training of Space Fortress and performed a battery test of standard cognitive tasks
before and after the training. This battery was made of the following tasks: attention blink,
flanker, task switching, stopping task, Sternberg memory, dual-task manual tracking and
n-back; as well as more complex tasks like the Ravens’ matrices (fluid intelligence), flight
simulation and radar monitoring. They showed that the Space Fortress cognitive training
did significantly improve performance only for certain tasks, which involved working memory
and psychomotor response – mainly the Sternberg task, the dual-task, the manual tracking
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3.2. Finding predictor of complex task performance

and flight simulation. However, in a replication of this study, in a sample constituted of 75
participants (with 30 hours of training), Lee, Boot, et al. (2012) showed no transfer of the
training benefits to the cognitive tasks, except for the Raven’s matrices. Unfortunately, these
last two studies did only compare pre- and post-learning scores on these cognitive tasks, and
did not perform correlation analyses between Space Fortress score and cognitive task scores,
preventing them from the quantification of cognitive functions involved in Space Fortress.

Contribution 1. Space Fortress as a complex task

Our first contribution (section 5) aimed at testing the psychometric quality – especially the
external validity – of Space Fortress. Indeed, as previously detailed, there was a need to ensure
that Space Fortress can be considered as a complex task that relies on executive functioning,
as suggested by several studies (Mané & Donchin, 1989; Donchin, 1995; Blumen et al.,
2010; Boot et al., 2010; Lee, Boot, et al., 2012). This gap in the literature is problematic
because the Space Fortress task has been typically used to train participants to improve their
high-level cognitive processes. On one hand, Space Fortress training benefits have shown
some transfer effects to untrained laboratory tasks such as the N-back task or the raven’s
matrices (Boot et al., 2010); two tasks that require working memory and fluid intelligence
respectively; or to more ecological tasks such as flying a plane (Gopher et al., 1994). On the
other hand, Space Fortress training showed no significant transfer effect in a wide variety
of other cognitive laboratory tasks (Boot et al., 2010; Boot, 2015; Lee, Boot, et al., 2012).
These diverging results may be explained by the lack of knowledge in the cognitive correlates
of this task (Lintern & Boot, 2019).

The first contribution of this thesis tested for the first time the hypothesis that Space
Fortress performance relies on some executive functions. To do so, healthy participants
underwent a battery of nine executive functions tasks based on the literature (Friedman et
al., 2008) and performed Space Fortress. We then computed a correlation between a global
score on these executive function tasks and Space Fortress score. Furthermore, we tested
the psychometric quality of this task by assessing its sensitivity, reliability and validity.

3.2 Finding predictor of complex task performance

The ability to predict performance based on psychophysiological markers is one of the major
interests of neuroergonomics (Ayaz et al., 2019). As previously shown, complex task per-
formance is likely to rely on the activity of brain areas and networks involved in executive
functions. Amongst all brain networks, the fronto-parietal network seems to have a central
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role in the implementation of these executive functions (Niendam et al., 2012; Martínez et
al., 2013). Our aim was therefore to find neurophysiological correlates or predictors of com-
plex task (Space Fortress) performance using two different brain investigation tools (fNIRS
and EEG) and neuroimaging methods (functional connectivity and microstates).

Several articles expressed the need to better characterize the neural correlates involved
in the tasks that are used for training, such as Space Fortress (Boot, 2015; Simons et al.,
2016). Without this knowledge, learning effects, learning transfers (or lack of) are difficult to
interpret. Furthermore, it could provide new insight to help designing more efficient cognitive
training.

In the literature, Space Fortress has been used to investigate brain modifications asso-
ciated with training. Training in this task has been shown to reduce brain activity in the
right dorsolateral prefrontal cortex, left precuneus, right superior frontal cortex, which was
coupled with performance improvement (Lee, Voss, et al., 2012). Space Fortress training has
also shown a change in the connectivity of certain brain networks, such as the fronto-parietal
network (Strenziok et al., 2014; Voss et al., 2012, see Figure 3.1). In addition, it has been
showed that Space Fortress training induced modifications in delta rhythm, and in the P3
component of event related potentials during the game (Maclin et al., 2011), two results
that are coherent with reduced attention requirements associated with the practice. Taken
together, these results point out the fact that Space Fortress training involves plasticity in the
fronto-parietal network, which has also been observed for training with several other video
games (Palaus et al., 2017; Martínez et al., 2013). It is important however to emphasize
that these are neural correlates of the training effects (i.e. performance progression), but
not those of Space Fortress performance per se. Our next two contributions were built in
order to test the hypothesis that the activity of fronto-parietal network at rest is a potential
neurophysiological marker of complex task performance.

Figure 3.1. Space Fortress in-game functional connectivity (fMRI) in three brain networks.
Modified from Voss et al. (2012).
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3.2. Finding predictor of complex task performance

Contribution 2. EEG microstates and complex task performance

In our second contribution (section 6), we aimed to record electroencephalography (EEG)
during a resting state. The question was then to examine whether the microstates parameters
at rest can predict (i.e. correlate with) later Space Fortress performance.

Therefore, this contribution aimed to explore for the first time the relationship between
spatio-temporal brain dynamics (resting state EEG microstates) and complex task perfor-
mance. This study was based on a set of fMRI/EEG studies that support the hypothesis
that intrinsic neural flexibility2 is arguably associated with executive functions (i.e. behavioral
flexibility); (Uddin, 2021; Douw et al., 2016; Braun et al., 2015; Jia et al., 2014; Nomi et al.,
2017; Zelazo, 2006; Seitzman et al., 2017; Zappasodi et al., 2019). Specifically, the number
of occurrences or the mean duration of microstates C and D (fronto-parietal network) during
a resting state, have been shown to correlate with performance in cognitive tasks (Seitz-
man et al., 2017; Zappasodi et al., 2019). Given the variety of cognitive abilities involved
in the Space Fortress task, there are reasons to consider that microstates metrics at rest
could correlate with performance in this task. First, Space Fortress performance has been
associated with intelligence (Rabbitt et al., 1989). Second, microstates C and D metrics
have also been shown to correlate with intelligence and reasoning tasks (Zappasodi et al.,
2019; Santarnecchi et al., 2017; J. Liu et al., 2020; Seitzman et al., 2017). Finally, these two
microstates have also been linked with fronto-parietal and executive networks (Britz et al.,
2010; Van de Ville et al., 2010), two networks whose activity has been shown to be modified
by Space Fortress training (Strenziok et al., 2014; Voss et al., 2012).

To test the hypothesis of a relationship between spatiotemporal brain dynamics at rest
(EEG microstates) and complex task performance, we computed correlation analyses be-
tween microstates C and D metrics and a global score in the Space Fortress game. We
expected significant correlations between microstates metrics (number of occurrences and
mean duration) and Space Fortress score.

Contribution 3. fNIRS functional connectivity and complex task performance

In the third contribution (section 7), we aimed to record resting state functional connectivity
with a light, portable and relatively easy to use neuroimaging system: the functional near-
infrared spectroscopy (fNIRS). The question was thus to test whether the resting state
functional connectivity of the fronto-parietal network assessed with fNIRS could be a good

2Note that in this thesis, "neural flexibility" will be used to describe the spatio-temporal brain dynamics.
In practice, this term will refer to microstates metrics, which have been found to be related to brain network
dynamics (Britz et al., 2010; Van de Ville et al., 2010)
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indicator of later performance in Space Fortress. Due to its high portability and reasonable
cost, fNIRS has proven to be a valuable tool to study neurophysiological correlates of complex
virtual and ecological tasks (Ayaz et al., 2012; Gateau et al., 2015; Deligianni et al., 2020;
Foy et al., 2016; Verdière et al., 2018; Fan et al., 2021). In addition, it would provide an
additional evidence of such relationship with a higher spatial resolution compared to EEG.

As an example, a widely reported fNIRS result is the increased level of oxygenated
hemoglobin (HbO) in frontal and parietal areas during high-level cognitive tasks (Causse
et al., 2017; Fairclough et al., 2018). However, only few functional connectivity studies with
fNIRS have been run, mainly because cortical activity is only assessed under the measurement
channels, contrary to fMRI where the whole brain activity is measured. Recent advances in
the neuroergonomics field showed, however, that the measure of functional connectivity in
cortical networks with fNIRS can be of particular interest. For example, Verdière et al. (2018)
performed correlations analyses and other connectivity metrics on fronto-occipital fNIRS sig-
nal. Their results show that functional connectivity analyses can better classify two flight
simulator scenarios (automated vs manual landing) than activation data. Similarly, Deli-
gianni et al. (2020) were able to identify functional connectivity differences within frontal
areas during a surgical task between junior and senior surgeons.

Taken together, these results highlight the fact that the fNIRS has been successfully used
to measure functional connectivity in cortical networks, and that it can predict behavioral
performance. However, to our knowledge, no fNIRS study has attempted to investigate the
functional connectivity of the fronto-parietal network during both resting state and task, and
its relationship with performance in a complex task.

Our main hypothesis postulates that functional connectivity within this network, both
at rest and during the task, is positively associated with complex task performance but
not with simple task performance. To test this hypothesis, we developed a protocol with
fNIRS optodes positioned in frontal and parietal areas (i.e. over the fronto-parietal network).
During the acquisition, healthy participants performed first a resting state and then played
two versions of Space Fortress. A monotask version where the participant’s goal was only to
destroy the fortress, which has been developed to less rely on higher-level cognitive functions;
and a multitask version where the participant’s aim was to capture bonuses and destroy mines
in addition to the fortress, which should rely on high-level cognitive functions (Boot, 2015),
such as executive functions (i.e. shifting, updating and inhibition, Miyake et al., 2000;
Friedman & Miyake, 2017). A global value of the functional connectivity within the fronto-
parietal network was calculated by averaging the correlation coefficients between all fNIRS
channels.

We expected significant positive relationship between resting state functional connectivity
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of the fronto-parietal network and multitask Space Fortress score only. We also expected the
same results with on-task functional connectivity.

3.3 Finding ways to improve complex task performance

The previous contributions were focused on the prediction of complex task performance.
Yet, as developed in the review of literature, complex task often requires weeks, months
or even years to master. Therefore, another direction of this thesis was to find ways to
improve learning and retention of performance in complex tasks in healthy participants. The
applications of this project could be multiple, ranging from the reduction of learning time
to the reduction of errors in complex tasks. This could possibly have impacts on a societal,
financial or human level. Another and similar direction was to find ways to improve daily-
living task performance in brain-damaged patients in order to allow them to better deal with
their deficits and thus have a renewed autonomy in their daily life.

One way of improvement would be by using brain stimulation coupled with cognitive
training. As stated, the transcranial random noise stimulation showed promises, especially
in longitudinal protocols (Snowball et al., 2013; Popescu et al., 2016; Almquist et al., 2019;
Brevet-Aeby et al., 2019; Brem et al., 2018). Yet, most of the studies presented here used a
conventional bilateral tRNS montage over the DLPFC, with large pad electrodes (typically
between in the 5-7 cm range) placed on F3 and F4 scalp positions of the 10-20 system.
Recent developments in tES showed that a 4 × 1 high-definition stimulation (HD-tRNS)
may be more relevant to stimulate a specific brain area such as the DLPFC (Villamar et al.,
2013). To our knowledge, no study has attempted to investigate the potential advantages
of HD-tRNS over the learning/retention/rehabilitation of a complex task. This was the aim
of our fourth and fifth contribution.

Contribution 4. tRNS and complex task performance

In our fourth contribution (section 8), we aimed to improve Space Fortress performance
by coupling transcranial random noise stimulation with cognitive training in a longitudinal
protocol (one week-training plus a long-term session one week after). The question was
then to examine if a high-definition tRNS would be more efficient than a standard definition
tRNS, at improving learning and retention of Space Fortress performance.

We saw previously that Space Fortress requires multitasking skills to perform well in
this game, hence it makes it an interesting task to learn and master, necessarily involving
several high-level cognitive processes such as executive functions (Donchin, 1995; Boot et
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al., 2010). At the neurophysiological level, Space Fortress training has also been shown to
modify the activity and the connectivity of the fronto-parietal network (Voss et al., 2012),
a brain network typically involved in high-level cognitive functions (Niendam et al., 2012;
Martínez et al., 2013). Therefore, we aimed to stimulate a key brain region in this network:
the right DLPFC (Fuster, 2015).

Based on the literature that showed that tRNS may increase performance in complex
cognitive tasks (Brem et al., 2018; Almquist et al., 2019; Harty & Cohen Kadosh, 2019;
Snowball et al., 2013), we expected (hypothesis 1) that both stimulated groups (SD-tRNS
and HD-tRNS) would have a better learning rate in the Space Fortress task compared to the
control group (sham). This higher learning rate would have resulted in higher performance
during both short-term (the day right after the training, hypothesis 2.a.) and long-term
evaluations (ten days after the training, hypothesis 2.b.). We expected that the stimulated
groups would also have better retention of performance (between the end of the training and
ten days later) compared to the sham group (hypothesis 3). Finally, based on the studies
that showed HD-tDCS may have an increased effect compared to SD-tDCS (Datta et al.,
2008; H.-I. Kuo et al., 2013; Muthalib et al., 2018; Lu et al., 2021), we hypothesized that
the HD-tRNS group would exhibit higher effects than the SD-tRNS group for all variables
mentioned in the previous hypotheses (hypothesis 4).

Contribution 5. tRNS and dysexecutive syndrome

Our fifth and last contribution (section 9), was dedicated to improve daily-living task man-
agement in brain-damaged patients with dysexecutive syndrome. To do so, we used tRNS
coupled with cognitive training in a 3-month longitudinal protocol. Yet, as this population
is heterogeneous both in terms of brain lesions and cognitive impairments, we choose not to
rely on group analyses.

Instead, we choose to apply Single-Case Experimental Design (SCED). In this innovative
approach, each case is its own control, allowing for patient heterogeneity and providing
effectiveness of a rehabilitation with a reduced number of patients (Krasny-Pacini & Evans,
2018). The principle of this type of protocol is to follow a patient’s performance at a given
task over several phases through repeated measurements. This compensates for the small
number of patients with a large number of measurements. An A-B-A paradigm was used
and allowed to follow the evolution of the performance curves of daily living tasks in patients
during reference phases (A1 and A2). Specifically, a standard rehabilitation protocol was
proposed during the A1 and A2 phases, and the targeted rehabilitation (tRNS and cognitive
training association) was performed on the B phase. The cognitive training involved a
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software (co-virtua) that virtually reproduces certain daily activities (e.g. shopping, driving).
The patient’s performance on real daily-living task was assessed four times a week through
the Goal Attainment Scale (GAS, Krasny-Pacini et al., 2017) during all phases (A1-B-A2).
This scale allowed a rating on individualized objectives (e.g. planning errands) depending on
the patient’s demand.

Similarly to the previous contribution, we expected that the intervention would increase
the patient’s ability to perform their daily-living tasks. Specifically, we expected a larger
increase in daily-living task performance during the B phase, during which the targeted
rehabilitation was implemented.
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The goal of this part is to present the different contributions of this thesis to the scientific
community. This thesis was build to address two research questions:

• Can we predict human performance on a complex cognitive task with neurophysiological
measures?

• Can we improve human performance (in healthy participants and brain-damaged pa-
tients) on complex or ecological tasks with brain stimulation?

These two questions were investigated through five experiments. Before detailing these
experiments and their results, we will describe the methods, including the tasks, brain inves-
tigation tools and neuroimaging data processing (Material and Methods, section 4).

The first investigation consisted in the validation of a complex task, Space Fortress.
Therefore, we investigated SF psychometrics by measuring its sensibility, reliability and va-
lidity (Contribution 1, section 5).

The second and third investigations were built in order to answer the first question. A
measure of resting state neurophysiological data was performed in these two experiments
(using EEG for the first, and fNIRS in the second) in order to predict performance of the
Space Fortress task (Contribution 1 and 2, sections 6 and 7 respectively). These two con-
tributions were accompanied by journal papers, one accepted as a Registered Report in
Cortex (under private embargo, but available in annexes), and one published in Frontiers in
Neuroergonomics.

The last two investigations were build in order to answer the second question. In the
fourth investigation, we designed a longitudinal protocol over two weeks, during which par-
ticipants were divided into three different groups. The purpose was to investigate the effect
of a certain type of brain stimulation (transcranial random noise stimulation) on the learning
and retention of a complex task: Space Fortress (Contribution 4, section 8). This contri-
bution was accompanied by a submitted journal paper in Scientific Reports. In the fifth
contribution, we investigated the effects of tRNS coupled with an ecological cognitive train-
ing with dysexecutive patients. Instead of the conventional case study or group analyses,
we used a Single-Case Experimental design (SCED) allowing an individualized monitoring of
patient’s performance in some of their daily life activities (Contribution 5, section 9).

An overview of these contributions can be found in the Figure 3.2, and the scientific
production (journal papers, posters and oral communications) published within the framework
of this thesis can be found in the Appendix (A).
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Figure 3.2. Overview of the five contributions of this thesis. S: number of sessions (between
30-min and 2 hours per session); EEG: Electroencephalography; fNIRS: functional Near Infra-
Red Spectroscopy, tES: Transcranial Electrical Stimulation; tRNS: Transcranial Random
Noise Stimulation; *A registered report planning 140 participants has been accepted and will
increase the statistical power of this contribution.
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CHAPTER 4

Material and Methods

Before describing the contributions of this thesis, common material and methods used in
the different contributions will be presented, providing sufficient knowledge to grasp the
relevance of the results. The first part will focus on the main task used in this thesis (Space
Fortress). A second part will describe the hardware used for brain recording (functional near
infrared spectroscopy and electroencephalograph) and brain stimulation (transcranial random
noise stimulation). Finally, the last part will describe the processing of brain imaging data
(microstates and functional connectivity).
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4.1. Complex task - Space Fortress

4.1 Complex task - Space Fortress

Space Fortress is a 2D video game with an extremely plain design inspired from the 80s
(Donchin, 1995). The participant’s goal is to control a ship in a gravity-free space environ-
ment, and destroy a space fortress located in the center of the screen, along with destroying
mines and capturing bonuses. A screenshot of the game can be found in the Figure 4.1.
The version that was used in the present work can be found in GitHub1 and was coded in
python (Ver. 2.7). This task was performed using a computer keyboard. This video game
can be decomposed into four sub-tasks: (1) controlling the ship; (2) destroying the Space
Fortresses; (3) destroying bonuses and (4) capturing bonuses (See Table 4.1 for details about
score distribution).

Figure 4.1. Space Fortress in-game screenshot

• Controlling the ship: To control the ship, the participant can use the "Z", "Q" and
"D" keys of the keyboard to move forward, rotate to the left or to the right respectively.
Note that the participant cannot use "S" to slow down or to back-up. The goal of
this task is to stay in the screen environment of the game. Indeed, each time the
ship crosses the borders of the screen, it will reappear on the opposite side, causing
point losses (-35). Moreover, the ship has a shield that can absorb a certain amount

1https://github.com/CogWorks/SpaceFortress
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of missiles fired by the Space Fortress or collisions with mines. However, being hit by
either one of these events will also cause point losses (-50 points if the shield is up).
After 3 hits, the shield is destroyed and the ship of the player is vulnerable (i.e. the last
hit will cause a destruction of the latter: -100 points). Once the ship is destroyed, it
will respawn fully shielded. Finally, the player must be careful not to enter in collision
with the static Space fortress at the center of the screen, otherwise it will result in
point losses (-35). The control sub-task is the only one to present negative scoring.
Also, while not counting on the points of this sub-task, one should note that the degree
of mastery of the ship by the participant will help to perform the three other sub-tasks.

• Destroying the Space Fortress: To destroy the space fortress, the participant must
shoot missiles at the fortress by orienting its ship toward it and pressing the space bar.
The fortress has to be hit 10 times to be vulnerable. Once vulnerable, the player can
destroy it by sending a double shot (less than 250 ms of interval). However, to reach
the 10 hits, the player must not send a double shot otherwise the counter will be reset
to 0. Each destroyed fortress will provide 250 points.

• Destroying mines: Moving mines will appear at random places approximately every
ten to fifteen seconds and will target the player’s ship until they hit it (-35 points, see
Flight Score) or until they disappear spontaneously (after ten seconds) which result in
point losses (-50). The player’s goal is to destroy each mine before one of these two
actions occurs. However, there are two types of mines (type-1 and type-2). For the
type-1 mines, the player can destroy them directly; but for type-2, the player needs to
identify it by pressing the "j" key to be able to destroy it. If the player fails to identify
it, the mine will become non-destructible until it disappears spontaneously. In order
to correctly identify the two types of mines, three letters will be given to memorize at
the beginning of the task. During the game, each time a mine appears, a letter will
be simultaneously presented to the participant in the interface. If this letter is one of
the three letters given at the beginning of the task, the participant must identify the
mine (type-2). If not, he can destroy it directly (type-1). Each destructed mine will
give points (50 for type-1; 60 for type-2).

• Capturing bonuses: The last sub-task consists in tracking a series of symbols in order
to capture bonuses and is very similar to a n-back task. Symbols will appear every
two to four seconds at random places on the screen, and will always be paired two by
two (one symbol appears at a place, then the following symbol will always appear at
the same place a few seconds later). The position of the symbols will change each
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time a new pair is presented, and will always be different from the previous pair. If the
pair consists of a "#" followed by a "$", then the participant can capture the bonus
by pressing a key ("k" or "l", each granting a different bonus). However, the pair can
be of different symbols (i.e.% and &). If the participant presses the key for a wrong
symbol pair, he or she loses 50 points. Moreover, if a bonus is caught, the participant
must choose between two types of bonuses: points only (100 points, "l" key) or points
+ missiles (50 points and 50 missiles reload, "k" key). Of a particular importance, the
participant’s ship contains a limited amount of 100 ammo that needs to be reloaded
regularly by capturing bonuses.

The complete instructions (translated in English) given to the participants can be found
in the annexes (section C).

Table 4.1. Score distribution of Space Fortress sub-tasks

Sub-task Keyboard* Rules Points
1. Controlling the ship z, q, d - Avoid being hit -50

- Avoid being destroyed (after 3 hits) -100
- Avoid crossing game borders -35
- Avoid colliding with the Space Fortress -35
- Manage the missile stock None

2. Destroy the fortress spacebar - Hit the fortress 10 times with at least 250 ms between each shot None
- Destroy the fortress with a double shot (after 10 hits) 250

3. Destroy the mines j - Memorize three letters at the beginning None
- Identify Type-1 or Type-2 mines according to the memorized letters None
- Destroy a mine 50 or 60
- Fail to destroy a mine before it disappears -50

4. Capture bonuses k, l - Random pairs of symbols will appear, one symbol at a time (# $ & or @) None
- If the pair is # then $, capture the bonus 50 or 100
- Fail to capture a bonus -50

*Note that the experiment was conducted on an AZERTY computer keyboard.

4.2 Brain investigation tools

To cover the different aspects of the brain activity related to complex task management,
we used electroencephalography and functional near-infrared spectroscopy as neuroimaging
tools. In addition, in the contributions that aimed to improving behavioral performance,
transcranial random noise stimulation was used as a brain stimulation technique. In this
section, we will describe the basics behind these three neuroscientific investigation tools.
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4.2.1 Electroencephalography

EEG basics and history

The electroencephalography (EEG) is a non-invasive brain neuroimaging tool that allows
recording the brain’s electrical activity through electrodes placed on the scalp.

Historically, the first EEG recording in humans were described by Hans Berger in 1929
(see Tudor et al., 2005), almost 50 years after those observed on animals by Richard Caton
in 1875. With the works of William Grey Walter on sleep, these neuroscience pioneers were
the first to observe that the brain’s electrical activity can be described in terms of different
waves and rhythms, which have been named according to their frequency and the order of
discovery: delta (0-4 Hz), Theta (4-7Hz), Alpha (8-12Hz), Beta (12-30Hz) and Gamma
(>30).

Nowadays, EEG is one, if not the most important brain imaging tool, with an increasing
number of publications per year that has exploded in the last 20 years. Indeed, about 2500
articles per year were published in the beginning of the 2000’ compared to about 7000 articles
per year in the last three years (Figure 4.2).
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Figure 4.2. Number of publications per year (keyword = EEG)
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Radial
(negative)

Tangential

Tangential

Radial
(positive)

Figure 4.3. Illustration of radial and tangential dipole in one neuron. The radial dipoles
(left and right) produce deflections in roughly one direction, resulting in a positive (right)
or negative (left) signal in electrodes that are positioned in parallel. The tangential dipoles
(above and below) produce both directions of deflection, resulting in a neutral signal in
electrodes positioned perpendicularly. Modified from Jackson & Bolger (2014).

EEG signal and origin

In terms of outputs, the EEG is the direct transcription, in trace form, of the electrical
activity of large populations of neurons over time. Each electrode provides its own trace,
which is measured through a potential difference with a reference electrode.

On the neurophysiological level, the origin of the EEG signal comes mainly from the
neuron’s electrical activity. Indeed, an action potential causes a cascade of events, notably
the opening of ion channels at the level of the neuron’s membrane. This causes an exchange
of ions between the intra- and extracellular environments, generating a current. This results
in an electromagnetic dipole, with negative charges near the post-synaptic dendrites, and
positive charges near the cell’s body, which can be measured (see Figure 4.3).

However, the dipole from a single neuron is too small to be measured by remote elec-
trodes. Instead, the electrodes are sensitive to the sum of dipoles (positive and negative
charges) originating from thousands to millions of neurons in their vicinity. This sum can
be considered as a single dipole, which reflects the number of neurons whose dipoles are
summing together (Kandel et al., 2000). Due to the fact that most neurons are not oriented
in a parallel fashion (for example, due to the cortex circumvolutions, Figure 4.4), the sum
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A B

Scalp

Cortex

Electrode

Figure 4.4. Illustration of the sum of dipole measurement by an electrode. A All neurons
are oriented in parallel and have a synchronous activity, resulting in a positive signal. B. The
neurons do not have the same orientation, although having synchronous activity, resulting in
a near-to-zero signal. Modified from Jackson & Bolger (2014).

of these dipoles can greatly vary between negative and positive values, with sometimes a
near-to-zero signal. Therefore, to obtain a measurable signal, the recorder neurons must be
oriented in parallel and have a synchronous activity (i.e. temporal and spatial summation).

Determining the localization of these dipole sources from raw EEG is difficult, and has
been named the "EEG inverse problem" in reference to the mathematical equivalent (i.e. from
the scalp topography to source generators; see Pascual-Marqui, 1999 for a review). Indeed,
two main problems refrain from accurate localisation. First, the grey matter is constituted
of circumvolutions creating thousands of dipole orientations. Second, the biological tissues
(e.g. skull, scalp and blood vessels) are scattering and absorbing the electric field produced
by such dipoles. Hence, the EEG is considered as providing a low spatial resolution, although
several mathematical tools allow reliable statistical inferences about source distribution for
a given scalp topography (e.g Loreta or Dipfit, Pascual-Marqui, 2017; Delorme & Makeig,
2004).

Overall, the EEG is a great neuroimaging instrument that has a lot of advantages, includ-
ing a direct measure of brain activity (contrary to the fNIRS or the fMRI), a great temporal
resolution (see Figure 4.5), with a wide variety of interesting methods in preprocessing and
statistical analyses in the literature (e.g. event related potentials, source localization, func-
tional connectivity or frequency analyses Delorme & Makeig, 2004).
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Figure 4.5. Temporal and spatial resolution of functional neuroimaging modalities, as well
as their tolerance to movements (in a scale from white to black). In this thesis, fNIRS and
EEG have been used.

4.2.2 Functional Near Infrared Spectroscopy

fNIRS basics and history

The functional Near Infrared Spectroscopy (fNIRS) is a non-invasive brain neuroimaging tool
that allows recording the brain’s hemodynamic changes through the use of infrared light.

Historically, the fNIRS technique is much more recent than EEG. Jobsis (1977) was the
first to demonstrate that fNIRS is able to detect changes in adult cortical oxygenation during
hyperventilation. But it was only in the early 1990s that this technique gained attention, with
several scientific articles linking fNIRS signal with motor activity and psychiatric disorders
(Ferrari & Quaresima, 2012).

Nowadays, fNIRS tools are increasingly used, with a gain of popularity over the last
10 years. The number of publication using fNIRS was very low at the beginning of the
millennium, with less than 10 articles per year compared to over 450 today (Figure 4.6).
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Figure 4.6. Number of publications per year (keyword = fNIRS)

fNIRS signal and origin

In terms of outputs, the fNIRS signal is an indirect transcription of brain activity in trace
form. The signal origin is quite different to the one obtained by EEG, but is comparable to
the one obtained with fMRI.

Specifically, the fNIRS is able to measure the brain activity related to neurovascular
coupling. This neurophysiological phenomenon is the consequence of the neuronal activ-
ity, which induces certain hemodynamic and metabolic adaptations such as an increase in
cerebral blood flow (containing glucose and oxygen) in order to supply the local neuronal
activity. This increase in cerebral blood flow is caused by the dilatation of blood vessels, re-
sulting in an increase of HbO (oxygenated hemoglobin) and a decrease in HbR (deoxygenated
hemoglobin).

The goal behind the fNIRS is to quantify HbO and HbR concentrations in the blood
using two types of optodes: emitters that send light in two different wavelengths in the near
infrared, coupled with detectors (an emitter/detector couple is referred to as a measurement
channel). Indeed, HbO and HbR have a different absorption spectra (Figure 4.7). Therefore,
the light travels through the brain structures, forming a "banana shape" (2D) or a "mushroom
shape" (3D), which corresponds to the statistical pathway with maximal photon density.
When a variation of HbO and HbR occurs, the absorption level changes and the amount
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Figure 4.7. Left: graph showing the absorption spectra of hemoglobin. The dotted line
represent two wavelengths typically measured by a fNIRS system (780 and 850 nm). Right:
Two red blood cells differing in oxygenation state. Modified from https://en.wikipedia
.org/wiki/Functional_near-infrared_spectroscopy.

of remaining light is then measured by the detector (Figure 4.8). It should be noted that
the head is also constituted of other tissues, which can absorb and/or refract the infrared
light differently (e.g. hairs, skin, skull, cerebrospinal fluid, grey matter, white matter). The
modified Beer-Lamber law is described below, and is the equation that allows deriving from
the optical data (emitted and detected light) the HbO and HbR concentrations (see Jacques,
2013 and Figure 4.8).

ODλ = log( Lin
Lout

) = ελ × c× d× PPF +G

where:

λ = Wavelength
OD = Absorbance, or Optical Density
Lin = Light emitted from the source (emitter)
Lout = Light received from the detector
ε = Absorptivity
c = Chromophore concentration
d = Distance
PPF = Partial Pathlength Factor
G = Signal loss due to light scattering
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Figure 4.8. Illustration of a fNIRS system. A. The infrared light is generated by the
emitter and travel through the human’s head. The detector captures the resulting light,
of which a certain amount has been absorbed by the HbO and HbR chromophores. HbO
and HbR are related to neuronal activity through the neurovascular coupling. Modified from
Mohammadi-Nejad et al. (2018). B. Schematic illustration of light propagation through the
neuronal tissue. The emitter send light in two different wavelenghts. Some photons are
absorbed by the HbO and HbR (1), while others can have different path due to the different
tissues (2, 3, 4 and 5). Finally, the emitter only detect the photons that reach it (2 and 3).
Modified from Herold et al. (2018).

A limit to mention in fNIRS is the fact that the infrared light does only stay at a cortical
level and is not able to penetrate sufficiently to measure the activity of profound structures
such as the limbic system. To be more specific, it could penetrate deeper but one would have
to increase the distance between the emitter and the detector (i.e. inter-optode distance),
which would result in a poorer spatial resolution. Hence, a trade-off between depth resolution
and spatial resolution had to be made, which resulted in 2 or 3 cm depth penetration for
roughly a 1 cm3 spatial resolution using an inter-optode distance of 3 cm. A second similar
limit is that the fNIRS is only capable of measuring the activity below the channels, and
most of fNIRS devices do not have sufficient channels to cover the whole cortical brain
areas. This can also be considered as a strength, constraining the researchers to choose
wisely the montage to test theirs hypotheses, limiting the number of statistical tests and
corrections (e.g. generating false positives, a recurrent issue in fMRI, Lyon, 2017).

One should also note the advantages of the fNIRS, which can have two related measures
of brain activity (HbO and HbR), contrary to the fMRI. Furthermore, the fNIRS is perhaps the
brain imaging technique that is the most resilient to movements (Figure 4.5), electrical noise
and artifacts, meaning that it can easily be used in ecological situation (e.g. planes, cars,
bikes, etc.). This latter advantage is particularly useful in the context of neuroergonomics,
which aims to study the brain at work.
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4.2.3 Transcranial Random Noise Stimulation

tES basics and history

The transcranial Random Noise Stimulation (tRNS) is a type of the transcranial Electrical
Stimulation (tES), along with tACS (transcranial Alternative Current Stimulation) and tDCS
(transcranial Direct Current Stimulation).

Although the conception and use of tES techniques dates from the discovery of electrical
phenomena and are among the earliest evidence for the existence of electricity in the 18th
century (Gebodh et al., 2019), we can find traces of electrical stimulation that dates from the
reign of Egyptian and Roman empires where physicians have used electrical fishes to treat pain
and headaches (Guleyupoglu et al., 2013). Specifically, the tRNS technique is much more
recent, with a first article in 2008 (Terney et al., 2008) showing that this stimulation technique
can be used to modify the human motor cortex excitability. The number of publications
using this technique is increasing each year. With the term "Transcranial Random Noise
stimulation" as a keyword, around 20 to 30 articles are found to be published each year in
the last couple of years (Figure 4.9).
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Figure 4.9. Number of publications per year (keyword = tRNS)
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Figure 4.10. Illustration of different type of transcranial electrical stimulation (left) with
their associated sham (right). The current intensity is in the y -axis and the time (not to
scale) in the x -axis. Anodal tDCS and Cathodal tDCS deliver a direct monopolar positive
or negative current. tACS delivers an alternating sinusoidal current at a specific frequency.
tRNS delivers an alternating current in a range of random frequencies (typically between 100
and 600 Hz). Note the ramp-up and ramp-down (increase and decrease in current intensity)
at the beginning and end of each stimulation. Modified from Fertonani & Miniussi (2017).
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The differences between the tES types stand in the type of current used: with a constant
fixed current (e.g. 1 mA) for the tDCS, an oscillating current at fixed frequency (e.g. from
-1 mA to +1 mA at 200 Hz) for the tACS, and an oscillating randomized current (e.g. from
-1 mA to +1 mA at 100 to 600 Hz) for the tRNS. Contrary to the tDCS, which is polarized,
it’s not really possible to speak about anode (+) or cathode (−) with the tRNS. The terms
stimulation and return is thus preferable. Indeed, in tDCS, the current flow direction is
always the same (from the anode to the cathode), contrary to tACS or tRNS in which the
current flow alternates between the two electrodes at the desired frequency. Hence, in these
techniques, one electrode is both the stimulation (e.g. 1 mA) and the return (e.g. -1 mA),
although at different times (see Figure 4.10).

In their simple definition, the tES are constituted of two electrodes (i.e. one stimulation,
one return). The high-definition tES consists in having several electrodes (i.e. one stimulation
and several returns), allowing a more focal stimulation (Villamar et al., 2013).

tDCS and tRNS mechanisms

We will first describe the mechanisms of the tDCS and then discuss the potential effects and
advantages of tRNS as the latter are still debated.

A typical tDCS montage uses two electrodes, one anode (+) and one cathode (−). By
delivering a stable electrical current (e.g. 1 mA), the tDCS will modify the neuron’s activity.
This modification is dependent of the polarity, and neurons that are part of the brain areas
under the anode (+) will have an increased firing rate of action potentials. This is due to the
fact that the positive current will cause a depolarization of the resting membrane, lowering
the threshold for triggering action potentials (Boros et al., 2008). In contrary, neurons under
the cathode (−) will have a decreased firing rate of action potentials due to the opposite
mechanism, where the negative current causes a hyperpolarization of the resting membrane
(M. A. Nitsche & Paulus, 2000; Ardolino et al., 2005; M. A. Nitsche et al., 2005, see Figure
4.11)

In addition, it has been shown that these effects not only occur during the stimulation,
but can last few minutes to hours depending on the setup. For example, it has been shown
that the tDCS is capable of modifying synaptic plasticity by inducing Long-Term Potentiation
(LTP – an increased firing rate of neurons) and Long-Term Depression (LTD – a decreased
firing rate of neurons). These mechanisms have been highlighted in animal studies, showing a
molecular cascade involving metabotropic glutamate receptors, NMDA receptors, and GABA
(Utz et al., 2010).

Concerning the tRNS, the mechanisms involved are much more theoretical. Effects
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Figure 4.11. Firing rate of neurons under tDCS (from Utz et al., 2010). A cathodal
stimulation reduced the spike activity by hyperpolarizing the membrane, whereas the anodal
stimulation increased the spike activity by depolarizing the membrane

Figure 4.12. Response of a computerized model of a neural network (Q), depending of
different frequencies of noise. From Zhao et al. (2017).

65



4.2. Brain investigation tools

similar to anodal tDCS have been found when the stimulation is over M1 (motor cortex),
with an enhancement of cortical excitability (Terney et al., 2008). It has been suggested
that the repeated random noise stimulation could induce an increase of the sodium inflow in
the membrane, resulting in a prolonged depolarization (LTP, Fertonani & Miniussi, 2017).
Another theory is that tRNS induces stochastic resonance in the brain networks. By inducing
current noise, it modulates the activity of neurons (under the stimulated area) that are
involved in the execution of a specific process or function (i.e. the neurons that produce
the signal), but it also modifies, by extension, the activity of the anatomically connected
brain networks. The idea behind this theory is that the intrinsic brain activity already relies
on a certain amount of noise. By inducing more noise in the system, it would result in
larger amplitudes in neuron behaviors, making the oscillatory responses of the system more
coherent, favoring one neural behavior over another (Fertonani & Miniussi, 2017; Miniussi et
al., 2013). This theory has been tested through computational models (Zhao et al., 2017),
showing that when an electric field (white noise) is added to a network, it can increase its
activity (Figure 4.12). However, one should note that this result depends on the model
parameters (number of excitatory and inhibitory neurons, for instance). More empirical data
(based on either animals or humans) are necessary to support this theory.

66



Chapter 4. Material and Methods

4.3 Neurophysiological-based analyses

In this thesis, two types of brain activity analyses were performed, EEG microstates, and
fNIRS functional connectivity.

4.3.1 EEG Microstates

In this part, we will explain a typical pipeline that can be used to obtain microstates metrics
(Michel & Koenig, 2018, Figure 4.13). EEG microstates are defined as successive short
time periods during which the configuration of the scalp potential field remains semi-stable,
corresponding to specific network activity (Michel & Koenig, 2018).
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Figure 4.13. Pipeline for microstate analyses

Topographical scalp representation

Each EEG sample corresponds to one value of the electrical field over the scalp for each
electrode. As a consequence, taking into account these values across all scalp electrodes,
a graphical representation of the current distribution can be drawn, which is called scalp
current topography, much like a terrain topographical map (Figure 4.14).
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A B C 

seconds 

µV 

Figure 4.14. Example of topography using elevation data (A) and EEG data (B). The latter
is the topographical representation (64 electrodes) of the electroencephalographic activity at
a given time (i.e. one sample) in terms of current density distribution. This map is extracted
from an EEG recording represented by a vertical line at 56.64 ms (C). In the topographical
EEG map, electrodes with positive values are represented in red, and electrodes with negative
values are represented in blue in the map (scale in µV ). An interpolation between the
electrodes is performed to facilitate the representation.

Figure 4.15. 64-channel EEG butterfly (in blue) with the associated GFP (in red). Below,
topographies in three different samples are represented, showing that the highly contrasted
activities are found during the GFP maxima.
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A. Select Global Field Power peaks

The global Field Power (GFP) is simply the spatial standard deviation of all electrodes values,
which is calculated for each EEG sample (standard deviation of the 64 electrodes per sample)
and can be plotted as a function of time (Skrandies, 1989). From EEG data, the GFP value
varies over time. A high value is likely to be caused by high topographical differences in
maps, while a low value is likely to be associated with a flat map. As a consequence,
high GFP values are associated with maximal field activity, which are likely to be caused by
spontaneous activity of a large number of neurons (Skrandies, 1989, see Figure 4.15). The
first step is hence to select high GFP peaks values based on the signal characteristic. This
results in a reduction of EEG data, to keep only samples with the highest GFP values (e.g.
in a one-second data acquisition at 512 Hz, only 20 samples can be kept).

B. Microstates segmentation

In order to segment the microstates, a k-means clustering approach is used. This algorithm
will partition the data, with n observations (the number of kept EEG samples with GFP
peaks) which will be reduced in k clusters (the number of prototypical microstates).

To do so, a multidimensional dataset is created, and comprises all data points (each map
associated with a GFP peak). This algorithm first creates random points (k number) in this
dataset that will partition the data into clusters. Each data point is associated to a cluster
depending on its distance with the random points (the nearest). Once each data point is
associated to a random point, the k-means will perform a spatial mean of the cluster (mean
of all data points) to create centroid points.

Then, data will again be clustered, with each data point associated to a cluster depend-
ing on its distance with the newly created centroid (the nearest). The centroids will be
recalculated accordingly. The algorithm will iterate multiple times until the centroid points
do no longer move.

Finally, the result of the k-means algorithm is a k number of prototypes of the data
(see Figure 4.16). As a consequence, a microstate prototype is not a specific EEG sample
per se, but a mean of numerous EEG samples at GFP peaks that are topographically similar.

C. Select optimal k number of microstates

The number of optimal k cluster is still debated. Because four microstates have been con-
stantly found – with an ease of reproducibility – in the literature, it is a choice "by default" to
go for k = 4 (Michel & Koenig, 2018). However, it is also recommended performing further
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Figure 4.16. Schematic illustration of the microstates segmentation through a k-means
algorithm (fictitious data). A. topographies at GFP peaks in a 2D space. B. Results of
the 4-means, showing how the data are partitioned into 4 clusters. The stars represent the
centroids (mean of each cluster) which correspond to a prototypical microstate (MS).
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analyses based on robust optimization criteria, or on several criteria such as the percentage
of explained variance (Custo et al., 2017).

D. Back-fitting the microstates prototypes

Once the microstates have been defined, the next step is to associate one of these proto-
typical microstates to each EEG sample (and not only GFP peaks). To do so, the distance
between each EEG sample and each microstate prototype will be measured with the Global
Map Dissimilarity (Poulsen et al., 2018). The nearest map will "win", and this microstate
prototype will be labelled to the sample. In this step, a temporal smoothing is also performed
in order to take into account the microstate labels prior and following each EEG sample. This
is done in order to reduce noise. The final result of this step is a sequence of microstates
over time (each EEG sample is labelled) for each participant (Figure 4.17).

E. Microstate metrics computation

The last step is the extraction of microstate metrics from the microstates sequence. Several
metrics can be extracted, such as the number of occurrences per second, the mean duration
in ms, the coverage in percent and the global explained variance.

Figure 4.17. Illustration of a microstate sequence in one second of data. Different metrics
can be extracted in these sequences, such as the number of occurrences per second, the
mean duration of each microstate in ms or the total coverage in percent.
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4.3.2 fNIRS Functional Connectivity

In this part, we will explain a typical pipeline used in order to obtain functional connectivity
metrics in fNIRS data (Figure 4.18). In our case, we only used correlations analyses, but
one should note that several types of analyses can be performed (for a review, see Rubinov
& Sporns, 2010).

A 

Preprocessed data 

Correlations between 
channels 

Functional 
connectivity metrics 

B Correlation matrices 

Figure 4.18. Pipeline for functional connectivity analyses

A. Compute correlations between channels

The first step is to compute Pearson’s correlation of HbR or HbO concentrations between
each fNIRS channels. In the case of static functional connectivity analyses, the entire signal
is taken (e.g. 10-min minutes of resting state, see Figure 4.19). In contrast, for example, the
dynamic functional connectivity consists of using time-sliding windows (e.g. 30 sec per step
of 1 sec), and allows for a dynamic description of the functional connectivity (for a review,
see Preti et al., 2017).

B. Compute correlations matrices

The next step is to compute this correlation for each pair of channels, in order to create
the functional connectivity matrix (Figure 4.20). Several metrics can be extracted for this
matrix, using for example graph theory (for a review, see Bullmore & Sporns, 2009).
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Figure 4.19. A. 10-min (600 sec) resting state preprocessed signal of two fNIRS channels.
B. Pearson correlation between the signal of the two channels. Note that the "time" variable
disappears in favor of a single number (the correlation coefficient, with its linear fit in red)
representing the functional connectivity over the whole 10 minutes. This is therefore a static
functional connectivity.
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Figure 4.20. Functional connectivity matrix, showing the correlation coefficient between
each pair of fNIRS channel (here, 32). Note that the matrix is necessarily symmetric as each
channel is represented twice, once in the vertical axis, and once in the horizontal axis.
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CHAPTER 5

Contribution 1. The Space Fortress video game as a complex task?

Abstract

Introduction: Finding a relevant complex task that relies on executive functions (from the
Miyake et al., 2000 model) is a challenge. In this first contribution, we aimed at reporting an
objective measurement of the quality of the Space Fortress video game, and its relationship
with executive functioning.
Methods: The psychometrics of Space Fortress have been calculated, in the multiple sam-
ples forming the different contributions of this thesis (total n = 94). The psychometrics
(sensitivity, reliability and validity) of the Space Fortress task have been assessed.
Results: Our results show that the Space Fortress task show high sensitivity, reliability and
validity.
Conclusion: This contribution is the first to report the psychometrics of Space Fortress,
and shows that this task can indeed be considered as a valid measure of global executive
functioning.
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5.1 Overview of the research question

In this thesis, three studies used the Space Fortress task. The aim of this first contribution
was to validate this game as a plausible semi-ecological task for the evaluation of the executive
functions. Three metrics were used: the sensitivity, the reliability and the validity.

The sensitivity refers to the ability of a test to be sufficiently sensitive to discriminate
between participants. To do so, a test must be neither too easy nor too difficult to avoid
floor and ceiling effects. The sensitivity can be evaluated from the score distribution, which
needs to follow a normal distribution.

The reliability can be defined as the ability of an instrument to reproduce a consistent
result in time and space (Souza et al., 2017, Figure 5.1). It is generally assessed through
intraclass correlation coefficient (ICC), which correlates the results of a given task at two
different times.

The validity can be defined as the ability of an instrument to measure what it is sup-
posed to (Roberts & Priest, 2006, Figure 5.1). Specifically, the concurrent validity can be
assessed by correlating the results of a target-test with the results of a "gold-standard" test.
In this thesis, we highlighted that Space Fortress may be a complex task that recruits exec-
utive functions. Therefore, we assessed this by correlating Space Fortress performance with
executive functions tasks performance.

Figure 5.1. Possible combinations of validity and reliability of measurement instruments.
Adapted from Babbie (1989)
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5.2 Material and Methods

5.2.1 Samples

The psychometrics of Space fortress will be evaluated by regrouping the different samples of
our experiments, which can be found in the Table 5.1.

Table 5.1. Samples used to test the psychometrics of the Space Fortress task (mean ± SD)

Sensitivity Reliability Validity
N 94 19 9
Age 23.9 ± 4.5 24 ± 4.6 23.5 ± 4.7
Education 16.4 ± 1.9 16.2 ± 2.0 16.0 ± 2.5
Gender 22 women 4 women 2 women
Handedness 7 Left-handed 1 Left-handed 0 Left-handed

5.2.2 The Space Fortress game

A clear overview of the game is described in the Material and Methods (section 4.1).

5.2.3 The Executive Function tasks

In this thesis, we choose to rely on Miyake & Friedman’s model of executive function (Miyake
et al., 2000; Friedman et al., 2008; Friedman & Miyake, 2017) as it is a strong and repro-
ducible model. We have therefore selected the nine executive functions tasks (three per
executive function, inhibition, updating, switching) from their articles. A quick description
will only be proposed here. A detailed description can be found in the annexes (section D).

Updating

Three updating tasks have been used (see Figure 5.2). (1) the Keep-Track task, in which
the participant is asked to keep-track of words of specific categories; (2) the Letter-Memory
task, in which the participant must memorize the last letters in a sequence; (3) the Dual
n-back task, in which the participant is asked to simultaneously memorize the last item in
sequences involving two modalities (auditory and visual).

Inhibition

Three inhibition tasks were used (see Figure 5.3). (1) the Stroop task, where the participant
is asked to read words and indicate the color of the ink used to write the words. (2) the
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Anti-Saccade task, where the participant is asked to look at the opposite side of a stimulus
and (3) the Stop-Signal task, where the participant is asked to inhibit the automatic response
when he or she hears an auditory signal.

Switching

Three switching tasks were used (see Figure 5.4). (1) The number-letter task, where the
participant is asked to respond depending on the letter (consonant vs. vowel) or the digit
(odd vs. even); (2) the Color-Shape task, where the participant’s goal is to respond to the
type of stimulus depending on a cue presented before (S for Shape vs. C for Color) and (3)
the Category-Switch task, where the participant is asked to categorize a word depending on
a living criterion (living or non-living) or a size criterion (smaller or larger than a basketball).

Figure 5.2. Updating tasks
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Figure 5.3. Inhibition tasks

Figure 5.4. Shifting tasks

5.2.4 Evaluation of the sensitivity

The sensitivity has been measured using the participants from the fNIRS and tRNS experi-
ments (sections 7 and 8). In total, this accounted for 94 participants. Scores from the first
game session (10 min) from these participants were selected in order to control for practice
prior to the task.
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5.3. Results

The sensitivity was evaluated by reporting several dispersion indices such as the mean,
median, standard deviation. Moreover, the data distribution has been evaluated through a
Shapiro-Wilk test on the Space Fortress scores, which allowed to test for normality distribu-
tion.

5.2.5 Evaluation of the reliability

The reliability has been measured with the participants from the tRNS experiment. In this
experiment (which is more detailed in the section 8), the Space Fortress task has been per-
formed several times by participants during two weeks. Specifically, we selected participants
from the control group which received no brain stimulation (n = 19)

To measure reliability, we choose to perform a test-retest reliability using Spearman
correlation at different time interval. We compared the scores of two Space Fortress games
during the first two days, and during the last two days of training (which were with a nine-day
interval).

5.2.6 Evaluation of the validity

The external validity of the Space Fortress task have been measured by correlating the Space
Fortress normalized z-scores with the mean z-score of nine executive function tasks. It was
done on the pilot sample of the EEG study (section 6) constituted of 9 participants.

5.3 Results

5.3.1 Sensitivity

The mean Space Fortress score of the overall sample was 2343.8 and its median was 2435.0
The standard deviation was 2952.2. The normal distribution was assessed with a Shapiro-
Wilk test, which gave a non-significant result (W = .983, p = .25). Therefore, the Space
Fortress scores from our samples do not differ from a normal distribution (see Figure 5.5).

5.3.2 Reliability

The correlation coefficient between the scores of the first and the second day was r =.83;
p < .001 and r =.82; p < .001, between the fifth and the fourteenth day. Note that the
score distribution in the second correlation is inherently higher, as participants were trained
in this task for three consecutive days (Figure 5.6).
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Figure 5.5. Sensitivity of the Space Fortress task. Histogram and density plot of the
distribution of Space Fortress scores (n = 94). The dashed line represents the mean.
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Figure 5.6. Reliability of the Space Fortress task. Correlation between two games of Space
Fortress (n = 19). A. Between day one and day two. B. Between day five and day fourteen
(nine-day interval).
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5.3.3 Validity

The correlation coefficient between the Space Fortress z-scores and the mean z-score on
executive functions was r =.898 (95% CI [.527, .981]; p = .002; Figure 5.7).
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Figure 5.7. Validity of the Space Fortress task. Correlation between the Space Fortress
z-score and the mean z-score on the nine executive function tasks (n = 9).

5.4 Discussion

The main purpose of this first contribution was to establish the psychometric properties of
Space Fortress, which was made possible by the number of participants and studies performed
in this thesis.

The Space fortress task is here shown to be sufficiently sensitive, with its scores following
a normal distribution in a relatively large sample (n = 94). As a consequence, the Space
Fortress raw scores can easily be z-scored.

Moreover, our results showed that the Space Fortress task is highly reliable, with a strong
positive correlation between the performance on one day and the performance on another
day. In other words, our results suggest that if one participant performs highly on this task,
he will also perform highly in the task in another day (and inversely). One should note,
however, that the experimental protocol used in the sample (n = 19) was not specifically
developed to measure the reliability of Space Fortress, as it was a training study. To better
assess this, a future study may measure Space Fortress performance with a longer day-to-day
interval (e.g. one year) with no training.
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Finally, the Space Fortress task showed an excellent concurrent validity, with a strong
positive correlation between the Space Fortress scores and the mean score on executive tasks.
Even with a small sample (n = 9), the 95% CI indicates a range of correlation coefficient
between .527 and .981, suggesting that Space Fortress may be suited to assess executive
functioning. Because these are cognitive processes that are recruited to perform complex
tasks (Miyake et al., 2000; Friedman & Miyake, 2017), our results provide evidences that
Space Fortress may be qualified as a complex task.

In conclusion, our first contribution brings elements to support the fact that Space
Fortress is a sensitive, reliable and valid measure of executive functioning in healthy par-
ticipants.
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CHAPTER 6

Contribution 2. Can EEG microstates predict complex task
performance?

Abstract

Introduction: Space Fortress is a video game that has been developed as a complex labora-
tory task to study skill acquisition and to train participants to improve cognition. Although
this task has been extensively used in cognitive training studies, few studies have looked at
its neurophysiological correlates. Recent reviews in the cognitive neuroscience field have fo-
cused on the importance of spatio-temporal brain dynamics while studying cognition involved
in complex tasks. Our aim is thus to investigate the relationship between resting state EEG
microstates metrics and Space Fortress performance.
Methods: To do so, nine participants underwent a resting state while being recorded with
a 64-channel EEG, and performed the Space Fortress task. We performed microstate anal-
ysis (two-level clustering) in order to extract the parameters of the C and D ("cognitive")
microstates. We then correlated these parameters with Space Fortress performance
Results: Our results show that the microstate D parameters (mean duration and number of
occurrences) were able to predict Space Fortress performance (effect size of 39% and 45%,
p = .072 and .045 respectively), which was not the case for the microstate C parameters (p
= .15 and .60).
Conclusion: This contribution is the first to highlight that parameters of microstate D –
which was associated to the activity of the fronto-parietal network in the literature – are a
correlate of complex task performance
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6.1. Foreword

6.1 Foreword

This second contribution was intended to be a 3-step project. However, this project has been
interrupted due to the COVID-19 pandemic. Therefore, we will only report what could be
considered as a pilot study in this manuscript.

The first step would have allowed to validate the use of the Space Fortress task as a
complex one by investigating the correlations between global executive function performance
and Space Fortress performance (step 1). This can be found in the first contribution, but
with a smaller than intended sample (n = 9).

The following step would have allowed to test the relationship between global executive
function performance and the brain spatio-temporal dynamics (step 2), which can be regarded
as a more fundamental than applied work. A registered report describing the rational and
methods has been written instead, and has been accepted in the Cortex journal. The latter
can be found in the annex (section B) and the acquisition process of 140 participants is
planned for 2022, in order to have sufficient statistical power to test this relationship.

The final step is more applied, and aimed to investigate whether spatio-temporal brain
dynamics at rest can predict complex task performance (step 3). The results of the pilot
study is reported here, with nine participants (same sample than the first contribution).

6.2 Overview of the research question

As previously shown, SF has been mainly used through training paradigms in the literature.
By only assessing training modifications in cerebral activity or behavioral improvements in
other cognitive tasks, the investigation of the associated neural correlates of this complex
task is limited. The present contribution aimed to address the question of task performance
prediction through intrinsic neurophysiological data.

To do so, SF performance have been correlated with spatio-temporal brain dynamics.
Specifically, spatio-temporal brain dynamics were assessed by resting state EEG microstates
metrics. Based on previous works (Zappasodi et al., 2019; Santarnecchi et al., 2017; J. Liu et
al., 2020; Seitzman et al., 2017), our hypothesis was that the resting state EEG "cognitive"
microstates (C and D) metrics would correlate (undirected) with SF score. Specifically, we
hypothesized that:

H1a. The number of occurrences of microstate C during the RS correlates (non-
directional) with Space Fortress performance.
H1b. The mean duration of microstate C during the RS correlates (non-directional)
with Space Fortress performance.
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H1c. The number of occurrences of microstate D during the RS correlates (non-
directional) with Space Fortress performance.
H1d. The mean duration of microstate D during the RS correlates (non-directional)
with Space Fortress performance.

6.3 Material and methods

6.3.1 Sample

Nine participants have been recruited for this pilot study. The mean age of this sample was
23.5 (sd = 4.7) years old (8 men), and all were right-handed. The mean level of education
was 16 (sd = 2.5) years. The local ethic committee of Toulouse University approved the
study (IRB00011835-2020-09-22-297).

6.3.2 Experimental protocol

Overview

The experimental protocol (Figure 6.1) included two types of session, the first one took
place at the laboratory, and the second one at home. Both lasted approximately one hour
and thirty minutes, for a total of three hours duration. Participants received a financial
compensation of 30 euros when they completed both sessions.

Laboratory session

Before the laboratory session, participants received an email containing information about
the experiment. They were asked to avoid drinking coffee or smoking up to two hours
before the laboratory session. They were received at the ISAE-SUPAERO Neuroergonomics
laboratory and were asked to read and sign an informed consent and other basic information
about the experiment (average time to complete and description of the protocol and the
tasks). The experiment took place in an experimental room with no window and with a
stable temperature. The participants faced a 24’ screen with a keyboard and a mouse on
the table.

During the EEG cap and electrodes installation, participants answered the demographic
and video game questionnaire (see detailed description in the Material and Methods (section
E). Moreover, this step included reading a document that described the task (environment
and rules). Then, participants practiced the game for 12 min in four 3-minute steps. Step 1:
participants were asked to control the ship and only focus on destroying the fortress. Step
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2: to capture bonuses only. Step 3: to destroy mines only. Step 4: to perform tasks all
together. The experimenter made sure that the participants experienced and understood all
the rules of the game before starting. After the practice session, the experimenter launched
the EEG recording and the experiment which consisted of

(1) Five minutes of RS, alternating between 30 seconds of eyes open and 30
seconds of eyes closed.
(2) Ten 3-minute SF game sessions. The participants alternated between a
monotask and a multitask version (playing in total five games of each version).
(3) A second five-minute RS identical to the first one.

Note that the alternation between monotask and multitask SF games was done in order
to reduce fatigue and task disengagement (Cheyne et al., 2009), which have been reported
by participants during a pilot study.

Inclusion Resting State Questionnaires 
SF 

monotask 

Setting up EEG 
+ 

SF Training 

SF 
multitask 

Resting State 

Session 1 
Letter memory 

Color-Shape 
Anti-saccade 

Session 2 
Stroop 

Number-Letter 
Keep-track 

Session 3 
Stop signal 

Category Switch 
Dual n-back 

Laboratory Session (1 hour 30 min) 

At home sessions (1 hour 30 min) 

5 min 30 min 5 min 5 min 3 min 3 min 

30 min 30 min 30 min 

x 5 

Figure 6.1. Experimental protocol. The protocol was divided in two sessions. The first
one at the laboratory, where the participant performed two RS before and after the Space
Fortress games. A second session took place at home, where the participant completed a
battery of executive function tasks across 3 sessions. Tasks and sessions were randomized.

At home sessions

Once the laboratory session was completed, the participant were able to perform the home
sessions. These consisted of three 30-min runs made of three cognitive tests each. The
order of the tests were randomized across the runs and included three inhibition tasks
(antisaccade, stop signal and stroop), three switching tasks (category switch, color shape,
number-letter) and three updating tasks (dual n-back, keep-track, letter memory). These

88



Chapter 6. Contribution 2. Can EEG microstates predict complex task performance?

tasks are described in detail in the Material and Methods (section D). The Inquisit software
(https://www.millisecond.com/) was used to run the online tasks and to gather the
data. The participants received a unique URL link for each session to access the task online.
They were reminded of the following instructions before starting: to launch on a computer,
to be in a calm and non-distracting environment, to be awake without fatigue, and to com-
plete the tasks to the best of their abilities. In addition, participants were informed that they
would receive 30 euros if they completed the test without cheating.

6.3.3 Tasks and behavioral measures

Demographics and Video Game expertise questionnaires

A description of these questionnaires is provided in the annexes (section E).

Resting State

Spontaneous brain activity was recorded during a resting state period. The participants were
asked to "relax, refrain from moving, and let their mind wander while staying awake". They
were asked to alternate between 30 seconds of eyes open and 30 seconds of eyes closed, 5
times each. An auditory cue was used to announce the switching between eyes open and eyes
closed. Although only eyes open blocs were used for subsequent analyses, the alternating
order of eyes closed and eyes open blocks was intended to avoid fatigue and maintain vigilance
as recommended (Langer et al., 2012).

The Space Fortress game

A clear overview of the game is described in the Material and Methods (section 4.1).

6.3.4 Neurophysiological measures

EEG raw data were recorded during the laboratory sessions with a Biosemi Active-two am-
plifier. Sixty-four pre-amplified Ag-Ag/Cl gel electrodes were positioned on the head cap
according to the 10-20 system. An appropriate cap size was selected depending on the head
circumference of each participant. The sampling rate was 500 Hz and the total duration of
the resting state acquisition lasted for five minutes. All data were recorded using the lab
streaming layer1 with the dedicated Biosemi LSL application, and were saved in XDF format
following the Brain Imaging Data Structure (BIDS, Pernet et al., 2019) with LabRecorder
(LSL library version: 113).

1https://github.com/sccn/labstreaminglayer
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6.3.5 Analyses

EEG data pre-processing

Using our own script developed in Matlab (ver. R2020b) from EEGlab functions (Delorme
& Makeig, 2004), raw XDF data were imported in Matlab. EEG Data from the entire first
resting state were selected and were pre-processed with the Automagic toolbox (ver. 2.4.3)
for MATLAB (Pedroni et al., 2019). This toolbox allows for automated and standardized
pre-processing and quality assessment without any subjective decision.

EEG bad channel removal EEG data were copied and submitted to algorithms whose
purpose is to detect bad channels (Pedroni et al., 2019). In these copied EEG data, bad
electrodes were identified using EEGLab plugin clean-rawdata2. This plugin uses three al-
gorithms to detect and removes flatline, low-frequency, and noisy channels. A channel was
defined as a bad when recorded data from that electrode was correlated at less than .85 to an
estimate based on other channels (channel criterion). Furthermore, a channel was defined as
a bad if it has more line noise relative to its signal compared to all other channels (4 standard
deviations). A high-pass filter (0.25 to 0.75) was also performed to remove channel drift.

EEG filtering Data have been high-pass filtered (1 Hz) using EEGLab’s pop-eegfiltnew
function. A notch-filter (50 Hz) was also applied to remove European AC line noise.

Artifact removal Artifact removal was done by using EEGLab’s runICA function. Indepen-
dent component labels (Pion-Tonachini et al., 2019) were used to classify the components.
Components that were classified as muscle, eye, heart, line noise and channel noise with at
least 80 percent confidence were excluded.

Bad channel interpolation All channels detected as bad ones were interpolated using the
eeg-interp function of EEGLAB with the “spherical” interpolation method.

EEG data quality assessment

EEG data quality has been rated as acceptable or bad using four quality measures imple-
mented in the Automagic toolbox (Pedroni et al., 2019). Finally, data rated as bad were
excluded using the following criteria:

2http://sccn.ucsd.edu/wiki/Plugin_list_process
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- Ratio of bad channels (RBC). The more the channels are interpolated, the
more the signal of interest is lost and, hence, the worse the data quality. Data
were considered as bad for RBC >30%.
- Overall high amplitude (OHA), which is defined by calculating the ratio of
data points (i.e., electrodes x timepoints) that have a higher absolute voltage
magnitude of 30 µV . Data were considered as bad for OHA >20%.
- Ratio of time points of high variance (THV). THV is identified where the
standard deviation of the voltage measures across all channels exceeds 15 µV .
Data were considered as bad for THV >20%.
- Ratio of channels of high variance (CHV), for which the standard deviation of
the voltage measures across all timepoints exceeds 15 µV , was assessed. Data
were considered as bad for CHV >30%.

EEG microstates data analysis

Because the eyes closed condition is generally considered as more reliable for microstate
and functional connectivity analyses (Lehmann & Michel, 2011; D’Croz-Baron et al., 2019),
microstate analyses (Figure 6.2) were performed on the pre-processed eyes closed resting
state data that were concatenated (5 × 30 sec). Analyses were performed using functions
from the Microstates toolbox (Poulsen et al., 2018) adapted using our own Matlab script.
The present study performed a two-step clustering approach, similar to D’Croz-Baron et al.
(2019).

Microstates pre-processing Additional pre-processing steps were performed on the data
before EEG microstates analysis to be in line with previous works (Michel & Koenig, 2018). A
band-pass filter (2 - 20 Hz) was applied and data were re-referenced using the averaged signal
from the 64 electrodes. Data were segmented in epochs of 2 sec. Data segments exceeding
a certain amplitude threshold (> 90 µV ) were discarded. If one participant had less than 20
seconds left of the entire pre-processed eyes closed EEG data, the whole participant’s data
was excluded.

Global Field Power First, the Global Field Power (GFP) was calculated at each time
point of each participant’s EEG recording. GFP can be defined as the standard deviation of
the EEG amplitude across all electrodes. Maximum values of the GFP (peaks) are thought
to reflect the time points of stable network activity (Michel & Koenig, 2018). Individual
GFP peak datasets were then extracted, containing all concatenated GFP peaks within one
standard deviation of all GFP samples, with a minimal distance of 10 ms between GFP
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peaks. These additional selection criteria were used to remove potential GFP peaks induced
by remaining artifacts.

First level clustering The first level clustering was performed on each individual GFP
peaks dataset. Modified k-means clustering algorithm (polarity invariant) were applied to
extract the microstate prototypes of each participant. The algorithm parameters were k =
4, 100 repetitions with a maximum of 1000 iterations. Note that the number of prototypes
(k = 4) was chosen according to the literature that repetitively found that four microstates
explains a large proportion of variance in the data (Michel & Koenig, 2018). The results of
this first level clustering were participant-level prototype maps that had no particular order,
varied in polarity, were different across participants and were therefore difficult to compare.

Second level clustering To account for this limit, a second level clustering was performed
at the group level. A modified k-means clustering algorithm (polarity invariant) was applied
on a dataset that contained the results of the first level clustering (all four prototypes of
each individual participant). The algorithm parameters were k = 4, 1000 repetitions with a
maximum of 1000 iterations.

Back-fitting Finally, a back-fitting of the 4 group-level microstate prototypes was per-
formed on the individual continuous eyes closed resting state EEG data. During this step,
each EEG sample was labeled with the most similar microstate prototype, topographically.
This was done using the polarity invariant Global Map Dissimilarity (GMD) measure (Poulsen
et al., 2018). After the initial labeling, some very short microstate segments still existed due
to unstable topographies. Therefore, a temporal smoothing with a minimum-duration cri-
terion of 30 ms was applied. The smoothing algorithm repeatedly scanned through the
microstate segments and changed the label of time frames in these small segments to the
next most likely microstate class, as measured by GMD. This was done until no microstate
segment was shorter than the 30 ms threshold (Poulsen et al., 2018).

Microstates metrics From the EEG resting-state microstate sequences, four metrics were
computed (for details, see Poulsen et al., 2018). The microstate duration represents the
average duration of a given microstate class, calculated in milliseconds. The microstate
occurrence represents the average number of times per second a microstate is dominant.
The microstate coverage represents the fraction of time a given microstate is active in the
whole signal. The GEV represents to what extent a given microstate can explain the data.
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Figure 6.2. Illustration of the microstate pipeline based on pilot data. The GFP of pre-
processed EEG signal for each participant is calculated (please note that only ten channels
are displayed here). Topographies at GFP peaks are concatenated into one dataset. A first-
level clustering is applied to this dataset, participant by participant. Then a second-level
clustering is applied on the concatenated results of the first-level clusterings. A back-fitting
from this second-level clustering is then performed on participant’s samples. Each EEG
sample is labeled with the microstate prototype with which it is most similar topographically
by using the Global Map Dissimilarity measure. The final result of the pipeline is a temporal
sequence of microstates from which metrics can be extracted (i.e. number of occurrences,
mean duration). GFP = Global Field Power, MS = microstate.
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Statistical analysis plan

Hypothesis Our main hypothesis postulated that cognitive microstates metrics are asso-
ciated with complex task performance. Therefore, this hypothesis was tested by performing
four statistical analyses. Bravais-Pearson correlations were performed between:
Hypothesis 1.a. The number of occurrences of microstate C during RS and SF score.
Hypothesis 1.b. The mean duration during of microstate C during RS and SF score.
Hypothesis 1.c. The number of occurrences of microstate D during RS and SF score.
Hypothesis 1.d. The mean duration of microstate D during RS and SF score.

Multiple comparison correction To account for multiple comparison, a Holm-Bonferroni
correction was applied on p-values of the different statistical analyses (four p-value in total).

6.3.6 Inclusion and exclusion criteria

Inclusion criteria included age (18-35 years); affiliation to social insurance; having read the
information document about the experiment and signed the informed consent form; native
French language.

Exclusion criteria included addiction (alcohol, drugs); major hearing loss; major visual
deficit; including hemianopsia and color blindness; neurological or psychiatric pathology;
known brain injury, drugs intake targeting the central nervous system; refusal to sign the
consent.

6.3.7 Data removal and missing data

Participants that had the following criteria were removed from the final analyses: participant
in the exclusion criteria; experiment not completed; missing data (behavioral or neurophysio-
logical); insufficient EEG data quality assessed by Automagic and qualified as "bad" (Pedroni
et al., 2019).

With these criteria, one participant was excluded due to poor EEG signal rated as bad
by automagic (see methods).

6.4 Results

6.4.1 Behavioral results: Space Fortress performance

The mean global score in the SF task was 444.5 (sd = 932). A Shapiro-Wilk test revealed
that these data followed a normal distribution (W = .981; p = .970).
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6.4.2 Neurophysiological results: microstates metrics

The microstate metrics can be found in the table 6.1. The obtained microstate prototypes
from this sample can be found in the Figure 6.2.

Table 6.1. Resting state EEG microstates metrics

Microstate Coverage Mean duration Occurrence GEV
A 14.05 ± 4.09 69.51 ± 7.25 2.01 ± 0.51 4.96 ± 2.18
B 27.40 ± 6.38 84.85 ± 8.48 3.21 ± 0.53 16.14 ± 4.22
C 30.69 ± 8.32 91.90 ± 19.26 3.31 ± 0.44 18.89 ± 7.90
D 27.86 ± 5.50 86.68 ± 9.18 3.21 ± 0.48 17.53 ± 3.51

6.4.3 Microstate correlates of Space Fortress performance

r =  0.196 , R² =  0.038 , p =  0.614
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Figure 6.3. Correlations between Microstates C and D metrics (number of occurrences and
mean duration) with Space fortress z-score.
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6.5. Discussion

Hypothesis 1.a. The Bravais-Pearson correlation between the number of occurrences of mi-
crostate C during RS and SF score revealed a non-significant r of .196 (R2 = .038, p = .6).
Hypothesis 1.b. The Bravais-Pearson correlation between the mean duration during of mi-
crostate C during RS and SF score revealed a non-significant r of -.519 (R2 = .27, p = .15).
Hypothesis 1.c. The Bravais-Pearson correlation between the number of occurrences of mi-
crostate D during RS and SF score revealed a significant r of .677 (R2 = .458, p = .045).
Hypothesis 1.d. The Bravais-Pearson correlation between the mean duration of microstate
D during RS and SF score revealed a near significant r of .624 (R2 = .39, p = .072).

These correlations can be found in the Figure 6.3.

6.5 Discussion

The aim of this second contribution was to explore the relationship between brain spatio-
temporal dynamics at rest and performance in a complex task. We hypothesized that the
microstates C and D metrics (mean duration and number of occurrences) would correlate
with Space Fortress performance. Our results partially support our hypotheses, but should
be interpreted with caution because of the small sample size.

6.5.1 Microstates

The first interesting results of our pilot study are the prototypical microstates extracted from
our data. Indeed, even with a small sample, we were able to reproduce the classical topogra-
phies of the four microstates from the literature, namely the A, B, C and D microstates (au-
ditory, visual, executive control and fronto-parietal networks respectively, Michel & Koenig,
2018). This result is especially relevant since we used a two-step clustering approach to ex-
tract the microstates that slightly differed of the classical one-step, albeit limited, approach
(Michel & Koenig, 2018). Therefore, the fact that these microstates prototypes are almost
the same, while the processing steps slightly differ, is another evidence of their robustness
and reproducibility. One should note that the microstates of interest (the cognitive ones, C
and D) do not differ visually compared to the research in the domain (Zappasodi et al., 2019;
Santarnecchi et al., 2017; J. Liu et al., 2020; Seitzman et al., 2017). In terms of microstates
metrics, our average mean duration ranges from 69.5 (microstate A) to 91.9 (microstate
C), which are coherent with the literature, who range between 60 and 120 ms (Michel &
Koenig, 2018). Similarly, the number of occurrences per second is also coherent with stud-
ies (Santarnecchi et al., 2017), ranging from 2.01 (microstate A) to 3.31 (microstate C) in
our data. These microstates and their associated metrics results are comforting enough to
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validate their use in our hypotheses.

Figure 6.4. Comparison between the microstates obtained from the literature (A) and the
current study (B). Please note that the polarity (color) can be swapped without modifying
the results. Adapted from Michel & Koenig (2018).

6.5.2 Microstate metrics correlates of Space Fortress performance

Neither the microstate C nor D number of occurrences correlated significantly with SF per-
formance. This is in disagreement with our hypothesis and with the literature. Indeed,
(Santarnecchi et al., 2017) found a negative correlation (r = -.503) between the microstate
C number of occurrences with a global score of fluid intelligence. This microstate has been
associated with the salience network (Anterior Cingular Cortex, bilateral frontal gyri, insula
and claustrum, Britz et al., 2010). This result is surprising because this network is sup-
posed to play a major role in executive functioning and abstract reasoning (Seeley, 2019). A
possible line of interpretation is that this correlation is likely to be small in the population.
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Therefore, it is possible that, here again, the lack of statistical power in the present study
has limited the detection of such relationship.

In terms of mean duration metric, the microstates C and D were shown to positively
correlate with SF performance, significantly for the microstate C, and near the significance
threshold for the microstate D. By comparison, (Zappasodi et al., 2019) showed that all
microstates had reduced duration during a fluid reasoning task compared to a control task
not requiring high-level cognitive functions. The mean duration has been interpreted as the
stability of the underlying brain networks. From this point of view, (Zappasodi et al., 2019)
explains that a lower mean duration could reflect a higher rapidity of cognitive processes.
However, one should note that they measured the mean duration during the task and not
during a resting state. Therefore, the comparison between the results is difficult. In our
case, a possible interpretation is that participants that have higher mean duration of the
microstates C and D are likely to have higher functional connectivity within these networks
for a longer period of time. Therefore, if these networks are more activated at rest, it would
increase their strength and efficiency when performing a task. This interpretation would also
be in line with the Hebbian law, which postulates that "neurons wire together if they fire
together" (Lowel & Singer, 1992). However, again, we should take this interpretation with
care due to the small sample size.

6.5.3 Limits and perspectives

The major limit is the aforementioned low statistical power. This first limit will be accounted
for in a future study that has been accepted as a registered report in the Cortex journal (annex
B). This study will be able to provide arguments for or against our interpretations, since EEG
microstates will be measured during the rest and during the SF task in a much larger sample
(n = 140 planned).

6.5.4 Concluding remarks

In conclusion, this study is one of the first to report that some microstate metrics at rest cor-
relates with complex task performance (the Space Fortress video game). These findings have
implications in the neuroergonomics field as it could open the use of easy-to-acquire intrin-
sic brain spatio-temporal dynamics for predicting more ecological complex task performance
(e.g. piloting a plane during an emergency).

98



CHAPTER 7

Contribution 3. Can fNIRS functional connectivity predict complex
task performance?

Abstract

Introduction: Performance in complex tasks is essential for many high-risk operators. The
achievement of such tasks is supported by high-level cognitive functions, arguably involving
functional activity and connectivity in a large ensemble of brain areas that form the fronto-
parietal network. Here, we aimed at determining whether the functional connectivity at rest
within this network could predict performance in a complex task: the Space Fortress video
game.
Methods: Functional Near Infrared Spectroscopy (fNIRS) data from 32 participants were
recorded during a resting state period, the completion of a simple version of Space Fortress
(monotask) and the original version (multitask). We then performed a linear-regression
between the intrinsic functional connectivity (e.g. during a resting state) within the fronto-
parietal network and Space Fortress performance.
Results: Our results reveal that the intrinsic functional connectivity within the fronto-parietal
network was a significant predictor of performance at Space Fortress multitask, but not at
its monotask version. The same pattern was observed for the functional connectivity during
the task.
Conclusion: Our overall results suggest that resting state functional connectivity within the
fronto-parietal network could be used as an intrinsic brain marker for performance prediction
of a complex task achievement, but not for simple task performance.
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7.1 Overview of the research question

This contribution is in the same line of the previous study, and aimed to address the question
of task performance prediction through intrinsic neurophysiological data. To do so, SF
performance have been correlated with functional connectivity of the fronto-parietal network.

Specifically, the functional connectivity of the fronto-parietal network was assessed using
fNIRS data during resting state and during the task. Indeed, unlike EEG, fNIRS is less
sensitive to movements and artifacts, which gives it an essential advantage for the on-task
analyses. Based on previous work, we hypothesized that the global functional connectivity
within this network would correlate with SF performance, both at rest and during the task.

To test this hypothesis, we developed a fNIRS protocol with optodes positioned in frontal
and parietal areas over the fronto-parietal network. Participants performed first a resting state
and then played two versions of SF. A monotask version where the participant’s goal was only
to destroy the fortress has been developed to less rely on higher-level cognitive functions;
and a multitask version where the participant’s performed the standard task. A global
value of the functional connectivity within the fronto-parietal network has been calculated by
averaging the correlation coefficients between all fNIRS channels. The following hypotheses
were tested:

H1a. The global functional connectivity of the fronto-parietal network at rest
will predict SF multitask performance.
H1b. The global functional connectivity of the fronto-parietal network during
the task will predict SF multitask performance.
H2a. The global functional connectivity of the fronto-parietal network at rest
will not predict SF monotask performance.
H2b. The global functional connectivity of the fronto-parietal network during
the task will not predict SF monotask performance.

To achieve a high-standard, this study followed recommendations and best practices
recently proposed (Yücel et al., 2021) for fNIRS publications.

7.2 Material and Methods

7.2.1 Sample

Forty-one healthy adults were recruited in the ISAE-SUPAERO (Toulouse, France) campus
through flyers and mailing lists. Participants were welcomed at the laboratory and first filled
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questionnaires collecting basic demographic data, eligibility to the research and video game
experience. Recruited participants had to meet eligibility criteria and to be free of a history of
neurological or psychiatric disorders, cardiac or cardiovascular pathology, and no recent use
of medications or substances that might interfere with brain activity. Participants also read
a text explaining the experimental protocol and the goal and rules of the SF video game. All
participants gave informed consent prior to the experiment, and the local ethic committee
of Toulouse University approved the study (Ref 2019-151). The final sample that included
fNIRS analyses was composed of 32 participants and their demographics data are described
in the Table 7.1.

Table 7.1. Participants’ demographics (mean ± SD)

N 32
Gender 24 men / 8 women
Handedness 30 right-handed / 2 left-handed
Age 23.93 ± 4.05
Education 16.47 ± 2.01
Video Game Questionnaire 4.01 ± 2.86

7.2.2 Demographics and Video Game Experience Questionnaires

A description of these questionnaires is described in the section (annex E).

7.2.3 The Space Fortress game

A clear overview of the game is described in the Material and Methods (section 4.1).

Monotask and multitask versions

The game parameters were modified to create two versions of the game. A monotask
version was created as a "control" task that limited the involvement of higher cognitive
functions. This SF monotask version consisted of only the two first sub-tasks, controlling
the ship and destroying the fortresses. These sub-tasks mostly involved visuo-motor abilities.
Regarding the monotask version specifically, participants were given the following instruction:
"to maximize their score by destroying the fortress as many times as possible"

The SF Multitask version consisted of the complete video game, with all four sub-tasks:
controlling the ship, destroying the fortresses, destroying mines and capturing bonuses. These
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four tasks were performed concomitantly, involved higher-level cognitive functions as the par-
ticipant has to perform multitasking in order to maximize their score. High cognitive abilities
are likely to be involved in this version, and may include (non-exhaustive) selective and di-
vided attention, planning, updating, inhibition, switching, working memory, episodic memory,
cognitive control, distributing and allocating cognitive resources, decision-making and visuo-
motor abilities (Mané & Donchin, 1989; Donchin, 1995; Boot et al., 2010). Furthermore, our
first contribution (section 5) highlighted that performance in this multitask version is highly
correlated with a global score on executive function tasks. Regarding the multitask version
specifically, participants were given the following instruction: "to maximize your score by
performing all sub-tasks to the best of your ability".

Figure 7.1. In-game screenshot of both Space Fortress versions: A. the monotask Space
Fortress version with only the ship to control and the fortress to destroy. B. A multitask
Space Fortress version with the mines and bonus in addition.

Training

Training included reading a document that described the task (environment and rules) and
practicing the SF task for 12 minutes in four 3-minute steps following variable-training
methods used in previous studies (Boot et al., 2010). Step 1: participants were asked to
control the ship and only focus on destroying the fortress. Step 2: to capture bonuses only.
Step 3: to destroy mines only. Step 4: all tasks performed together. The experimenter made
sure that participants understood and had experimented all the rules of the SF game before
starting.
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Scores computation

One SF total score was calculated for each version (monotask and multitask) and corre-
sponded to the sum of the points from all sub-tasks. Note that the scores for the two
versions are computed differently (the monotask doesn’t have the mine and bonuses sub-
tasks), so any direct comparison between the two scores cannot be interpreted as they do not
reflect the difficulty of the task. The difficulty is inherent to the ongoing cognitive processes
involved in the two versions, with a very strong demand in multitasking in the multitask
version compared to the monotask version. For the multitask version, we also extracted four
sub-scores, which were calculated as the sum of the points per sub-task (i.e. flight, fortress,
bonus, mine). Detail of the point distribution can be found in the table 4.1. Note that
the sub-scores were only calculated for 29 participants (3 participants were discarded from
these analyses due to missing files) Note that the participants were informed about the point
distribution prior to play, and saw their score displayed at the end of each run. The number
of pressed keys per minute on the keyboard (Actions Per Minute, APM) was also calculated
for the multitask version.

7.2.4 Experimental procedure

The experiment took place in an experimental room with no window and with a stable
temperature and controlled light. The participants performed the demographic and video
game experience questionnaires, followed by the SF video game on a 17" laptop with the
laptop keyboard.

The experiment consisted of three conditions, each lasting 10 minutes: resting state
(RS), SF Monotask and SF Multitask. During the RS period, participants were asked to let
their mind wander for 10 minutes with their eyes closed and without falling asleep. The SF
multitask version consisted in the full version of the game with all four sub-tasks. The SF
monotask version consisted of a simplified version of the game with all sub-tasks removed
except the flying one. During all conditions, the participants were asked to "refrain from
moving as best as they could to reduce potential neuroimaging artifacts".

The experiment started with the RS period and was followed by a training to the SF
game. After training, participants played 10 minutes of the SF monotask and 10 minutes of
SF multitask. The order of both mono- and multitask conditions was counterbalanced across
participants. The total duration of the experiment was approximately one hour, counting
responses of questionnaires, setting-up the fNIRS, and the three experimental condition runs.
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7.2.5 fNIRS acquisition and analyses

fNIRS acquisition and montage

Brain activity was measured in all three experimental conditions (resting state, SF mono-
task, SF multitask) with a functional near-infrared spectroscopy (fNIRS) device, allowing the
measurement of the hemodynamic response at the level of brain cortical areas. The system
used was a continuous-wave NIRS instrument (NIRScout system, NIRx medical technologies,
LLC) with 28 optodes (14 sources, 14 detectors) placed on the scalp in order to create 32
measurement channels; see Figure 7.2). The sample rate was 12.5 Hz and the wavelengths
were 760 nm and 850 nm. A calibration was performed before and after the experiment in
order to check each optode’s signal quality.

Figure 7.2. Results of the Monte-Carlo simulation (Homer 2 AtlasViewer; v2.8, p2.1)
over the frontal cortex (A), the parietal cortex (B) and both cortices from a lateral view
(C). Red dots represent the LED emitters, blue dots the photoreceptors and yellow lines
the measurement channels. The color bar represents the spatial sensitivity of the fNIRS
measurements. Its unit is expressed in mm−1 and values range from 0.01 to 1 in log10 units:
-2 to 0. The 2D fNIRS montage with the 10-20 system (EEG) as a reference is presented in
(D).
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A NIRScap (NIRx medical technologies, LLC) was used to hold the optodes on the
participant’s head. The custom montage consisted of 32 measurement channels with a 30
mm source-detector separation that was assured by plastic spacers. Optodes were positioned
on the scalp to cover the brain areas from the fronto-parietal network based on previous
literature (Niendam et al., 2012). These areas mainly included the middle and superior
frontal gyri in the frontal lobe, and the inferior and superior parietal lobules in the parietal
lobe (for more details, see Table 7.2). The montage sensitivity through the targeted brain
areas has been estimated with a Monte-Carlo simulation in the fNIRS Homer 2 AtlasViewer1

toolbox (v2.8, p2.1; see Figure 7.2 and table 7.2), using the default parameters except for
the number of photons that has been set to 1e7, as recommended (Aasted et al., 2015).

The MNI coordinates of the centroid for each channel measurement were obtained with
AtlasViewer. We then localized the regions targeted by our montage with Talairach software
(J. Lancaster et al., 1997; J. L. Lancaster et al., 2000). We first converted MNI coordinates
into Talairach coordinates with the icbm2tal Matlab program (Lancaster transform). In the
Talairach Client, we used the ± 4 mm option to get a description of the brain regions within
a 9 mm3 volume around each channel coordinate. The sub-regions have been concatenated
across the channels (Table 7.2).

Table 7.2. Brain regions targeted by the fNIRS montage and corresponding channels

Left hemisphere Right hemisphere
Lobe Brain region Channels Voxels BA* Channels Voxels BA*

Frontal

Inferior Frontal Gyrus 24 48 46 8 196 46
Medial Frontal Gyrus 21,22 113 6,9 5 42 9
Middle Frontal Gyrus 18,19,22:24,26 927 8,10,46 2,3,6:9,10 971 8,9,10,46
Precentral Gyrus - - - 10 74 9
Sub-Gyral 22 50 8 - - -
Superior Frontal Gyrus 18:23 744 8,9,10 1:7 949 8,9,10

Parietal

Inferior Parietal Lobule 28,30,31 517 40 12:15 784 40
Postcentral Gyrus 28 99 2,40 12 185 2,40
Precuneus 32 68 19 14 45 7
Superior Parietal Lobule 32 246 7 14,15 80 7
Supramarginal Gyrus 29 105 40 13 45 40

*BA: Broadman Areas.

Data quality check

To assess the quality of the fNIRS signal, data were visually inspected for each participant
(n = 41) and each channel (n = 32). To complete visual inspection, the Scalp Coupling

1https://www.nitrc.org/frs/shownotes.php?release_id=3956
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Index (SCI) was computed (Pollonini et al., 2016). This index is based on the presence
of the cardiac signal, which should be observed in raw data for each channel. Values that
approach 1 indicate that the data are clean. We rejected all channels with a value < .6.
Because the fNIRS montage has been designed to specifically assess the average functional
connectivity within the fronto-parietal network, we set the acceptable number of rejected
channels to 6 (approximately 20% of the channels). Participants with more than 6 rejected
channels would have potentially presented missing data in a whole brain area that would not
have been acceptable for connectivity analysis purposes. Using this criterion, we found that
9 participants had data that were not sufficient in quality and were therefore excluded for
further analyses. Of the remaining 32 participants, 20 had 0 rejected channels, 5 had one
rejected channel, and the last 7 participants had between 2 and 5 rejected channels.

Preprocessing

The preprocessing was done with MATLAB (2020B) using a pipeline based on the scripts from
the NIRS brain AnalyzIR toolbox (Santosa et al., 2018). The preprocessing was performed on
the whole signal for each participant (see Figure 7.3). First, fNIRS raw data were transformed
in optical density. Second, a motion correction algorithm (Temporal Derivative Distribution
Repair, TDDR; Fishburn et al., 2019) was applied. This motion correction procedure uses an
iterative-reweighting approach based on the temporal derivative of the signal, and removes
effectively baseline shifts and motion spikes. Third, data were converted into hemoglobin
concentrations (HbO and HbR) using the modified Beer-Lambert Law (Jacques, 2013) with
a partial pathlength factor (PPF) of 5/50 (Scholkmann & Wolf, 2013). Data were then
resampled at 10 Hz and a fourth-order bandpass Butterworth filter with a high-pass frequency
of 0.01 Hz and a low-pass frequency of 0.09 Hz was applied in order to remove artifacts
(cardiac oscillations, respiration, Pinti et al., 2019). Finally, a PCA analysis was carried out
in order to reject the potential remaining systemic component, specifically the vasomotion
(Mayer’s waves) around 0.1 Hz. Doing so, no component in this frequency range has been
identified, probably due to the narrowness of our band-pass filter.

Functional connectivity analyses

The functional connectivity analyses were also performed with MATLAB (ver. 2020B).
An illustration of the analyses can be found in the Figure 7.3. First, the preprocessed
signal has been segmented for each condition (resting state, SF monotask and SF multitask)
and for each participant, using the entire 600 seconds of duration. Therefore, a total of
6000 samples (10 Hz × 600 s) has been obtained for each participant and each condition.
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Figure 7.3. Pipeline of the fNIRS data analysis. The final results are the average of
the matrix containing all correlation coefficients between channels per condition and per
participant. The 32x32 matrices presented at the end are an example of the result for one
participant. Avg: average.

Functional connectivity (FC) has been calculated on HbO only, which has been shown to
have better signal-to-noise ratio (Pinti et al., 2019). By computing Pearson’s correlations
between all channels, we obtained a coefficient for each pair in a C x C matrices (32 channels
x 32 channels) for each condition and each participant. We then computed the average r
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coefficient of each resulting global matrix. This latest measure corresponds to the average
functional connectivity within the fronto-parietal network and is obtained for each participant
and each condition (resting state, SF monotask, SF multitask). This dependent variable has
been used for hypothesis testing.

7.2.6 Statistical analyses

Statistical analyses were performed using the R studio software (R v. 4.0.5 Allaire, 2012; R
Core Team, 2017). Two types of statistical analyses were used to determine the relationship
between variables: Pearson’s correlations and robust regressions. Significant level has been
set to p < .05 and post-hoc p values were corrected for multiple comparisons when necessary
using a Holm-Bonferroni procedure (Abdi, 2010).

7.3 Results

7.3.1 Functional connectivity

Figure 7.4. Mean functional connectivity matrices (32 × 32) during the three experimental
conditions. Avg: Average; RH: Right Hemisphere, LH: Left Hemisphere; Fr: Frontal; Par:
Parietal.

The average functional connectivity within the fronto-parietal network was computed
for each condition at the group level (Figure 7.4). During the RS, the average r of the
fronto-parietal network within our sample was .553 (sd = .105, min = .378, max = .769).
During the SF monotask version, the average r was .496 (sd = .140, min = .220, max =
.751). During the SF multitask version, the average r was .506 (sd = .114, min = .240, max
= .694). The distribution of the average functional connectivity within the fronto-parietal
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network were not different from a normal distribution according to Shapiro-Wilk’s tests for
all conditions (all p > .05).

7.3.2 Space Fortress performance and video game experience

Space Fortress performance
Space Fortress total scores: The distribution of SF scores were not different from a

normal distribution according to Shapiro-Wilk’s tests, both in SF monotask (p = .50) and
SF multitask (p = .91) versions. In the monotask version, the mean score was 3697 (sd =
2649); and 3373 (sd = 2961) in the multitask version. A Pearson’s correlation between both
versions revealed a significant and positive relationship (r =66, p <.001). This means that
participants that performed well in the monotask version also performed well in the second
one. However, this significant correlation between both versions should be interpreted with
caution. Indeed, one should note that the way to obtain points is very different in the two
versions. In the monotask version, the most efficient way to obtain points is to destroy the
fortress (mean destroyed fortress in monotask = 16.6, sd = 9.7). In the multitask version,
the participants need to perform additional sub-tasks (mines and bonuses), and therefore
get less points from the fortress task (mean destroyed fortress in multitask = 7.3, sd = 5.3),
but get more points from the additional sub-tasks.

Space Fortress multitask sub-scores: The four sub-scores in the multitask version were
calculated according to the table 4.1. The mean sub-score 1 (Flight score) was -1570 (sd =
1431). The mean sub-score 2 (Fortress score) was 1827 (sd = 1382). The mean sub-score
3 (Mine score) was 1709 (sd = 1003). The mean sub-score 4 (Bonus score) was 840 (sd =
573).

Space Fortress multitask action per minute: The mean action per minute (APM) was
computed as the average number of keystrokes pressed per minute during the 10 minutes of
SF multitask. The mean APM was 114.4 (sd = 27.3). A Pearson’s correlation between APM
and SF multitask score revealed a strong and significant positive relationship (r = .864, p
< .001): the higher the APM, the better the global score.

7.3.3 Video game experience

To test a possible relationship between video game experience and SF performance, a Pear-
son’s correlation was computed between the score of the video game questionnaire and the
SF multitask score. It revealed a significant and positive relationship (r = 43, p = .013).
Because this correlation showed significance, this variable has been added as a co-variable in
further analyses.
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7.3.4 Relationship between functional connectivity and complex task per-
formance

Table 7.3. Hypotheses and regression results

Hypothesis Regression model F R2 p p (FC) p (VGexp)
H1.a SF multitask score ∼ rsFC + VGexp 10,65 .26 .005** .047* .007**
H1.b SF monotask score ∼ rsFC + VGexp 3.35 .09 .187 .265 .125
H2.a SF multitask score ∼ otFC + VGexp 14.07 .32 <.001*** .005** .009**
H2.b SF monotask score ∼ otFC + VGexp 2.37 .08 .305 .565 .179

SF: Space Fortress; rsFC: resting state Functional Connectivity; otFC: on-task Functional Connectivity;
VGexp: Video Game experience; Bold: significant result; *p < .05; **p < .01; ***p < .001

Hypothesis 1. Resting State functional connectivity predicts Space Fortress perfor-
mance.

Hypothesis 1.a. A multiple robust linear regression was computed to predict SF multitask
performance based on average resting state functional connectivity (rsFC) and video game ex-
perience questionnaire score (VGexp). A significant regression equation was found (F (2, 29)
= 10.65, p = .005) with R2 =.26:

pSF = −2855.6 + 8330.5(rsFC) + 393.3(V Gexp)

where pSF is the predicted score of SF multitask, rsFC is the mean r of the connectivity
matrix during resting state (from -1 to 1) and V Gexp is the score at the video game
experience questionnaire (from 0 to 10). Therefore, participant’s score increased of 833.05
for every additional 0.1 of mean r of the connectivity matrix during RS and 393.3 for each
point in the video game experience questionnaire. Both rsFC (p = .047) and V Gexp (p =
.007) were significant predictors of SF multitask score (Table 7.3 and Figure 7.5.A).

Hypothesis 1.b. A multiple robust linear regression was computed to predict SF monotask
performance based on average rsFC and VGexp. The regression equation was not significant
(F (2, 29) = 3.35, p = .187, Table 7.3).

Hypothesis 2. on-task functional connectivity explains Space Fortress perfor-
mance

Hypothesis 2.a. A multiple robust linear regression was computed to predict SF multitask
performance based on average on-task functional connectivity (otFC) during SF multitask
and video game experience (VGExp). A significant regression equation was found (F (2, 29)
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= 14.07, p < .001; R2 =.32).

pSF = −3374.4 + 10050.2(otFC) + 397.1(V Gexp)

Therefore, participant’s score increased of 1005.02 for every additional 0.1 of mean r of the
connectivity matrix during the task and 397.1 for each point in the video game experience
questionnaire. Both otFC (p = .005) and VGexp on the questionnaire (p = 009) were
significant predictors of SF multitask score (Table 7.3 and Figure 7.5.B).
Hypothesis 2.b. A multiple robust linear regression was computed to predict SF monotask
performance based on average otFC during SF monotask and VGexp. The regression equation
was not significant (F (2, 29) = 2.37, p =.305, Table 7.3 and Figure 7.5.B).

Figure 7.5. Hypothesis 1.a and 2.a results. Linear regressions between the fronto-parietal
network functional connectivity during resting state (A) and during Space Fortress multitask
(B) as a function of multitask SF score. Note that while the r and R2 are reported for these
regressions only, the p-value is based on the robust multiple linear regression that took into
account the video game experience co-variate. SF: Space Fortress; RS: resting state.

Space Fortress sub-scores contribution to Resting State functional connectivity
prediction

Because a positive relationship was found between the fronto-parietal network functional
connectivity during RS and SF multitask performance, we investigated to what extent the
sub-scores contributed to this relationship using post-hoc correlation analyses. The results
(see Fig 7.6) showed a significant and positive correlation between the fronto-parietal network
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mean functional connectivity and the Flight sub-score (r = .43; p = .036); a positive but
non-significant correlation with the Fortress sub-score (r =.23; p = .210); and no significance
with the mine and bonus sub-scores (r = -.08; p = 1 and r = .06; p = 1; respectively, Figure
7.6).

Figure 7.6. Correlations between Space Fortress sub-scores and average functional connec-
tivity of the fronto-parietal network during the RS (n = 29). A: mine score, B: bonus score;
C: flight Score, D: fortress score. SF: Space Fortress; RS: resting state.

7.4 Discussion

The main aim of this second contribution was to investigate the neural markers of perfor-
mance in a complex and semi-ecological task (the SF video game) with fNIRS functional
connectivity analyses performed during both resting state and on-task. We hypothesized
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that intrinsic functional connectivity within the fronto-parietal network can predict the per-
formance on the complex version of SF, but not on the simple one. Our results are in favor
of this hypothesis, as we observed a significant relationship between the intrinsic functional
connectivity of the fronto-parietal network and SF multitask performance. These associations
were positive and significant for the complex SF version, but not significant for the simple SF
version. In addition, we observed the same pattern for on-task functional connectivity and
on-task performance, and this relationship was stronger using on-task functional connectivity
compared to intrinsic functional connectivity.

7.4.1 Functional connectivity within the fronto-parietal network

For the purpose of this article, we developed a functional connectivity methods adapted
to fNIRS data. Indeed, unlike fMRI, fNIRS does not measure the whole brain activity due
to the limited number of sensors and its depth resolution (i.e. one or two centimeters).
Instead, fNIRS users need to select relevant cortical areas to be measured. According to our
hypotheses, we wanted to focus on the executive functions network. We therefore targeted
functional connected brain regions defined in the literature (Niendam et al., 2012): the
middle and superior frontal gyri in the frontal lobe; and the inferior and superior parietal
lobules in the parietal lobe. Despite a superficial cortical regions’ coverage, we were able to
perform a relevant measure of average functional connectivity within these fronto-parietal
brain areas which could be easily transferred to future studies using similar material.

The analyses revealed a high and positive global correlation coefficient among the 32
channels of the fronto-parietal network in our sample, with an average correlation (at rest or
during task) of .5 in the whole network, ranging between .3 and .8 for all participants (no
participants had a negative value). This high degree of functional connectivity within the
fronto-parietal network highlights that the choice of optodes positioning was coherent. It
also provides additional evidence that functional activity in areas that constitute this network
are correlated. This result seems robust, as it has been shown with various metrics (Cole et
al., 2010). Additionally, a recent fNIRS study (Baker et al., 2018) showed a high degree of
coherence within this network, which has been observed during both RS and working-memory
task.

These results emphasize the fact that whole-brain measurements (i.e. measured by
fMRI) are not mandatory to perform relevant functional connectivity for neuroergonomics
purpose. Moreover, the methods developed here (average functional connectivity) is inter-
esting because it uses basic pre-processing and simple functional connectivity analyses, and
can therefore be easily reproduced and adapted to other networks. Coupled with the numer-
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ous advantages of fNIRS (high portability, low cost, less susceptible to artifacts, Thomas &
Nam, 2020), this methodology may have widespread applicability in the fNIRS and neuroer-
gonomics field (Gramann et al., 2017).

7.4.2 Resting State Functional connectivity predicts complex task perfor-
mance

The main finding of this study is the significant relationship observed between intrinsic
average functional connectivity of the fronto-parietal network and SF multitask performance.
Indeed, this neural marker at rest explained a significant part of the performance variance.
This result is in accordance with previous work that highlighted the role of the fronto-parietal
network in high-level cognitive functions implementation. Meta-analytic evidence is in favor
of a distributed large network constituted of frontal and parietal areas where functional
activity supports a broad range of executive functions (Niendam et al., 2012), which are
typically recruited when dealing with complex and novel tasks (Miyake et al., 2000; Friedman
et al., 2008; Friedman & Miyake, 2017). Moreover, intrinsic functional connectivity of this
network has already been shown to predict performance in cognitive tasks involving working
memory and intelligence in an fMRI study (Cole et al., 2012).

This result is also coherent with a study that showed functional modifications of the
fronto-parietal network while participants were trained with SF (Lee, Boot, et al., 2012). As
this network arguably plays a key role in complex task performance, tasks or training methods
that modify this network’s activity may also be able to modify the efficiency of high-level
cognitive functions underpinned by this network. To support this direction, some studies
showed that SF training benefits may be transferred to specific tasks such as the N-back
task or the Raven’s matrices (Boot et al., 2010) that share common cognitive processes.

From the conclusions drawn by previous studies, we argue now that the intrinsic aver-
age functional connectivity of the fronto-parietal network may reflect its efficiency in the
implementation of high-level executive functions, with better connection efficiency between
nodes (Gong et al., 2016; Cole & Schneider, 2007; Duncan, 2010; Cole et al., 2012). This
intrinsic characteristic within the network would allow individuals to more efficiently recruit
higher-level cognitive functions while performing complex tasks such as the SF multitask
version.

Yet, our post-hoc regression results between the intrinsic average functional connectivity
of the fronto-parietal network and SF sub-tasks performance showed significant results solely
for the flight score. A plausible explanation could be that the FC of the fronto-parietal
network is not directly related to the involvement of different and isolated executive functions
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but rather to the management of them when there is a need to dynamically adapt in order
to achieve a multidimensional task (i.e. doing the four subtasks at the same time). The
handling of the ship corresponding to the flight sub-task, should, therefore, induce some
level of multitasking itself as the player has to control it, avoid being hit and collisions and
manage missile stock.

7.4.3 On-task Functional connectivity predicts complex task performance

Another finding of this study is the positive relationship observed between on-task average
functional connectivity of the fronto-parietal network and SF multitask performance. This re-
sult was expected and is similar to the one obtained with the intrinsic functional connectivity.
It can be explained by taking the same rationale as above. However, it should be highlighted
that this relationship is slightly increased compared to the rest (an explained variance of
.19 vs. .14), suggesting that the fronto-parietal network functional connectivity is dynamic
and may be different during rest and during a task. Considering that the fronto-parietal
brain areas are directly solicited and may be more functionally connected in participants that
perform better during a cognitive task (Niendam et al., 2012), this result is not surprising.
Such result may also be in line with advances in dynamic network neuroscience that high-
lighted the complex relationship between cognitive functions and brain networks dynamics
(Preti et al., 2017; Michel & Koenig, 2018; Hartwigsen, 2018). Recent studies showed, for
instance, that the variability of functional connectivity in frontal and parietal brain areas are
related to working memory and executive function tasks (Douw et al., 2016; Nomi et al.,
2017). Another study found that the fronto-parietal network is able to reconfigure itself (i.e.
the interactions between the modules forming this network are flexible) while performing a
working-memory task compared to rest (Braun et al., 2015). Further studies may be able
to explore and investigate this question using dynamic functional connectivity methods with
fNIRS (Preti et al., 2017).

7.4.4 Functional connectivity does not predict simple task performance

Contrary to multitask, monotask performance was not predicted by either intrinsic or on-
task average functional connectivity of the fronto-parietal network. Our interpretation is
that this easier version of the game – that was created as a control task – does not require
the involvement of high-level cognitive functions like in the more difficult multitask version.
Performance at the monostask would be therefore independent of the strength of the con-
nectivity within the fronto-parietal network. Rather, it could mainly depend on the efficiency
of the visual-motor coordination (Li et al., 2020).
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7.4.5 Perspectives and limits

The present study reveals the importance of considering more ecological tasks as a useful
bridge between fundamental and applied research. Indeed, tasks such as SF are more complex
and engaging than conventional laboratory tasks such as the n-back (Jaeggi et al., 2010), the
Stroop (Vendrell et al., 1995) or the Wisconsin Card Sorting Test (Anderson et al., 1991),
with the additional benefit of being more convenient to study than ecological or real life tasks
such as flying a plane or performing a surgery. Furthermore, the precise cognitive mechanisms
involved in SF have not been precisely evidenced and need to be assessed in future studies,
although part of them are inherent to the nature of the task (such as working memory or
divided attention). Note that this was one of the objectives of our first contribution, but
proved to be limited due to the sample size. The future study with 140 participants (annex
B) will provide useful insights into the links between executive functions and space fortress
performance.

At the practical level, the assessment of a neural marker of complex task performance is of
particular interest in the context of neuroergonomics. Even when considering the shortcom-
ings of the fNIRS measures and our methodology (a lower and less precise spatial resolution
than fMRI and a single averaged value of the functional connectivity of the fronto-parietal
network), we were still able to extract a relevant predictor of SF multitask performance.
Moreover, after several hours of training, SF performance is known to reach a plateau phase
(Mathewson et al., 2012). Future longitudinal studies might consider investigating if there
are neural markers of the rapidity to attain this plateau phase, or if there are neural markers
of long-term performance in this task, after several months without practice for instance.
This kind of research is invaluable for the neuroergonomics field as it opens up the possibility
to extract similar markers for more complex tasks such as piloting a plane or performing
a surgery. Along with other physiological, behavioral, and socio-cultural markers (such as
expertise and knowledge), such marker could also potentially be used either as a predictive
tool for selection purposes or as an opportunity to elaborate individualized cognitive training.

Besides the already discussed limits, another possible improvement would be in the sample
size. The number of remaining participants was smaller than expected (n = 32 instead of
the 41 first included). Although larger than most fNIRS studies (Herold et al., 2018), this
resulted in a moderate-powered study, which should be a concern, especially considering
the recent reproducibility crisis in neurosciences and psychology (Collaboration et al., 2015).
Indeed, small samples tend to produce false positives (Button et al., 2013). Having greater
statistical power in studies is a challenge that all science fields, including neuroergonomics,
need to better tackle in the future.
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7.4.6 Concluding remarks

As a conclusion, this third contribution provided evidence that fNIRS – a portable and ac-
cessible brain imaging tool – can be used to assess large scale cortical networks. Intrinsic
average functional connectivity within the fronto-parietal network was found to predict com-
plex task performance. Moreover, both on-task and resting state functional connectivity
metrics seem to be sensitive enough to predict a part of the behavioral performance. This
result is worth considering for the neuroergonomics field, as future studies should try to use
a similar method to extract the neural markers of more complex and ecological tasks.
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CHAPTER 8

Contribution 4. Can tRNS improve complex task training?

Abstract

Introduction: Interest for neuromodulation, and transcranial random noise stimulation
(tRNS) in particular, is growing. It concerns patients’ rehabilitation, but also healthy peo-
ple who want or need to improve their cognitive and learning abilities. However, there is
no consensus yet regarding the efficiency of tRNS on learning and performing a complex
task. In particular, the most effective electrode montage is yet to be determined. Here, we
examined the effect of two different tRNS montages on learning rate, short- and long-term
performance in a video game (Space Fortress) that engages multiple cognitive abilities.
Methods: Sixty-one participants were randomly assigned to one of three groups (sham vs.
simple-definition tRNS vs. high-definition tRNS) in a double-blind protocol. Their per-
formance on the Space Fortress task was monitored during a fifteen-day experiment with
baseline (day 1), stimulation (day 2 to 4), short- (day 5) and long-term (day 15) evaluations.
Results: Our results show that the high-definition tRNS group had better performance im-
provements on the long term than the simple-definition tRNS group, tended to learn faster
and had better performance retention compared with both simple-definition tRNS and sham
groups.
Conclusion: This study is the first to report that high-definition tRNS is more effective than
conventional simple-definition tRNS to enhance performance in a complex task.
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8.1 Overview of the research question

The previous contributions of this thesis work have shown that it is possible to predict part
of complex task performance through neurophysiological data. However, mastering complex
tasks often takes a long-time (think of airplane pilot formations that last at least years).
One of the purposes of this thesis was to develop a training protocol that could increase
learning and long-term performance in complex tasks. Therefore, the following contribution
has been designed to assess possible improvements of complex task learning through the
use of non-invasive brain stimulation. Due to its characteristics, Space Fortress was again
selected as the complex task.

To our knowledge, no study has attempted to investigate the potential advantages of
high-definition transcranial random noise stimulation (HD-tRNS) over a simple-definition
transcranial random noise stimulation (SD-tRNS) montage during a one-week training pro-
tocol of a complex task.

Based on previous literature that showed that tRNS may increase performance in complex
cognitive tasks (Brem et al., 2018; Almquist et al., 2019; Harty & Cohen Kadosh, 2019;
Snowball et al., 2013; Datta et al., 2008; H.-I. Kuo et al., 2013; Muthalib et al., 2018; Lu et
al., 2021), we expected (hypothesis 1) that the stimulated groups (SD-tRNS and HD-tRNS)
would have a better learning rate in the SF task compared to the control group (sham). This
higher learning rate would result in higher performance during both short-term (the day right
after the training, hypothesis 2.a.) and long-term evaluation (ten days after the training,
hypothesis 2.b.). We expected that the stimulated groups would also have better retention
of performance (between the end of the training and ten days after) compared to the sham
group (hypothesis 3). Finally, based on the studies that showed HD-tDCS may have an
increased effect compared to SD-tDCS (Datta et al., 2008; H.-I. Kuo et al., 2013; Muthalib
et al., 2018; Lu et al., 2021), we expected the HD-tRNS group to exhibit higher effects than
the SD-tRNS group for all variables mentioned in the previous hypotheses (hypothesis 4).

8.2 Material and Methods

8.2.1 Sample

Sixty-one healthy adults were recruited in the ISAE-SUPAERO (Toulouse, France) and Mont-
pellier University campuses through flyers and mailing lists. Participants had to meet the
following eligibility criteria and safety guidelines for tES use: to be free of a history of neu-
rological, psychiatric or sensory disorders, cardiac or cardiovascular pathology, and no recent
use of medications or substances that might interfere with brain activity. All participants
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were given detailed information about the experiment and gave informed consent prior to
start. The participants were then randomly (by computer generation) assigned to one of
the three stimulation groups, sham, SD-tRNS or HD-tRNS. The demographics of the sam-
ple are described in Table 7.1. The study was approved by the local ethic committee of
EuroMov-Montpellier (IRB1805A) and performed following the Declaration of Helsinki.

Table 8.1. Participants’ demographics (Mean ± SD)

Sham SD-tRNS HD-tRNS p-value***
N 19 21 21 NA
Gender 4 women 3 women 3 women NA
Handedness 1 LH 1 LH 1 LH NA
Age 24.0 ± 4.6 22.7 ± 3.1 24.1 ± 3.4 .39
Education* 16.2 ± 2.0 16.4 ± 1.6 16.3 ± 1.8 .93
VGexp** 4.8 ± 2.4 3.8 ± 1.5 5.0 ± 3.0 .32

*Education is measured on a scale from 1 to 20 (with 12 = high school degree). **Video Game experience
(VGexp) is measured by a questionnaire and range on a scale from 0 to 10. ***ANOVA’s were performed for
Age and Education, and a Kruskal-Wallis was performed for VGexp (available in supplementary material).
LH: Left-handed

8.2.2 Design and procedure

A double-blind, randomized, placebo-controlled design was used for this study. All experi-
mental sessions were administered by three researchers trained in a standardized procedure.
For each participant, the experimentation lasted for five consecutive days at a fixed schedule
with one additional session ten days later. At the beginning of the first day, participants
completed questionnaires to gather demographics data (section E). Then, they read the
rules of the SF task and practiced the video game for approximately 10 minutes in order
to get used to it (see below for the detailed practice description). Finally, they performed
the first game session (baseline, day 1), playing SF for 10 minutes. From days two to four
(training period), participants played two game sessions, each lasting 10 minutes with a
short break. During these experimental sessions, stimulation was performed according to the
group assignment (sham vs. SD-tRNS vs. HD-tRNS). The last two experimental sessions
(short and long-term evaluation) were similar, but with no stimulation (see Figure 8.1). For
this longitudinal study, the total acquisition time is estimated to be approximately 300 hours
(61 participants × 6 sessions × 40-50 min) that were spread over two years (2017-2019).
All experimental sessions were performed in an experimental room with no window and with
a stable temperature. The SF task was displayed on a 17" laptop. The stimulation device
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was systematically installed, and participants had to answer a questionnaire about potential
sensations that could be related to electric stimulation.

Evaluations  
 
 

Stimulation (SHAM vs. SD-tRNS vs. HD-tRNS) 
 
 

A Instrument Panel B 

Game Environment 

$ 

Bonus 
Mine 

Space  
Fortress 

C 

Baseline Training 1 Training 2 Training 3 Short-term Long-term 

Day 1 
GS1 

Day 2 
GS2           GS3 

Day 3 
GS4           GS5 

Day 4 
GS6           GS7 

Day 5 
GS8           GS9 

Day 15 
GS10           GS11 

Short-term  
Long-term 
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Figure 8.1. Experimental design and performance evaluation. A. A participant playing
the Space Fortress game (in this example, the participant is equipped with a 4 × 1 HD
montage). B. Space Fortress in-game screenshot. C. Experimental protocol. GSn stand for
Game Session number n across days. Short-term is the delta of performance between GS9
and GS1. Long-term is the delta of performance between GS11 and GS1. Retention is the
delta of performance between GS11 and GS9.

8.2.3 Transcranial Random Noise Stimulation

A Starstim device from Neuroelectrics was used for the experiment. All participants were
equipped with a neoprene head cap (see Figure 8.2). The SD-tRNS and sham groups had the
same montage, with two circular sponge electrodes (sponstim, 5 × 5 cm2) positioned on F3
and F4 according to the 10-20 system of electrode placements. The group allocation (Sham
vs SD-tRNS vs HD-tRNS) was double blinded for the experimenter and the participants by
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using the NIC software (vers. 2.01). The HD-tRNS group had a 4x1 montage, with 5 circular
(π cm2) NG Pistim electrodes filled with conductive gel (SignaGel) placed on the C4, Fp2,
Fz, F8 and F4 locations (Figure 8.2). Each participant was randomly assigned to one of
three groups. Note that to ensure the double-blind, the experimenters were led to believe
that the design also included an HD-Sham condition.

A 

Figure 8.2. tRNS montages for the 3 experimental groups and corresponding theoretical
influence maps. Extracted for NIC software, vers. 2.0

During the baseline (day 1), short-term (day 5) or long-term (day 15) evaluations, the
participants were equipped with the head cap, but did not receive any stimulation. During
the training sessions (days 2 to 4, see Figure 8.1.B.), the SD-tRNS and HD-tRNS groups
received stimulation with the following parameters: a current oscillating between -0.5 and
0.5 mA (mean = 0, SD = .333), at high random frequencies (between 100 and 500 Hz).
Both stimulated groups (SD-tRNS and HD-tRNS) received a gradual rise (current ramp
up) of 15s at the beginning of stimulation, followed by 20 min of stimulation that matched
the 20 min of Space Fortress training. Stimulation ended with a gradual decrease (current
ramp down) during the last 15 seconds. Both stimulated groups received a total of 394.6

1https://www.neuroelectrics.com/resources/software
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mC during the whole stimulation. Resulting current influence maps can be found in Figure
8.2. Note, however, that this total of electric charge was differently distributed in these
groups due to the montages. In the HD-tRNS montage, this amount of electric charge was
distributed mainly on one brain area (the right DLPFC), while in the SD-tRNS montage,
it was equally distributed across both hemispheres (mainly on right and left DLPFC). The
sham group received the same current ramp up and down than the stimulated groups at
the beginning and end, respectively, but no stimulation during the 20 min of SF playing.
Consequently, the sham group received a total of 7 mC counting both ramp up and ramp
down. After each training session (days 2 to 4), participants completed the tRNS Adverse
Effects Questionnaire (see below for details).

8.2.4 The Space Fortress game

A clear overview of the game is described in the Material and Methods (section 4.1).

8.2.5 Demographics and Video Game expertise questionnaires

A description of these questionnaires is presented in the annexes (section E).

8.2.6 tRNS Adverse Effects Questionnaire

A translated version (french) of the tDCS Adverse Effects Questionnaire2 (Brunoni et al.,
2011) was administered to the participants after each session. This questionnaire included
12 items on how they currently evaluate different sensations (headache, difficulty to concen-
trate, change in mood, change in visual perception, tingling, itching, burning, pain, fatigue,
nervousness, unpleasant sensations and nausea, see Figure 8.8) in which the participants
rated on a five-point Likert scale (from 0 to 4). The questionnaire is available in a Google
form link3. The total score of this questionnaire was computed as the sum of all responses
and ranged from 0 to 48.

2Note that this questionnaire has been renamed tRNS Adverse Effects Questionnaire in this thesis to
facilitate the reading

3https://docs.google.com/forms/d/e/1FAIpQLSfh4wQ1GFq0p06QbfP0dUGcvug1fsF8Gq6UJlzI_2VX
-yJ0Sg/viewform?usp=sf_link
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Group effect (Kruskal−Wallis): p=0.322
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Figure 8.3. Game Level by Group, each dot representing a participant. A violin plot is
proposed for each group on the left, to have a visual representation of data distribution. The
mean and errors bars are also represented.

8.2.7 Statistical analyses

Statistical analyses were performed using the R studio software (R vers. 4.0.5 Allaire, 2012;
R Core Team, 2017). We computed the learning rate using a log adjustment model as follow:

y = a+ b× ln(x)

where y is SF performance, x is the game sessions over time, a is the intercept and b

the regression coefficient (Mathewson et al., 2012). This learning rate was computed for
each participant and comprised all experimental sessions (two games per session) including
baseline training and short and long-term evaluations. The regression coefficient from the
model corresponds to the individual learning rate.

A one way ANCOVA was conducted to determine a statistically significant difference
between groups (sham vs. SD-tRNS vs. HD-tRNS) on the learning rate (b), controlling
for video game experience (hypothesis 1). As gaming experience is likely to influence SF
performance (Boot et al., 2008, 2010), we decided to add it as a co-variate to ensure that
the results showed the effect of the stimulation independently of gaming experience (Figure
8.3).

We then calculated the delta of performance between the baseline and short-term (game
session 9-game session 1), long-term (game session 11-game session 1) and retention (game
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session 11-game session 9) experimental sessions. ANCOVAs were conducted to assess
differences between groups on the delta of performance of short-term (hypothesis 2.a), long-
term (hypothesis 2.a) and retention (hypothesis 3), each time controlling for video game
experience.

Whenever significant effect of the group was observed on previous ANCOVAs, we per-
formed post-hoc comparisons using the Holm–Bonferroni correction (Holm, 1979) to check
for differences between each stimulated group (SD-tRNS vs. HD-tRNS groups; hypothesis
4).

To measure the effect size, we computed the η2
p. We specified the assessed Beta value

(referred to as b in the text) for the co-variate results to indicate the direction (positive or
negative) of the effect.

8.3 Results

8.3.1 Assessment of individual learning rates

The ANCOVA on the learning rate (Figures 8.4 and 8.5) showed a significant effect of the
Gaming experience (F(1,57) = 4.47, p =.039, η2

p = .07, b = .26, power = .55), whereas the
group effect did not reach significance (F(2,57) = 2.50, p = .091, η2

p = .08, power = .48)

8.3.2 Stimulation type effect on performance improvement

The short-term delta score (game session 9-game session 1) was significantly influenced by
the gaming experience (F(1,57) = 7.37, p = .009, η2

p = .11, b = .36, power = .76) but not
by the group (F(2,57) = 2.27, p = .112, η2

p = .07, power = .44, Figure 8.6.A.).
The gaming experience effect faded on the long-term delta score (game session 11-game

session 1) (F(1,57) = 2.87, p = .096, η2
p = .05, b = .20, power = .38) and on the retention

delta score (game session 11-game session 9) (F(1,57) = 1.24, p = .270, η2
p = .02, b = -0.14,

power = .19). Moreover, a significant effect of the stimulation group was found for both
long term (F(2,57) = 4.21, p = .020, η2

p = .13, power = .72) and retention (F(2,57) = 4.32,
p = .018, η2

p = .13, power = .73, Figures 8.6.B. and 8.6.C.).

8.3.3 tRNS Adverse Effects Questionnaire

The results of the tRNS Adverse Effects Questionnaire can be found in Figures 8.7 and
8.8. A Kruskal-Wallis test compared the three groups on the post session questionnaire and
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Figure 8.4. Mean total scores (with standard error bars) per group along game sessions,
with the fitted ln model for all game sessions. D: day
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Figure 8.6. A. Delta between short-term and baseline performance (Hypothesis 2.a.). B.
Delta between long-term and baseline performance (Hypothesis 2.b.). C. Delta between
long-term and short-term performance (Hypothesis 3.). GS: Game Session. * p < .05

revealed a significant effect (p = .034). Post-hoc analyses showed that the HD-tRNS had
higher scores than the sham group (p = .048).
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Figure 8.7. Score on the post-session tRNS Adverse Effect Questionnaire per group (mean
of the three training sessions with stimulation). * p < .05
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8.4 Discussion

The present experiment is the first to investigate the effects of different tRNS montages
(SD vs. 4 × 1 HD) on learning a complex video game during a one-week training. We
hypothesized that both tRNS groups would have a better video game performance compared
to the sham group, with an additional advantage for HD stimulation. More specifically, we
excepted higher learning rates and improvements on the short-term (day 5 vs. day 1), the
long-term (day 15 vs. day 1) and on the retention period (day 15 vs. day 5). Although no
short-term effect was observed, our data partially support our hypotheses with results close to
significance for the learning rate, along with a significant long-term effect for HD compared
to SD, but not to sham. In addition, the highest retention performance was observed for
the HD-tRNS group, compared to both sham and SD groups this time. In contrast, the
SD-tRNS montage showed no differences with the sham group, whatever the comparison.
To our knowledge, our study is the first to provide evidence that an HD-tRNS montage may
be more effective than an SD-tRNS montage to train complex tasks skills in healthy adults.
This study also confirms that the right DLPFC is a valid target for neuromodulation and
enhancement of high-level cognitive functions (Holmes et al., 2016).

8.4.1 HD-tRNS increases performance retention

One important finding here is the positive effect of the neurostimulation, for the HD-montage
only, during the retention period – 10 days after the end of training and stimulation. The
difference between the stimulation groups was indeed the strongest between day 5 and day
15, suggesting that HD-tRNS would have an outlasting effect on performance gain once the
training is over (Bolognini et al., 2009). This effect was not abrupt, but rather it seems to
have strengthened over time. This observation is supported by the absence of short-term
effect, followed by a superiority of HD montage that became significant for the long-term
(compared to SD only), and for retention period (compared to both sham and SD). This
delayed behavioral effect might be explained by the time necessary to modify the activity of
the fronto-parietal network, solicited while playing SF video game (Lee, Voss, et al., 2012).

Indeed, one of the main action principle of tRNS is supposed to occur through stochastic
resonance (Fertonani & Miniussi, 2017). According to this hypothesis, by inducing noise,
such stimulation would modify the discharge threshold of the neurons in the targeted brain
networks. Simultaneous neuronal stimulation would induce subsequent synaptic strengthen-
ing according to the coincidence-detection rule proposed by Hebb (Hebb, 1949) and Konorski
(Konorski, 1948). Long-term potentiation (LTP) has been proposed as one of the main con-
sequences of this synaptic modification, to explain how the memory and the learning are
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stored in the brain (Bliss & Collingridge, 1993; Stuchlik, 2014) following cognitive training
and brain stimulation. The low intensity (1 mA) of the tRNS and the few stimulation ses-
sions (a total of 60 min) in our study, arguably limited the extent of such synaptic plasticity,
both in time and intensity. As there is no consensus about the best tRNS parameters to
use yet, it seems important to extend the pre-post measurement of training effects with an
additional long-term and retention assessments.

8.4.2 The effect of HD-tRNS montage over SD

Another important result for future research in non-invasive neurostimulation is the superi-
ority of the 4 × 1 HD-tRNS montage over the SD montage. Indeed, when looking at the
raw scores and at the learning rate, it appears that the gap between the HD-tRNS group
and the other two groups (SD-tRNS and sham) widens over time, especially in the last four
sessions (short and long-term measurements). This result is backed up by statistical analyses
who showed that the p-value diminishes between all sessions to finally become significant
in the last session. The literature usually shows that SF performance becomes asymptotic
as participants perform well on the four sub-tasks, and that is why a logarithm function is
typically used (Mathewson et al., 2012). Here, the HD-tRNS group did not yet appear to
have reached this ceiling effect, contrary to the SD-tRNS or the sham groups. A future study
with a longer training protocol could test the hypothesis that this performance gap widens
with training time and that the ceiling effect is higher for the HD-tRNS group compared
with the sham group.

Although the actual mechanisms of tRNS are still discussed (Fertonani & Miniussi, 2017),
the difference between the two stimulated groups might lie in the distribution of the current
flow, as illustrated in Figure 8.2. First, the stimulation is more focal in the HD montage;
the target area is narrowed and, therefore, receives a greater amount of current that may
induce higher stochastic resonance effect (Fertonani & Miniussi, 2017). Second, the HD
stimulation only targeted the right hemisphere, while the SD targeted both left and right.
The right and left DLPFCs have been described as crucial for multitasking (Erickson et
al., 2007; Anguera et al., 2013) and executive functions (Garavan et al., 2002; Panikratova
et al., 2020) in general, but it has also been suggested that concomitant stimulation of
two interconnected brain areas might be more disruptive than beneficial because of inter-
hemispheric inhibition (Daskalakis et al., 2002; Ferbert et al., 1992). The rapid (i.e. up
to 2 ms) alternating stimulation of left and right DLPFCs with the SD montage may have
induced such inter-hemispheric inhibition in the present study.
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8.4.3 The absence of effect of the SD-tRNS montage

Although the superiority of the HD montage was among our hypotheses, the non-significant
difference between the SD-tRNS and the sham groups was not expected. Indeed, from
the few studies that have used similar tRNS parameters (i.e. F3/F4 electrode position,
frequency range, intensity range, stimulation duration), four did show significant effects of
the stimulation (Almquist et al., 2019; Harty & Cohen Kadosh, 2019; Snowball et al., 2013;
Popescu et al., 2016) and one did not (Holmes et al., 2016). In the latter study, the authors
argued that several factors may account for such discrepancies: the lack of robustness in
experimental designs, the absence of full details about stimulation parameters, the suitability
of statistical approaches, along with bias of publication in favor of positive results (Joober
et al., 2012).

Meanwhile, taking into account the superiority of the HD montage, we would recommend
to rather consider this montage option over the SD one for a similar investigation. Further
studies will be necessary to determine the tRNS parameters, brain location and/or cognitive
training types most sensitive to the SD montage.

8.4.4 tRNS Adverse Effect Questionnaire responses

On average, the responses of the stimulated groups on the tRNS adverse effect questionnaire
were slightly higher than the sham group (significant for the HD-tRNS, and close to signif-
icance for the SD-tRNS).This result indicates that some participants within these groups
experienced an effect of the stimulation which was not present in the sham group. Looking
specifically at the responses on each question (see Figure 8.8), we can identify that partici-
pants from the stimulated groups reported slightly higher psychological (fatigue, difficulties
in concentrating) and physical (tingling, itching, flickering) symptoms. However, one should
note that most participants in all groups reported no symptoms at all, especially in certain
important symptoms (pain, nausea, headache). These results are in agreement with a sys-
tematic review on the domain (Brunoni et al., 2011) that showed that active stimulated
groups often report slightly higher (but often non-significant) adverse effects than sham
groups.

8.4.5 Limits and perspectives

A limit lies in the moderate statistical power of the present study (ranging from .19 to .76).
While being slightly higher than most of recent tRNS studies that include 10 to 18 participants
per group (Brem et al., 2018; Brevet-Aeby et al., 2019; Dondé et al., 2019; Holmes et al.,
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2016; Mulquiney et al., 2011; Murphy et al., 2020; Parkin et al., 2019; Pasqualotto, 2016;
Popescu et al., 2016; Snowball et al., 2013; Van der Groen et al., 2018), this is still not
enough to obtain a .80 power with a p value criteria of .05, as recommended (Button et
al., 2013). This statistical power should be further improved to increase the confidence we
have in the significant and non-significant results. In general, future studies should embrace
the open science opportunity in order to predetermine sample size and to produce registered
reports when appropriate, in order to eliminate some common statistical biases (Collaboration
et al., 2015).

8.4.6 Concluding remarks

In conclusion, this study is the first to report that a 4 × 1 high-definition tRNS montage
coupled with cognitive training on a complex video game task may be efficient to promote
outlasting performance gain (effect sizes ranging from 7 to 13%). This result is especially
important because the learning period was relatively short – with only three 20-minute
learning sessions coupled with tRNS. This finding may have implications for students learning
a profession with either complex tasks to be performed or prolonged training, such as pilots,
air traffic controllers, surgeons, or software developers. Future studies may also explore the
possibility of such montage to treat patients with cognitive disorders.
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CHAPTER 9

Contribution 5. Can tRNS improve daily living tasks management in
brain-damaged patients?

Abstract

Introduction: Interest for neuromodulation, and transcranial random noise stimulation
(tRNS) in particular, is growing. It showed promises in the rehabilitation of cognitive pro-
cesses. However, there is no consensus yet regarding the efficiency of high-definition tRNS
on rehabilitation in ecological tasks in dysexecutive patients.
Methods: Five dysexecutive patients underwent a Single-Case Experimental Design. These
patients performed three phases during 12 weeks, with a standard sensorimotor rehabilitation
(A1), an active rehabilitation coupling tRNS with cognitive training (B), and a standard sen-
sorimotor rehabilitation again (A2). During these phases, each performed three previously
defined objectives (ecological tasks such as manage a shopping list, create complex menus or
mailbox management), which were evaluated with the Goal Attainment Scale twice a week.
Results: Our results show that the rehabilitation does not have a short-term effect, with an
improvement of only 3 out of 15 objectives, but shows promises in the long-term, with an
improvement in 7 of 15 objectives.
Conclusion: This study showed moderate results, which could be explained by the difficulty
to measure ecological tasks with the Goal Attainment Scale. Further results are awaited in
this ongoing study that will either confirm or refute these first results.
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9.1 Foreword

This contribution is part of a larger collaborative and longitudinal study which should recruit
six cohorts of three patients (N = 18). At the time of this writing, five patients completed the
study. Data have been acquired at Toulouse hospital (France) by the MPR team (Physical
Rehabilitation Medecine) which included Claire Lebely (PhD student), Evelyne Lepron (PhD)
and Alizée Lelièvre (occupational therapist).

9.2 Overview of the research question

The previous study has shown that the HD-tRNS montage in healthy individuals could
improve training and performance in a complex task.

In this contribution, we sought to investigate the use of such HD-tRNS montage in the
rehabilitation of brain-damaged patients, in order to overcome their deficit in executive func-
tions and to improve their ability to perform daily living tasks. As we saw in the introduction,
brain-damaged patients often show a variety of lesions and symptoms, making it difficult to
create a homogeneous group to study. Therefore, we decided to go for single-case experi-
mental design (SCED) which allows an individual follow-up of each patient, the latter being
his own control (Krasny-Pacini & Evans, 2018).

We hypothesized (1) that the tRNS phase will induce an increase in performance of daily
living activities, measured by the goal attainment scale (GAS). We also expected that the
patients would have better scores at an executive function battery test (Test of Attentional
Performance, Zimmermann & Fimm, 2002).

9.3 Material and Methods

9.3.1 Sample

Six patients were recruited in the Rangueil Hospital (service Médecine Physique et Réadap-
tation) of Toulouse (France) to be included in two different cohorts of three patients. Note
that one patient from cohort two (P04) withdrew from the study due to familial issues. Pa-
tients had to meet the following eligibility criteria and safety guidelines for tES use: between
20 and 75 years old; had a vascular or traumatic brain injury responsible for a dysexecu-
tive syndrome identified by the GREFEX/GRECO battery (Godefroy, 2008); had a sufficient
understanding of the French language. Furthermore, they had to be free of sensory (visual
deficit, hemianopia, major hearing deficit), cardiac or cardiovascular pathology, and with no
recent use of medications or substances that might interfere with brain activity other than
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those prescribed for their pathology. All patients were given detailed information about the
study and gave informed consent prior to start.

Table 9.1. Patients’ demographics

Patient P01 P02 P03 P05 P06
Gender Female Female Female Male Female
Age 56 54 62 22 49
Education >12 y >12 y >12 y >12 y >12 y
Brain-injury origin Stroke (vascular) Stroke (vascular) Stroke (vascular) Cranial Trauma Stroke (vascular)
Brain-injury location Left prefrontal cor-

tex
Left insula Right hemisphere Right frontal cor-

tex
Right parietal cor-
tex

Date of injury 2017 (November) 2018 (January) 2016 (May) 2007 (August 2018 (January)
Experimental rehabilitation 2020 (September-

December)
2020 (September-
December)

2020 (September-
December)

2021 (February-
May)

2021 (February-
May)

Neuropsychological evaluation*
Stroop (inhibition) NF*** -1.5 0.08 0.07 -2.04
TMT (shifting) -2.09 -4.29 0.73 0.15 0.14
Fluences (shifting) -2.96 -2.85 -3.03 -1.73 -1.53
WCST (EF**) -2.97 -4.79 -6.89 -0.46 -13.88
Complaints Attention prob-

lems, Concentra-
tion issues

Concentration is-
sues, Problems in
planning and man-
agement of house-
hold tasks, Slow-
down in the daily
living activities

Difficulty with
meal planning,
Attention span
issues, Impulsivity

Difficulties in orga-
nization, planning
and taking initia-
tive

Difficulties in
planning and orga-
nizing household
tasks, Working
memory issues

*The standard deviation in the neuropsychological tests is reported here; **EF: Executive Functions; ***NF:
Not Finished; Bold: <-.2 SD

The demographics of the patients as well as their brain lesions are described in Table
9.1 and Figure 9.1. The study was approved by the ethic committee (2019-A02266-51) and
performed following the Declaration of Helsinki.

9.3.2 MRI acquisition and lesion quantification

In order to obtain an accurate and recent image of each patient’s lesion, an anatomical MRI
was performed for each participant at the Baudot Pavilion (Toulouse NeuroImaging Centre
- ToNIC - UMR1214 Inserm/UPS), located at the Toulouse Purpan University Hospital.

MRI acquisition

The MRI used is a 3T Philips ACHIEVA dStream MRI. The acquisition lasted 25 minutes to
acquire a T1-3D sequence (resolution: 1 × 1 × 1 mm), FLAIR 3D (resolution: 1 × 1 × 2
mm), T2* (gradient echo in 2D axial, resolution: 1 × 1, 5 × 4) and two DTI (32 diffusion
directions and resolution 1.5 × 1.5 in 2D).
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Figure 9.1. MRI of the five patients, showing in red the extent of the lesions, from a
coronal (left), sagittal (middle) and axial (right) point of view. Images built with MRIcron
(https://www.nitrc.org/projects/mricron).
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Lesion quantification

Lesion masks were created using T1-3D images under a restrictive approach, targeting only
the injured tissues. The lesion masks for this approach were created using the MRIcron
software1. We then applied a smooth filter [4 4 4] thanks to the SPM 12 software on the
Matlab software (MathWorks.inc, version R2021a). The FSL software2 was used to perform
a linear spatial transformation (FSL-FLIRT) and then a nonlinear one (FSL-FNIRT). Lesions
were labeled in the Talairach atlas of the FMRIB Software Library v6.0 (Analysis Group,
FMRIB, Oxford, UK) and can be found in the Figure 9.1.

9.3.3 Design and procedure

A Single-Case Experimental Design with randomized multiple baselines was used for this
study. The patients were included three by three and were followed for twelve weeks plus a
one-month follow-up. Each patient participated in three continuous phases (A1, B and A2).

During this protocol, some of the patient’s daily life activities performance were assessed
by the Goal Attainment Scale (Krasny-Pacini et al., 2016) twice a week, during the whole
study (phases A1, B and A2), constituting a total of 24 measures. Each of these measures
were reported by the patient or a caregiver, and validated by two independent therapists.
Furthermore, the patient’s executive functions were assessed by the Test of Attentional
Performance (Zimmermann & Fimm, 2002) at the end of phase A1 (T0), at the end of
phase B (TF) and at after the one-month follow-up (TF+1). The Figure 9.2 represents the
entire experimental protocol for a three-patient cohort.

Phase A1 and A2

Phases A1 and A2 took place without the targeted rehabilitation. Instead, during these
phases, patients underwent conventional occupational therapy rehabilitation that does not
involve executive functions. This rehabilitation targeted the motor and/or sensory aspects
of the patient (e.g. balance or bimanual coordination). The patients completed four reha-
bilitation sessions (one hour) per week. Each phase A lasted between three and five weeks
according to a predefined planning.

1https://www.nitrc.org/projects/mricron
2https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
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Phase B

The phase B was randomly introduced in the three participants after three, four or five weeks
of phase A1 duration. The phase B constituted the targeted rehabilitation, which coupled
tRNS with Covirtua3 training. The patients completed four rehabilitation sessions (one hour)
per week for a total of 16 sessions as phase B systematically lasted four weeks.

Figure 9.2. Experimental protocol for a three-patients cohort. The black vertical dashes
represent a measure of a daily life activity through the Goal Attainment Scale (twice a week).
The T0, TF and TF+1 represent the measure of executive functions through the Test of
Attentional Performance.

9.3.4 Active rehabilitation

Covirtua

Covirtua Cognition® is a virtual reality software that is intended for people suffering from
cerebral vascular accident (CVA) and cranial trauma (CT). It is based on the use of a
therapist station (OMEN by HP) and a patient station (Microsoft Surface Pro). There are
four possible exercises: driving, supermarket, list and GPS. During the one-hour session,
patients performed one to three exercises, depending on their performance. For each of
these exercises, the therapist launched different scenarios and modulated the level of difficulty
according to the evolution of the patient’s performance (Figure 9.3).

HD-tRNS

The HD-tRNS montage and parameters were the same as the previous study (see section
8). As a consequence, the patients received the stimulation for the first 20 minutes of each
of their active rehabilitation sessions.

3https://www.Covirtua.com/

140

https://www.Covirtua.com/


Chapter 9. Contribution 5. Can tRNS improve daily living tasks management in
brain-damaged patients?

Figure 9.3. Example of Covirtua tasks. The supermarket (left) and the driving (right).

9.3.5 Behavioral Measures

Goal Attainment Scale

Three daily-life task objectives were defined per patient, according to their goals. The
performance on these objectives was assessed by the Goal Attainment Scale (GAS). This scale
constitutes a methodology to help developing individualized objectives whose achievement
is measurable and quantifiable. The precise drafting of the objective was carried out in
consultation with the entire research team, while respecting the quality criteria (Krasny-
Pacini et al., 2016). The GAS has been validated for use in clinical research (Shankar et
al., 2020), with each objective being rated according to a score ranging from -2 to +2.
-2 corresponds to the patient’s initial level of performance; -1 corresponds to a progress,
but the objective was not reached; 0 corresponds to the achievement of the objective; +1
corresponds to the achievement of the objective beyond expectation; +2 corresponds to the
most favorable result.

This scale makes it possible to quantify the progress made in relation to the defined
objectives, in an ecological situation. It was scored twice a week throughout the three
phases. The specific scoring of each patient’s objectives can be found from Figure 9.5 to
9.8.

Executive functions

The executive functions were measured at T0, TF and TF+1. They were assessed through
the Test of Attentional Performance (TAP; Zimmermann & Fimm, 2002). Four sub-tasks
were performed by the patients, that evaluated divided attention, inhibition, working memory
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and shifting (Figure 9.4). The TAP manual describes the tasks as follows:

Divided Attention The divided attention was measured by a dual-task. In this test, a
visual and an auditory task must be processed in parallel (Figure 9.4). In the visual task,
multiple stimuli will appear in the center of the screen according to a predetermined rhythm.
These can take the form of a rotated “S” (90°), a mirror image of the rotated “S”, a “01”
or a “10”. The patient has to press the reaction key as quickly as possible whenever the
stimulus “01” or “10” appears. In the auditory task, a high and low-pitched tone is emitted
alternately and at varying intervals asynchronous to the appearance of the visual stimuli.
From time to time, the high or low tones are emitted twice in succession. The subject must
also in this case press the (identical) reaction key as quickly as possible.

Inhibition The inhibition was measured by a Go-NoGo task (Figure 9.4). In this task, a
sequence of five squares with different patterns appears on the screen. Two of these squares
are defined as target stimuli, upon the appearance of which the subject should react as
quickly as possible with a key press; no reaction is required to the other squares.

Figure 9.4. On-screen instruction of the four selected tasks from the Test of Attentional
Performance battery (dual-task, N-back, Go/NoGo and number-letter tasks).
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Working Memory The working memory was evaluated with a N-Back task (Figure 9.4).
In this task, a sequence of numbers is presented to the patient on the monitor. The patient
is required to determine whether each number – depending on the condition – corresponds
to the previous number or the one before that.

Shifting The shifting was measured by a "set-shifting" task (Figure 9.4). In this task, a
letter and a number are simultaneously presented to the right and left of the center of the
monitor. The shifting mode consists of alternating types of target stimuli. The patient’s
task is to press the left or right key according to whether the target stimulus (e.g. letter or
number) appears on the left or the right of the center of the monitor.

9.3.6 Data analyses

Goal Attainment Scale

According to recommendations in Single-Case Experimental Designs (Tate et al., 2016;
Krasny-Pacini & Evans, 2018; Kratochwill et al., 2013), the data analyses must be per-
formed first visually, allowing to see the raw longitudinal data. This will indicate tendencies,
variability and level of changes between phases. From visual analyses, we can determine if
the active rehabilitation (Phase B) had an effect on the goals determined by the patient
(Goal Attainment Scale).

In addition, a non-parametric statistical indicator can be used, based on the non-overlapping
of data between phases. Multiple indicators have been developed, but the Tau-U has been
described as the most complete (Parker et al., 2011) and was hence selected. Indeed, this
indicator allows comparing all points from all phases to deduce the overlapping between
phases. Moreover, it also allows controlling for tendencies in previous phases. Like a correla-
tion coefficient, the Tau-U has a value between -1 and +1, which will indicate the strength
and direction of the effect (Brossart et al., 2018). A positive value will indicate a positive
relationship between the rehabilitation and the measured variable, and inversely. Using the
R studio software (vers. 4.0.5, Allaire, 2012; R Core Team, 2017), the Tau-U has been
calculated for each patient and objective, comparing phase A1 with phase B; and phase A1
with phases B and A2.

Test of Attentional Performance

Concerning the Test of Attentional Performance, a descriptive report of the mean and stan-
dard deviations of the response time (on correct responses) have been performed at T0, TF
and TF+1.

143



9.4. Results

9.4 Results

9.4.1 Goal Attainment Scale

Patient 01

For the first patient, a visual analysis indicates an increase in all GAS score between the phases
A1 and A2. Specifically, a clear increase can be observed for the objectives concentration and
resume painting. A slight increase can be observed for the objective Mailbox management
(Figure 9.5).

Statistically, a short- (A1 vs B) and long-term effects (A1 vs B+A2) have been found
for the objectives Mailbox management (Tau-U = .85; p = .004 and Tau-U = .65, p =
.002 respectively) and Concentration (Tau-U = .62; p = .021 and Tau-U = .69, p = .001
respectively). No significant differences were found for the objective Resume Painting.

Patient 02

A visual analysis of the results of the second patient indicated an increase in all GAS score
toward the last measures of phase A1, which seemed to stagnate over the last two phases,
except for the planning errands, which showed high variability, but higher scores in general
in phases B and A2 (Figure 9.6).

Statistically, the objectives Planning errands and follow a household chores schedule are
the only one to emerge significantly in long-term measurements (Tau-U = .36; p = .004 and
Tau-U = .43, p = .032 respectively). There was no short-term significant improvement in
this patient.

Patient 03

The third patient showed high increases in all GAS scores during the phase A1. The man-
agement of shopping list objective attained a ceiling effect during the phase B, in contrary
to the managing of emotions during a computer session, which showed a high variability
during all phases, but overall better results in the last phase (Figure 9.7).

Statistically, only the management of the shopping list objective was found to be signif-
icantly improved in both short- and long-term (Tau-U = .80; p = .001 and Tau-U = .87, p
= .001 respectively).
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Patient 05

The fifth patient globally showed low GAS scores in the phase A1 and B. At the end of the
phase B, we can observe an increase in all three objectives, which is maintained, albeit with
a high variability, in the last phase (Figure 9.8).

Statistically, none of the objectives showed a significant improvement over time. We can
however see that the p-value of all three objectives are near significance in the long-term
effect (Tau-U = .30; p = .138, Tau-U = .35, p = .072 and Tau-U = .34, p = .123).

Patient 06

The sixth patient globally showed increases in GAS scores in all objectives over time. Specif-
ically, we can observe an important increase for the objective following a recipe during the
phase B, as well as a floor effect for the objective managing groceries in the same phase.
The three objectives showed higher scores in the last phase compared to the previous ones
(Figure 9.9).

Statistically, we did not observe a short-term effect for all objectives. A long-term signif-
icant effect was however found for the objectives following a recipe and managing groceries
(Tau-U = .53, p = .005 and Tau-U = .44, p = .027 respectively).

Overall

The statistics over the patient sample showed a positive and significant short-term effect in
three of the fifteen objectives; and a positive and significant long-term effect in seven of the
fifteen objectives. These statistics can be found in the Table 9.7.
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Table 9.2. Patient 01 objectives

-2 -1 0 +1 +2
Current status Progress, but ob-

jective not reached
Objective to be
reached

Objective reached
by exceeding ex-
pectations

Most favorable
outcome

P01 - Objective 1
- Mailbox manage-
ment

Do not sort any
mail

Sorts between 1
and 5 emails over
the last 3 days

Sorts between 5
and 10 emails over
the last 3 days

Sorts between 10
and 20 emails over
the last 3 days

Sorts more than 20
emails in the last 3
days

P01 - Objective 2 -
Resume painting

Do not paint any-
more

Re-painting: once
a week

Re-painting: twice
a week

Re-painting: 3
times a week

Re-painting: >3
times a week

P01 - Objective 3 -
Concentration

Remains focused
on a discussion
during a two-
handed activity
for less than 2
minutes in a quiet
environment

Remains focused
on a task during a
two-handed activ-
ity for less than 2
minutes in a noisy
environment

Remains focused
on a discussion
between 4 and 6
minutes in a noisy
environment

Remains focused
on a discussion
between 6 and 8
minutes in a noisy
environment

Remains focused
on a task or discus-
sion for more than
8 minutes in a
noisy environment

A1 B A2
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Figure 9.5. Patient 01 objectives’ follow-up amongst the phases
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Table 9.3. Patient 02 objectives

-2 -1 0 +1 +2
Current status Progress, but ob-

jective not reached
Objective to be
reached

Objective reached
by exceeding ex-
pectations

Most favorable
outcome

P02 - Objective 1 -
Planning errands

Shopping in sev-
eral times for the
preparation of 1
meal (purchase
product 1 by 1)

Anticipates the
menu for 1 meal
and does the
shopping in one go
for that meal

Anticipates the
menu for 2 meals
and does the
shopping in one go
for these 2 meals

Anticipates the
menu for 3/4
meals and does
the shopping in
several times

Anticipates the
menu for 4 or
more meals and
does the shopping
in one go

P02 - Objective 2 -
Follow a household
chores schedule

Performs house-
hold chores
between 1 and 2
times a week with
the help of her
husband without
planning

Performs 1 to 2
household chores
per week with
the help of her
husband following
a planning

Performs 1 to 2
household chores
per week without
her husband’s help
by following a
planning

Performs 3 to 4
household tasks
per week without
her husband’s help
by following a
planning

Performs more
than 4 house-
hold chores per
week without her
husband’s help
by following a
planning

P02 - Objective 3 -
Managing a calen-
dar

Organizes her
agenda with loose
papers (appoint-
ments) and/or
too much irrele-
vant information
entered

Organizes her
agenda without
loose papers (by
writing down all
his appointments
directly) without
synthesizing the
relevant informa-
tion (too much
information)

Organize her
agenda without
loose papers and
by identifying
information ac-
cording to their
importance with a
color system (e.g.,
important infor-
mation highlighted
in fluo)

Transfer her ap-
pointments (from
her paper agenda)
and relevant in-
formation to an
electronic agenda
(<50%)

Transfer her ap-
pointments (from
her paper agenda)
and relevant in-
formation to an
electronic agenda
(>50%)
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Figure 9.6. Patient 02 objectives’ follow-up amongst the phases
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Table 9.4. Patient 03 objectives

-2 -1 0 +1 +2
Current status Progress, but ob-

jective not reached
Objective to be
reached

Objective reached
by exceeding ex-
pectations

Most favorable
outcome

P03 - Objective 1
- Taking care of a
beehive

Little knowledge
of hives, search for
information 1-2
times per week.
Does not keep a
logbook.

1-2 times per
week: researches
to gain knowledge
about beekeeping
and writes it down
in a logbook

3 to 4 times a
week: does re-
search on beekeep-
ing and transcribes
it into a logbook +
Organization of re-
search (=anticipa-
tion of actions or
research based on
previous data en-
tered in the log-
book)

5 to 6 times a
week: does re-
search on beekeep-
ing and transcribes
it into a logbook +
Organization of re-
search (=anticipa-
tion of actions or
research based on
previous data en-
tered in the log-
book)

5 to 6 times a
week: researches
beekeeping and
transcribes it
on a logbook +
Actions imple-
mented (writing
a calendar, list
of necessary
materials, oper-
ating procedure
for the mainte-
nance/monitoring
of the hive/rearing
of bees)

P03 - Objective 2 -
Managing a shop-
ping list

Does not take care
of the shopping list

Writes the shop-
ping list with the
help of her hus-
band with omis-
sions (50% success
rate)

Writes the shop-
ping list without
her husband’s help
and forgets (50%
success rate)

Writes the shop-
ping list without
her husband’s help
and forgets (75%
success rate)

Write the shopping
list without help
from her husband
and without for-
getting (100% suc-
cess)

P03 - Objective
3 - Managing
emotions during a
computer session

Activity on digital
tool <15 minutes
because of ner-
vousness and with
stimulation from
her husband

Activity on digi-
tal tool <15 min-
utes without irrita-
tion and with stim-
ulation from her
husband

Activity on digi-
tal tool between
15 and 30 min-
utes without irri-
tation and without
stimulation of her
husband

Activity on digi-
tal tool between
30 and 45 min-
utes without irri-
tation and without
stimulation of her
husband

Activity on digi-
tal tool >45 min-
utes without irrita-
tion or stimulation
from her husband
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Figure 9.7. Patient 03 objectives’ follow-up amongst the phases
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Table 9.5. Patient 05 objectives

-2 -1 0 +1 +2
Current status Progress, but ob-

jective not reached
Objective to be
reached

Objective reached
by exceeding ex-
pectations

Most favorable
outcome

P05 - Objective 1 -
Do stretching daily

Performs 0 to 1
stretching session
over 3 days

Completed 2 to 3
sessions in the last
three days

Completed 4 ses-
sions in the last
three days

Completed 5
sessions in the
last three days
(morning and/or
evening)

Carry out 6 ses-
sions during the
last three days

P05 - Objective 2
- create complex
menus

Anticipates 0 or 1
menu for the next
meast/day

On the last 3 days,
anticipate 2 times
a complex menu
(=2 menus) for
the next meal/day

On the last 3
days, anticipate
every day 1 com-
plex menu (=3
menus) for the
next meal/day

On the last 3 days,
anticipate 2 times
2 complex menus
(=4 menus) + for
the next meal/day

Over the last 3
days, anticipate
every day 2 com-
plex menus (5 or
6 menus) for the
next meal/day

P05 - Objective
3 - Searching and
sending informa-
tion

Over the last 2
days, reports be-
tween 0 and 2 in-
formation

Over the last 2
days, reports be-
tween 3 or 5 infor-
mation

Over the last 2
days, reports be-
tween 6 or 8 infor-
mation

Over the last 2
days, reports be-
tween 9 or 11 in-
formation

Over the last 2
days, reports be-
tween 12 informa-
tion or more
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Figure 9.8. Patient 05 objectives’ follow-up amongst the phases
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Table 9.6. Patient 06 objectives

-2 -1 0 +1 +2
Current status Progress, but ob-

jective not reached
Objective to be
reached

Objective reached
by exceeding ex-
pectations

Most favorable
outcome

P06 - Objective 1 -
Managing laundry

Does not manage
the laundry alone,
several verbal re-
minders from her
husband to start
the machine and
to hang the laun-
dry

Over the last 3
days, only 1 verbal
reminder from her
husband to start
the machine and
to hang the laun-
dry

Over the last 3
days, only 1 verbal
reminder from her
husband to start
the machine or to
hang the laundry

Over the last 3
days, starts a ma-
chine and hangs
out the laundry
without any verbal
reminder from her
husband but with a
long lapse of time
(need to start the
machine again)

Over the last 3
days, starts a ma-
chine and hangs
out the laundry
without verbal
reminders from
her husband in a
time frame that
does not require
the machine to be
started again.

P06 - Objective 2 -
Following a recipe

Carries out a
recipe (10 minutes
of preparation
maximum) only
under the in-
structions of her
husband

Over the last 3
days, makes a daily
recipe (10 min-
utes of preparation
maximum) alone,
only 1 instruction
from her husband

Over the last 3
days, makes a daily
recipe (20 min-
utes of prepara-
tion) alone, only
1 instruction from
her husband

Over the last 3
days, makes a daily
recipe (20 minutes
of preparation)
alone, without
instruction from
her husband

Over the last 3
days, makes one
daily recipe (at
least 30 minutes
of preparation) on
her own, without
instruction from
her husband

P06 - Objective 3
- Managing gro-
ceries

Does not shop
alone (husband
helps with quantity
consistency)

From a shopping
list or instruction
from her hus-
band, goes to
the store/market
alone to look for 1
to 3 items (right
product/quantity)

From a shopping
list or instruction
from her hus-
band, goes to
the store/market
alone to find 4
to 6 items (right
product/quantity)

From a shopping
list or instruction
from her hus-
band, goes to
the store/market
alone to find 7
to 9 items (right
product/quantity)

From a shopping
list or instruction
from her hus-
band, goes to
the store/market
alone to find more
than 9 items (right
product/quantity)
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Figure 9.9. Patient 06 objectives’ follow-up amongst the phases
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Table 9.7. Effect of the rehabilitation on the short- and long-term GAS scores. The reported
TAU results were baseline corrected when necessary.

Patient’s Objectives Short-term effect (A1 vs B) Long-term effect (A1 vs B+A2)
P01 - Objective 1 - Mailbox management TAU = .85; p = .004** TAU = .65; p = .002**
P01 - Objective 2 - Resume painting TAU = -.75; p = .004 TAU = -.64; p <.001***
P01 - Objective 3 - Concentration TAU = .62; p = .021* TAU = .69; p = .001***
P02 - Objective 1 - Planning errands TAU = .42; p = .096 TAU = .56; p = .004**
P02 - Objective 2 - Follow a household chores schedule TAU = .45; p = .075 TAU = .43; p = .032*
P02 - Objective 3 - Managing a calendar TAU = .35; p = .189 TAU = .37; p = .067
P03 - Objective 1 - Taking care of a beehive TAU = -.16; p = .506 TAU = -.26; p = 0.183
P03 - Objective 2 - Managing a shopping list TAU = .80; p = .001** TAU = .87; p <.001***
P03 - Objective 3 - Managing emotions during a computer session TAU = .21; p = .361 TAU = .27; p = .150
P05 - Objective 1 - Do stretching daily TAU = .13; p = .648 TAU = .30; p = .138
P05 - Objective 2 - Create complex menus TAU = .13; p = .629 TAU = .35; p = .072
P05 - Objective 3 - Searching and sending information TAU = .14; p = .343 TAU = .34; p = .123
P06 - Objective 1 - Managing laundry TAU = .24; p = .371 TAU = .37; p = .056
P06 - Objective 2 - Following a recipe TAU = .41; p = .120 TAU = .53; p = .005**
P06 - Objective 3 - Managing groceries TAU = .00; p = 1 TAU = .44; p = .027*
* p < .05; ** p < .01; *** p < .001

9.4.2 Test of Attentional Performance

The results of each patient on the four sub-tasks of the Test of Attentional Performance can
be found in the Figure 9.10.

Divided Attention

Concerning the first sub-task, we found a mean response time of 694 (± 236) ms at T0, 743
(± 410) ms at TF and 635 (± 181) ms at TF+1.

Inhibition

For the inhibition sub-task, we found a mean response time of 636 (± 340), 600 (± 134)
and 547 (± 57) ms at T0, TF and TF+1 respectively).

Working Memory

In the working memory sub-task, the mean response time was 1570 (± 1127) ms at T0,
1237 (± 559) ms at TF and 1078 (± 635) ms at TF+1.

Shifting

For the last sub-task, we found a mean response time of 922 (± 610) ms at T0, 717 (±
172) ms at TF and 682 (± 112) ms at TF+1.
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Figure 9.10. Mean response time of each patient on the four tasks (Test of Attentional
Performance battery)

9.5 Discussion

This goal of this study was to investigate the coupling effects of HD-tRNS with cognitive
training through Covirtua on daily life task performance in brain-damaged patients. We
hypothesized that such active rehabilitation would increase task scores (whether clinical tests
or ecological tasks) over time. To investigate this question, five patients underwent a SCED
during twelve weeks. Their results on personalized objectives (ecological tasks - GAS) were
followed across three phases (A1: standard rehabilitation; B: active rehabilitation coupling
tRNS with Covirtua and A2: standard rehabilitation). Their results on executive function
tasks were followed across three sessions: before and after the active rehabilitation (T0 and
TF), and one month after (TF+1). Globally, our results partially support our hypotheses,
showing little to no evidence of active rehabilitation effects toward ecological tasks or clinical
tests.

9.5.1 A heterogeneous set of results

The strength of Single-Cased Experimental Design is to statistically validate the results for
each patient (Kratochwill et al., 2013; Krasny-Pacini et al., 2016). Here, we can see that
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the results are heterogeneous. For example, the patient 01 showed improvements in two out
of three objectives during the rehabilitation, and an increase in all executive function tests
with improved response time between T0 and TF (before and after the active rehabilitation).
In contrast, the patient 05 showed no significant improvement in all of his objectives, and
stagnated in the mean response time on the clinical tests.

These heterogeneous results highlight that this type of rehabilitation may be effective
with certain patients, but not with others. Multiple factors could be contributing, ranging
from the type of lesion (localisation, severity), the type of symptoms, the time elapsed since
the lesion, the social environment, etc. This study therefore shows the interest of taking into
account the individual evolution thanks to single-case study experimental design protocols.
Indeed, we have been able to highlight the contribution of such cognitive intervention for one
patient (P05), which would not have been possible in a group analysis. The SCED validation
however is complex, because it is not a group validation, we don’t expect the effects to be
global in this population. In the same time, in order for a researcher to argue in favor of
a given intervention, the effect must be observed in the three patients of the same cohort
to prevent from time confounding variable. If we can not change their injuries, it is maybe
possible to reduce the variability by using more objective, reproducible and reliable measures
such as electrophysiological ones.

9.5.2 No short-term effect vs. potential long-term effect

One striking result is that only two patients showed improvements in their Goal Attainment
Scale objectives in the short-term (two out of three objectives for patient 01, and one out
of three for patient 03). In total, only three objectives (out of fifteen) for all patients
showed improvements. This result compares the phase A1 with the phase B, and should
therefore emphasize the effect of the active rehabilitation (coupling tRNS and Covirtua).
Our results suggest that the chosen rehabilitation either (1) has too little or no short-term
effect, or (2) its effects cannot be detected with the chosen type of measurement (GAS) or
short-term measure. In contrast, a long-term effect can potentially be observed here, with
improvements in seven of the fifteen objectives of all patients when comparing the phase A1
with both phases B and A2. This suggests that either the global rehabilitation has an effect
on the patient’s ability to perform their daily living tasks, or that the active rehabilitation
(Covirtua + tRNS) effect is present but takes time to develop at the behavioral level.

One should also note that the five patients included in this study underwent the rehabili-
tation process during the global COVID pandemic crisis, as the inclusions took place between
September 2020 and May 2021. A potential role of this crisis on psychology have already
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been demonstrated, with increased anxiety, depression and trauma symptoms, especially in
individuals with pre-existing health conditions (Shevlin et al., 2020). Therefore, we cannot
exclude the role that this crisis could have played on the outcome of the rehabilitation on
certain patients.

9.5.3 The Goal Attainment choice

The fifteen Goal Attainment (three per patient) have been pre-selected by both patients and
practitioners as real-life tasks and objectives, and may not sufficiently involve the executive
functions supported by the targeted right dorsolateral prefrontal cortex (Imburgio & Orr,
2018). For instance, the "Laundry management" (objective 1 of the patient 06, see 9.6) is
less likely to recruit executive functions than the "concentration" (objective 3 of patient 01,
see 9.2).

As a consequence, it is possible that any potential effect may have been hidden because
the measures from the Goal Attainment do not specifically address the executive functions.
While the achievement of these objectives is invaluable for the patient’s quality of life and
autonomy, one should recognize their limits in terms of metrics. As presented in the first
contribution (5), a good metric for Single-Case Experimental Designs should be sensitive,
reliable and valid. Here, the achievement of these three criteria has been very difficult
to obtain prior to data collection from patients. Retrospectively, we can see that some
objectives were either not sensitive enough, with ceiling effects (e.g. "Managing a shopping
list" for patient 03, Figure 9.7); not reliable enough, with a high variability amongst phases
(e.g. "Managing emotions during a computer session" of patient 03, Figure 9.7); or may
not be valid as measuring the targeted executive functions (e.g. "Laundry Management" of
patient 06). This major limitation in psychometrics is intrinsic to this type of scale, but it
is a challenge that researchers will need to tackle when using the Goal Attainment Scale in
Single-Case Experimental Designs.

9.5.4 Limits and perspectives

A first limitation lies in the duration of the protocol, which lasted 12 weeks. As a consequence,
the stabilization of the Goal Attainment Scale scores is difficult to obtain (between 6 and 10
time point measurements for each phase). Furthermore, the active rehabilitation lasted for
four weeks (four times per week), which could limit the progresses that could be made by
the patients. Indeed, it has been shown, for instance, that distributed and spaced learning
is more effective than condensed learning (Son & Simon, 2012).

Another limitation when using this type of scale is the quality of feedback from patients or
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their caregivers. Indeed, some of these returns were sometimes of insufficient quality, making
it difficult to quote for the experimenter. In order to overcome this issue, a solution have
been proposed to facilitate the scoring by both patients and caregivers. These tools include
(1) setting up tables with tasks or actions to be performed; (2) sending SMS messages;
(3) the possibility of rating a patient behavior directly by the researcher by elaborating an
observable objective on the day of the evaluation.

This potential long-term effect is however difficult to interpret in the context of this study
because we cannot determine if this is due to the (1) transcranial random noise stimulation,
(2) the Covirtua training, (3) the coupling of the two previous one, or a placebo effect (see
specifically the "Hawthorne effect", McCambridge et al., 2014). Furthermore, even after the
active rehabilitation, the tRNS could have an effect by reconfiguring the way brain networks
interact with each other, which may not be immediately visible at the behavioral level, but
could be detectable later, much like the results of our previous contribution (section 8).
Here, we are limited in our interpretation by the absence of patients with a control phase
with only cognitive training and without tRNS. Noteworthy, a protocol in parallel has been
developed (but with no data yet) to specifically tackle this limit. In this latter protocol, the
active rehabilitation phase will consist of a training with Covirtua only (therefore not coupled
with tRNS). This protocol will be likely to provide some answers on this subject.

Notwithstanding these limits, this contribution shows interesting perspectives. Indeed,
EEG recordings were performed in these patients, and further analyses are planned to see
if metrics of a successful rehabilitation can be found. Such metrics may be obtainable with
different methods in EEG analyses, such as microstates or frequency analyses (Michel &
Koenig, 2018.

9.5.5 Concluding remarks

The results of these first two cohorts constituted of five patients show a contrasting effect of
the coupling effect of an HD-tRNS and Covirtua Cognition® on ecological tasks achievement.
Indeed, only one patient showed an improvement in short-term. These moderate results may
be due to either (1) the heterogeneous profiles of patients (which cannot be captured by
group analyses) or (2) limits in the report and psychometrics of the Goal Attainment Scale,
as well as the chosen objectives, which may only partially recruit executive functions. The
implementation of better tools and measures for the Goal Attainment Scale of future cohort
is planned, and is likely to improve. This will allow to clarify the effects of this intervention
on executive functions and on ecological tasks.
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General discussion
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CHAPTER 10

Discussion

In this chapter we will provide a summary of the project with the associated contributions
and results. This part is also the place to take a step back on the methodology as well as
the results obtained during this thesis. A final aim is to propose some lines of thought and
ideas for future works.
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10.1 Summary of the project and contributions

The contributions in this thesis aimed at answering two research questions: (1) how can
we predict human performance in a complex task? And (2) how can we improve human
performance in a complex task? The general discussion of this thesis will recapitulate how we
approached these two questions and what were our results. Besides the first methodological
contribution, two studies were associated with the prediction of human performance with
neuroimaging, and two others were associated with the improvement of human performance
with brain stimulation.

Our first goal was to select a "complex task" that should recruit executive functions
(Miyake et al., 2000; Friedman & Miyake, 2017). Based on the literature, we found that the
Space Fortress video game was of interest because the sub-tasks in this game are likely to
recruit three of the main executive functions, namely, the updating, inhibition and shifting, in
a global multitasking. In the first contribution (section 5), our objective was to validate the
use of a complex task (Space Fortress) and to report its psychometrics. Our results show
that this task is sufficiently sensitive to discriminate between participants, with no floor or
ceiling effects. Moreover, the participants’ performance follow a normal distribution, making
it suitable for further parametric statistical analyses. Our results also show that Space
Fortress is reliable, meaning that performance is relatively stable for a given participant,
whatever the time or the day it is assessed. Lastly, Space Fortress performance was found
to highly correlate with a global executive functions score measured from nine cognitive
functions tasks (Friedman et al., 2008), with an effect size of 80% (see Table 10.1). This
suggests that Space Fortress shows a high validity, and is dependent on global executive
functioning. This first study was mandatory as it validates Space Fortress as a semi-ecological
and complex task for other contributions of this thesis work.

Our second and third contributions addressed the topic of human performance pre-
diction. Our aim was to find neurophysiological markers of Space Fortress performance.
Here, we hypothesized that the brain intrinsic activity (i.e. at rest) would be able to predict
global performance on this task. Our second contribution (section 6) was built according
to EEG microstates, which measure the spatio-temporal dynamics of brain networks (Michel
& Koenig, 2018). We showed that the microstate D (associated with the executive con-
trol network) parameters at rest (mean duration) correlate positively with Space Fortress
performance. In other words, we were able to predict a significant part of Space Fortress
performance with a resting state neurophysiological measure of the brain’s spatio-temporal
activity. To our knowledge, this study is the first to report that EEG microstates predicts
complex task performance. In our third contribution (section 7), a similar approach was used
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with the functional connectivity extracted from fNIRS. We were able to demonstrate that the
intrinsic functional connectivity within the fronto-parietal network (whether at rest or during
the task) predicts a significant part of Space Fortress performance. The results of these two
contributions are consistent and expected since they both rely on the activity of the same
– fronto-parietal – brain network, albeit measured with two different type of neuroimaging
techniques (EEG and fNIRS). They show a moderate effect size (between 26 and 45% of
explained variance, see Table 10.1). These results are of importance for the neuroergonomics
field, as they open the door to applications in more complex – and closer to real life – tasks
such as piloting a plane. Indeed, the complementarity of the two brain investigation tools
(EEG and fNIRS) allow for future experiments, using fNIRS in more ecological settings (e.g.
measuring the pilot’s brain activity during a flight) as it is more robust than EEG for artifacts;
and using resting state EEG measures for training follow-up for instance.

Our fourth and fifth contributions addressed the topic of human performance improve-
ment. We hypothesized that a specific brain stimulation (tRNS; transcranial Random Noise
Stimulation) would improve complex task performance. This stimulation was performed
over the right dorsolateral prefrontal cortex, which is known to be a key region in executive
functions (Hanna-Pladdy, 2007; Jurado & Rosselli, 2007). In our fourth contribution (sec-
tion 8), we assessed the effect of different montages (sham vs. simple-definition tRNS vs.
high-definition tRNS) over the learning of the Space Fortress task during one week, with a
daily 20-min training, plus a long-term session one week after. We showed that the high-
definition tRNS group exhibited better results compared to the other two groups mainly on
the task performance retention (i.e. after the training was completed). In our fifth and last
contribution (section 9), we investigated whether an active rehabilitation coupling cognitive
training and HD-tRNS would improve performance in daily-living tasks for brain-damaged
patients. An additional originality of this contribution stands in the use of a Single-Case Ex-
perimental Design protocol to overcome the limitation of patient group study or case study.
These two experiments are the first to report the use of high-definition tRNS in the context
of complex (or ecological) task performance improvement. Our results are encouraging, al-
beit contrasted, with mild improvements in the long-run (between 7 and 13 % of explained
variance).

The table 10.1 summarizes the statistical results of our five contributions.
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10.1. Summary of the project and contributions

Table 10.1. Summary of hypotheses and statistical results of each contribution of this thesis.
Effect size (R2 or equivalent), p, and power are reported. Note that the contributions 1 and
2 share the same sample.

General Hypothesis Operational Testing Effect Size p Power
Contribution 1
(N = 9)

Complex task performance is related
to executive functions

Correlation between SF
score and EF score

.81 .002 .96

Contribution 2
(N = 9)

Neurophysiological data at rest pre-
dicts complex task performance

Correlation between MS C
occ and SF score

.04 .60 .08

Correlation between MS C
md and SF score

.27 .15 .31

Correlation between MS D
occ and SF score

.46 .045 .56

Correlation between MS D
md and SF score

.39 .072 .47

Contribution 3
(N = 32)

Neurophysiological data at rest pre-
dicts complex task performance

Linear regression between
FC of the FPN and SF score

.26 .005 .87

Contribution 4
(N = 61)

Brain stimulation increases short-
term complex task learning

ANOVA between groups and
short-term scores

.07 .112 .44

Brain stimulation increases long-
term complex task learning

ANOVA between groups and
long-term scores

.13 .020 .72

Brain stimulation increases retention
of complex task performance

ANOVA between groups and
retention scores

.13 .018 .73

Contribution 5
(N = 5)

Brain stimulation increases daily-
living task performance (short-term)

TAU-U for short-term effect .07* N/A N/A

Brain stimulation increases daily-
living task performance (long-term)

TAU-U for long-term effect .12* N/A N/A

SF: Space Fortress; EF: Executive Functions; MS: Microstate; occ: number of occurrences
per second; md: mean duration; FC: Functional Connectivity; FPN: Fronto-Parietal Network;
N/A: Not available; *the effect size has been calculated as an indication and represents the
average of the effect sizes on all patient’s objectives; bold: significant p-values (< .05) and
recommended statistical power (> .8).
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10.2 How complex task and human performance were addressed

10.2.1 What is a complex task?

A first element of discussion stands in the nature of the "complex task": which task can
be defined as complex? In this thesis, we have chosen to address this question from a
psychological perspective, to define a complex task as a task that necessarily recruits high-
level cognitive processes. With this approach, and based on the literature (section 2.1), we
have emphasized our focus on three of the main executive functions : inhibition, updating
and shifting. These cognitive processes have been defined through factorial analyses as
being highly recruited when dealing with "novel and complex tasks" (Miyake et al., 2000;
Friedman & Miyake, 2017). Indeed, the major strength of this model is that it is a statistical
model based on empirical data. However, the tasks (empirical data) have been selected to
specifically highlight these three cognitive functions. Therefore, we know – and Miyake et al.
(2000) do not hide from it – that this model is incomplete and does not take into account
all the executive functions, like reasoning and planning (Diamond, 2013) for instance. In this
thesis, we showed that Space Fortress performance was highly correlated with performance
on a global score of executive functions using tasks from this model. By means of simplicity,
we used "complex task" for Space Fortress, but further investigations should be undertaken to
see how performance in this task correlates with other cognitive functions such as planning
or reasoning. The goal of the future study (Registered Report, see annexes B) with 140
participants is also to provide answers on the organization of executive functions amongst
the Space Fortress sub-tasks. We will indeed be capable of determining if specific sub-tasks
(e.g. capturing bonuses) are associated with specific executive functions (e.g. updating)
with sufficient statistical power.

Besides, one should acknowledge that Space Fortress complexity is nowhere near the
complexity of some ecological tasks, such as flying a plane. Indeed, Space Fortress can be
learned in 10-minutes and mastered in a few hours of training (Boot et al., 2010), while
piloting a plane, may require months or years to learn and master.

In summary, Space Fortress has been used as a "complex task" as described in the
literature (Mané & Donchin, 1989; Boot et al., 2008, 2010; Lee, Boot, et al., 2012). Some
may find this name rather ambitious, and we are aware that it has to be used in a parsimonious
way, hence the use of Space Fortress as a "simple" model of complex task. Nonetheless, it is
a first step toward real life complexity as main executive function evaluation tasks are usually
less complex than Space Fortress and rely on laboratory tasks that often measure specific
cognitive functions in a non-dynamic way (Figure 10.1).

Our results remain encouraging, and offer many perspectives both in terms of improve-
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ment or prediction of performance in more complex and ecological tasks, coupled with brain
investigative tools.

Red

Stroop Space Fortress Piloting

Increasing task complexity

Figure 10.1. Increasing in task complexity from left to right. Left: example of a typical
laboratory task (Stroop) measuring one specific executive function (inhibition) in a non-
dynamic setting (stimulus-response). Middle: The chosen dynamic task (Space Fortress)
relying on global executive functions as demonstrated in this thesis. Right: example of
a complex and ecological task (Piloting an airplane) requiring the interaction of multiple
cognitive and executive functions in a dynamic way, which are yet to be studied in detail.

10.2.2 What is human performance?

Human performance is an important part in human factors domain. Indeed, in certain
professions (e.g. surgeons, airplane pilots, power plant operators), poor performance can
increase the risk of errors, which could in turn have an impact on human life, finances,
politics, etc.

In this thesis, we choose to approach performance in the Space Fortress task with a
global score. This global score was calculated as the sum of the scores on the four sub-
tasks (to destroy the fortress, to destroy mines, to capture bonuses and to fly). Therefore,
this score reflects a global measure of performance in this task. Yet, performance can be
decomposed into several parts and some questions have been tackled in this thesis, which
are not presented in the contributions for the sake of clarity.

(1) What about the strategy? In Space Fortress, multiple strategies can be found during
the learning. Some participants explore the game more than others, making them more
likely to find successful strategies through trial and error. This has been defined as "strategy
discovery" (Destefano & Gray, 2016). A global score does not take into account this strategy
discovery, as it is blurred in averaged data. This is an important point, as finding new
strategies or "thinking outside the box" is part of high-level cognitive functions, and has

164



Chapter 10. Discussion

sometimes been termed "mental flexibility" (Ionescu, 2012). The latter is thought to be
important when dealing with novel tasks and novel situations. For example, in Space Fortress,
a player can have a similar score by following two different strategy (e.g. flying slowly near
the fortress vs. flying rapidly in the borders of the environment) that would lead to the same
amount of destructed mines and fortress, and captured bonuses. Such information is not
reflected in the averaged data. In the same vein, the prioritization of the sub-tasks needs
to be addressed. The question of prioritization is often central when performing complex
tasks, and is dependent on information presentation (Valéry, 2017). When we presented
the Space Fortress task to the participants, instructions were given that the best option was
to perform all tasks all together without prioritization. Yet, we know from the scores that
some participants prioritized specific sub-tasks (e.g. Space fortress destruction over mine
destruction). Here again, a global score does not take into account the prioritization, as it
is possible to obtain the same score by following different strategies’ of prioritization.

Participant 1
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Figure 10.2. Score per minute (SPM) of two different participants during a 10-minute Space
Fortress game, with a 1-second sliding window. Raw data (thin line) with the associated
polynomial regression (bold line) are plotted for each participant. Even though the two
participants have similar global score (4483 vs. 4605), we can see that the participant in red
has a huge drop of performance during the task, in contrast to the participant in blue whose
performance is more stable.

(2) What about the task dynamics? Because the SF game sessions are dynamic and lasted
several minutes in our experiments, it is likely that the participant’s performance fluctuated
with time. A global score does not take into account this fluctuation. To overcome this limit,
the score per minute (SPM) can easily be computed. With our data, we can, for example,
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highlight two different profiles of performance in two participants (stable vs. fluctuating)
leading to equivalent global performance; see Figure 10.2. This point is an important one
in human factor, since such fluctuation is expected in more ecological and complex tasks.
For instance, the assessment of flight performance in pilots is difficult. Some may measure
it in terms of outcome (successful landing vs. crash, or error vs. no error) which cannot
be a sensitive measure (not continuous). Furthermore, research in the field have shown
that a crash is often if not always a succession of multiple errors (see the Swiss cheese
model, Reason, 1990). Other continuous metrics have been developed, such as flight path
deviations (sum of angular deviations from flight path, see Causse, Dehais, Arexis, & Pastor,
2011; Causse, Dehais, & Pastor, 2011). Yet, much like the global score in Space Fortress,
this metric is global and does not necessarily take into account the dynamics in performance.

(3) What about the sensory motor processes? In our approach, we described that complex
task performance rely on high-level cognitive functions such as the executive functions. Yet,
there are, at least, two more processes in the loop, at the beginning and at the end: perception
and motor actions. For example, another way of measuring performance may be achieved
through the number of Action Per Minute (APM). As shown in the Figure 10.3, the number
of APM is highly correlated (r = .7) with the score per minute in Space Fortress. APM is
often used as metric in the context of competitive video game, which is thought to reflect
expertise. To put it simply, the higher the participant’s APM, the higher the score. In the
Space Fortress task, the cap seems to be around 250 APM, which would be associated to
a around 3000 points per minute (Figure 10.3). This correlation is not surprising and can
be interpreted with the Perception Action Cycle. This cycle contains (1) the perception of a
stimulus; (2) the underlying cognitive processes to treat the stimulus (which can be described
as a "black box"); and (3) the motor response. For example, in a highly competitive video
game (Starcraft II1), it has been demonstrated that the Perception Action Cycle was faster
as the player’s ranking increased (Thompson et al., 2013). Indeed, highly-skilled players
were found to have more Perception Action Cycle than average or lower-skilled players.
Professional players are often found to have on average 300 APM with peaks around 600
during the most intense episodes. In another domain, expert skill in music can also be
associated with high number of action per minute. For example, some piano pieces can
only be performed by professionals, and may require to produce up to 1,800 keystrokes per
minute (e.g. 11th variation from the 6th Paganini-Etude by Franz Liszt, Münte et al., 2002).
Therefore, the APM may be considered as an interesting way to measure human performance
in dynamic tasks, which should reflect the ability of an individual to treat a stimulus and
provide a response. However, there are some drawbacks of this metric: the associated motor

1https://starcraft2.com
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action (response) may (1) be duplicated or repeated more than necessary; (2) may not be an
adequate answer or (3) may be learned by procedural memory and would not be dependent
of a stimulus per se (e.g. playing piano by heart). In conclusion, this metric should only
serve as a complementary measure from other metrics.

r = .7, p <.001
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Figure 10.3. 2D Density plot between the Score Per Minute and the Action Per Minute for
the last session in the tRNS study (61 participants × 540 time-windows (10 min with 1 sec
step between windows)).

In summary, Space Fortress was chosen for this thesis as a complex task because "simple"
metrics could be extracted to measure performance on it. However, after these experiments
and discussion, we can see that the measure of complex task performance is indeed complex.
Having one global score is certainly an interesting solution, but it does not account for all
actions and processes. This problematic is not specific to Space Fortress, and performance on
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more complex and ecological tasks are likely to present the same issues. Further discussions
in the human factor community may help to tackle this important issue, especially if one
want to have a measure of "human performance" on complex tasks. Indeed, there is room
for improvement in the research of human performance metrics in complex tasks. An ideal
performance metric should be able to reflect drops in performance which are likely to be
related to human errors. Such measure should also be sensitive, reliable and valid as presented
in the first contribution (section 5). Because such measure may be difficult to find in the
behavior only, another interesting way to approach this may be through neurophysiological
measures. This lead will be discussed in the next section.

10.3 How can we predict human performance in a complex
task?

Now that we have clarified how we have approached the question of the complex task and
human performance, we can turn to the first question addressed in this thesis: how can we
predict human performance in a complex task?

In this thesis, we choose to address this question with neuroimaging measures during a
resting state. The basic idea behind is that, much like athletic performance can be partially
predicted by the skeletal muscle (Gollnick & Matoba, 1984), complex task performance can
be predicted by resting brain activity. To test this hypothesis, we choose to rely on two
neuroimaging tools that are complementary: EEG and fNIRS, each measuring a different
neurophysiological signal in the brain - electrical activity of neurons for the EEG, and blood
oxygenation related to brain activity for the fNIRS. By using EEG microstate analyses (i.e.
prototypical topographies), we were able to obtain the spatio-temporal dynamics of certain
brain networks. By using fNIRS functional connectivity analyses, we measured the global
connectivity of a network associated with executive functions: the fronto-parietal network.

Complementary results were observed through these two studies. Indeed, in the first one,
we found that the microstate D mean duration at rest correlated with global performance in
the Space Fortress task; in the second one, we found that the global functional connectivity
of the fronto-parietal network at rest was associated with global performance in the Space
Fortress task. Therefore, we can confidently draw a bridge between these results: there is
association (correlation or regression) between resting state neurophysiological measure and
global performance in a complex task (Space Fortress). Furthermore, we now argue that
these two results are just two sides of the same coin. Some results in the literature seem
to be in line with this interpretation. Indeed, two independent studies using simultaneous
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EEG-fMRI at rest found that the microstate D has been associated with the fronto-parietal
network (Michel & Koenig, 2018). In the first one (Britz et al., 2010), they first used
a classical microstate approach with a k-means clustering to obtain the microstates (see
section 4.3.1). Then, they convoluted the time course of the microstates with the BOLD
signal in each voxel through a general linear model (GLM) to obtain the BOLD activation
pattern associated with each microstate. Finally, they correlated this activation pattern with
resting state networks using independent component analysis (ICA). This latter analysis
revealed that the four microstates are associated with specific resting state networks. Most
importantly, in our case, they found that the microstate D was associated with the fronto-
parietal network. In the second study (Custo et al., 2017), a source localization analysis was
performed using resting state topography source analysis (for details, see Custo et al., 2014).
The authors have found that the microstate D was most associated with activation in the
right inferior parietal lobe (BA40) and the right middle and superior frontal gyri. These areas
are comprised in the fronto-parietal network. The summary of these findings can be found
in the Figure 10.4.

To go further, we could hypothesize that the mean-duration and number of occurrences
of the microstate D are directly associated with the global functional connectivity of the
fronto-parietal network. Such hypothesis could explain our two complementary results. It
would also make sense on a physiological level: the prolonged and synchronous activity of the
neurons from the fronto-parietal network (i.e. more occurrences and longer duration in the
microstate D) would necessitate higher blood oxygenation in these areas, which would result
in a higher functional connectivity in the global network. Such hypothesis could be directly
tested by performing concomitant fNIRS and EEG recording coupled with the methods used
in this thesis. To our knowledge, such a study coupling fNIRS functional connectivity and
EEG microstates has never been carried out.

In the light of our two contributions, it appears that intrinsic functional organization of
the fronto-parietal network is a predictor of the executive functions, that are likely to be
involved in complex task performance. Indeed, the activity of this network at rest (measured
by either EEG or fNIRS) has been shown to be a significant predictor of the upcoming task
performance (between 26% and 45% of explained variance). To our knowledge, this is the
first time that EEG microstate parameters at rest are found to predict performance in such
a complex task. In addition, whether at the millisecond (EEG) or the second (fMRI, fNIRS)
levels, this prediction seems to be reproducible across subjects, studies and brain imaging
methods.

This robustness, coupled with the ease of acquisition, makes these predictive markers from
resting state good candidates for the evaluation of performance in complex tasks, whether for
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Chenot et al. (2021) 

Custo et al. (2017) 

Britz et al. (2010) 

Microstate D (EEG) Montage used in our fNIRS study 

x = 44 z = 44 y = -40 

Associated fMRI sources 

Associated fMRI brain network 

Figure 10.4. On the left side, comparison of the microstate D obtained in this thesis with
two other studies (Britz et al., 2010; Custo et al., 2017). We can see that topographies of
the microstates D are very similar across studies. On the right side, the latter studies have
coupled fMRI with EEG, and have used different methods to obtain either the brain networks
or the brain sources of the microstate D, corresponding to the fronto-parietal network. On
the upper right is the depiction the fNIRS montage used in this thesis, showing that the
fronto-parietal network was targeted (note that it represents the path of photon through the
brain areas (i.e. the sensitivity map), which should not be confused with brain activity).
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training/rehabilitation follow-up or as an additional factor for individual selection purposes.
Finally, a major perspective in human performance evaluation, could be the transfer of our
results to other complex and more ecological tasks. Our findings open up the possibility
to extract similar and relevant neurophysiological measures in real life situations. Further
investigations, trying to predict more complex tasks such as flying an aircraft or performing
surgery, can be envisaged with little adaptation. Such study could also couple these potential
neurophysiological measures with behavioral measures in a model to increase the part of
predicted variance.

10.4 How can we improve human performance in a complex
task?

The second question in this thesis was about improving human performance in a complex
task. We have chosen to address this issue through the concomitant use of cognitive training
and brain stimulation – the transcranial random noise stimulation – on a fundamental level
(healthy participants) and clinical domain (dysexecutive brain-damaged patients). Our results
on this question are contrasted, at least, with the experimental paradigms and measures used
in our experiments. Indeed, our results show that cognitive training coupled with tRNS has
an effect on performance that is either small or non-existent in the short term, and small to
medium in the long term.

Indeed, we showed in both healthy participants and brain-damaged patients that this
type of training do not significantly improve performance or learning rate in the short-term,
whether in complex tasks such as Space Fortress, or in ecological tasks such as managing
a shopping list. This was obtained after 60 minutes (3 days × 20 min) of stimulation in
healthy participants, and 320 minutes (more than 5 hours: 4 weeks × 4 sessions × 20 min)
in patients. So, a first element of response that could explain this absence of short-term
effect may be due to the short experimental time. By comparison, training studies that have
used Space Fortress are usually between 10 and 30 hours of training time (Gopher et al.,
1994; Blumen et al., 2010; Voss et al., 2012).

However, our results indicate a potential long-term effect of the tRNS on task perfor-
mance that is subtle to understand. The main expectation in cognitive training is to observe
an effect on the learning rate or a pre-post comparison, which was not the case here. A
significant retention effect has been found in the healthy population, however. This suggests
that a first effect of the HD-tRNS over the right DLPFC is to promote the maintenance
of what has been learned instead of enhancing learning itself. Moreover, the strength of
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this observation lies in the fact that it has been achieved with only 3 sessions of a 20-min
stimulation.

A long-term effect can also be found in the patient sample, with an improvement on 7
out of 15 objectives (performance on daily-living tasks). However, these moderate results
are difficult to interpret, as potential confounding variables may be at cause. For example, a
normal recovery effect (i.e. global effect of rehabilitation non-necessary due to the coupling
tRNS and covirtua) such as the "Hawthorne effect", which is an effect of being taken care of
(McCambridge et al., 2014). One should also note that the chosen measure (Goal Attainment
Scale objectives, Krasny-Pacini et al., 2016) were real life tasks (e.g. managing laundry,
planning errands, etc.) which may not necessarily be sensible, reliable or valid. Therefore,
these objectives could not be an ideal measure of the executive functions targeted by this
protocol, making the interpretation of these results all the more difficult.

The contrasting results in these two studies may also be explained by methodological
differences. Indeed, we measured performance on the same task (Space Fortress) in the
healthy sample while we measured performance on non-trained tasks (to validate a transfer
effect) in patients. As a matter of fact, the latter were trained by coupling Covirtua with
tRNS and were evaluated in various daily-living tasks (following a recipe, managing groceries,
mailbox management, etc.). Unfortunately, it was not possible to evaluate the effect of tRNS
over Covirtua score because of the SCED design that necessitated to use Covirtua only during
the intervention phase (i.e. phase B). Future studies with patients should have a measure
on the same trained task, as well as on another task to measure potential transfer effects. A
project is currently developed in order to assess the performance in the task that is going to
be trained, without training it. For instance, a brief (e.g. less than one minute) evaluation in
Covirtua in the baseline phases (i.e. phases A) could provide such relevant behavioral data.
In addition, we plan to use neurophysiological markers (EEG microstates) as a supplementary
objective performance measurement.

Besides these methodological points, several neural mechanisms could explain the poten-
tial retention or long-term effect found in both of these studies. Either long-term potentiation
(LTP) mechanisms (Bliss & Collingridge, 1993; M. A. Nitsche et al., 2009) or stochastic reso-
nance (Fertonani & Miniussi, 2017) could explain these results, these two phenomena being
not mutually exclusive. The LTP is a long-lasting strengthening of the synapses of two
neurons that were previously active (Hebbian law). By modifying the threshold of action
potential, the tRNS could have increase the LTP mechanisms, which would have resulted in
a better maintenance of the previously acquired skills in the Space Fortress task. Stochastic
resonance is another mechanism, based on the inducement of noise in the neurons that forms
the brain networks. Such noise would maximize the activity of these networks, which would
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have resulted in neural plasticity. While these interpretations are interesting, one should note
that we were not able to measure these phenomena, either by brain imaging (e.g. EEG or
fNIRS) or by electrophysiological measures (which would not have been possible in a human
centered study).

To summarize, our two studies show small to no effect in the short term (6 to 7% of
explained variance), and small to moderate effect in the long term (12 to 13% of explained
variance). One should note that these results are in line with the brain stimulation literature,
often offering contrasting results (Elmasry et al., 2015), although with other types of stimu-
lation (e.g. transcranial direct current stimulation). Overall, our results should be considered
as promising, as they are the first to demonstrate a potential long-term and retention effect
of the HD-tRNS in complex task, which has not been investigated before.

In terms of perspectives, future studies should consider to increase training and stimu-
lation time as well as sample size, although these are difficult in practice. Indeed, judging
from our results, it seems that an increased training time in the healthy sample would have
induced a better learning effect for the HD-tRNS group. Furthermore, this study can be
considered as a low to moderate sample statistical power despite the overall work that has
been achieved. Indeed, this study took around two years to be fully completed (the Covid-19
pandemic having had its share of responsibility), and included 61 participants (around 70
taking into account exclusions) who performed a one week-training program (20 minute per
day), plus a long-term session one week after. This accounted for 396 participants visits,
resulting in around 300 hours of acquisition and experimental time when counting annexes
activities (questionnaires to complete, installing and cleaning the cap, etc.).

A word on tRNS safety and ethics

Ethics around the use of tRNS (and brain stimulation in general) should also be part of a
discussion between researchers in the domain. The use of brain stimulation techniques, such
as tDCS and tRNS, is not without consequences. That is why safety and methodological
standards have been developed for the use of these techniques in the research community
(Bikson et al., 2016; Polania et al., 2018). Furthermore, there are ethics committees whose
role is to judge whether research using brain stimulation is relevant and safe for a specific
experiment. As a consequence, the use of these tools are heavily regulated in academics.
For example, in our case, we needed to have a designed physician in the vicinity of the
experiments, as well as first-aid attendants on the campus in case of an undesirable event.
The stimulation parameters were also defined based on previous works, at doses that are
considered as safe (less than 1 mA). Unfortunately, such regulation is not available in the
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public domain, leaving people to themselves, usually with Do-It-Yourself devices (Wexler,
2016). This could lead to inexperienced individuals using poorly the devices, with stimulation
parameters outside of scientific knowledge, leading to unknown consequences, whether it be
positive or negative. That is why we advocate that science has a responsibility in the
acquisition of knowledge regarding these consequences on physical, mental health, and on
behavioral performance ("neuroenhancement" is an often used term in the public domain,
see Wexler, 2017).

In our experiment, certain participant showed some concerns and reported unpleasant
feelings or sensations after being stimulated. It is also interesting to note that some of
these participants were in the sham group (retrospectively, as it was double blinded), with
no stimulation, showing the powerful psychological impact that this tool can have. In terms
of potential physical effects, a recent review showed that no serious adverse effect of tDCS
or tACS have been reported (Matsumoto & Ugawa, 2017). Furthermore, an MRI study has
shown that tDCS does not induce brain edema, alteration of the blood-barrier or cerebral
tissue 30 to 60 minutes after the stimulation (M. Nitsche et al., 2004). However, the
(repeated or not) use of these stimulation techniques may cause some small to mild effects
compared to sham or placebo groups – as sometimes reported by our participants. These
effects are for the most part temporary and include tingling, itching, burning and pain. To
specifically evaluate these adverse effects, a questionnaire has been developed in the literature
(Brunoni et al., 2011) and has been used in this thesis. It should also be noted that, for
most participants, the use of tES is highly accepted and tolerated (Poreisz et al., 2007;
Aparício et al., 2016). That being said, some researchers show some concerns about the fact
that adverse effects may be unreported or not measured. For example, the previous cited
questionnaire is mainly about physical symptoms, and almost no psychological symptoms
(except fatigue and difficulties in concentration) are evaluated. Our recommendation is that
further research should place more emphasis on the potential psychological adverse effects
that may be caused by stimulation techniques (stress, anxiety, depression, concerns), and
possibly propose an extension and validation of the above-mentioned questionnaire.

Besides, another point to discuss is that it seems generally more accepted to use brain
stimulation on a "diminished" brain than to use it on a "healthy" brain – at least in France
(see for instance the French report of the ethic committee about neuromodulation Larrieu,
2016). This can be comprehensible by judging the benefit/risk balance, but it seems to
pose a problem because the targeted organ is the brain. Indeed, the use of tools to modify
the structure and activity of other organs, such as muscles are well more accepted (e.g.
following a specific diet coupled with sports training in order to increase muscle mass and
sport performance). This question should however be central, both in research and in society,
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at a time when "neuroenhancement" is starting to be known by the public. Indeed, if future
works replicate our results, and show that the tRNS is indeed able to improve performances
and decrease human errors (and thus potentially save lives in high-risk systems), the reasons
to use or not to use this tool should be clear. However, only science can provide substantial
responses to the effects of brain stimulation on physical and psychological health, as well as
on task performance, showing once again the responsibility of researchers in this field.

Taken together, these concerns certainly highlight that the research community (as well
as the society) still has a number of issues to resolve in terms of safety and ethical challenges
about the use of brain stimulation in the scientific or commercial context.

10.5 Limits, perspectives and recommendations

The major limit of the sample size has been discussed for each contribution. The sample size
of the contributions are the following: 9 (contribution 1 and 2), 32 (contribution 3) and 61
(contribution 4) healthy participants; and 5 patients (contribution 5). Small sample size is an
issue in psychology and neuroscience (Button et al., 2013). For example, a replication of 100
psychological experiments showed that up to 65% of the results were not reproducible, and
the reproducible results had lower effect size (Collaboration et al., 2015). The lower sample
size is though to be a major cause of this low reproducibility, as it increases type-I statistical
errors (i.e. a false positive, that is finding a significant effect in the sample that is not present
in the population). A recent study estimated the statistical power of neuroscience studies to
be between .08 and .31 (Button et al., 2013). A power analysis in our contributions revealed
that it is comprised between .08 and .96 (average = .57, see table 10.1). Such average power
is better than the literature, but still insufficient to reach the recommended threshold of .80
(Button et al., 2013). Besides low power, other questionable practices (harking, p-hacking,
lack of data sharing) can also increase the probability of false positives as described in the
Figure 10.5. Such research may be problematic, ethically speaking, as it can be considered
as inefficient and wasteful. That is why we tried to be as rigorous as possible in our various
contributions.

Fortunately, more and more tools are being developed to deal with this crisis of repro-
ducibility (Nuzzo, 2015; Hollenbeck & Wright, 2017; Poldrack et al., 2017; Wicherts et al.,
2016). As an example, Registered Reports are a type of scientific article that will be submit-
ted twice. First, only the idea and the study design (introduction and full methods parts)
will be submitted and peer-reviewed (but with no acquisition, results or analyses). A second
submission will be proposed after having performed the acquisitions, analyses and interpre-
tation (results and discussion parts). The first submission will allow an in-depth review of
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the relevance of the project, methods (hypotheses and statistical power). If this first step is
accepted, the paper will received the In-Principle Acceptance, meaning that the paper will
be published in phase-2 if the authors follow their predetermined plan of recruitment and
analyses. Such scientific articles have recently found to outperform in quality the standard
publishing model in no-less than 19 criteria (novelty, creativity, rigor of methodology, anal-
yses, overall paper quality, etc., see Soderberg et al., 2021 for details). In this thesis, we
were able to produce a Registered-Report available in annexes, which has been validated as
an In-Principle Acceptance from the Cortex journal (Annex B). This Registered-Report is an
extension of the first and second contribution and will allow for a much more comfortable
statistical power (140 participants are planned for 2022).

Figure 10.5. The virtuous circle of science, showing the hypothetico-deductive model of
the scientific method. In red, we can see some questionable research practices such as
lack of replication, low statistical power, p-hacking, HARKing (Hypothesizing After the
Results are Known), publication bias and lack of data sharing (for details, see Nuzzo, 2015).
The Registered Reports offer different types of solutions highlighted in green to counter
these questionable research practices (Modified from https://www.cos.io/initiatives/
registered-reports, details & workflow tab).
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CHAPTER 11

Conclusion

The present thesis work, conducted at the ISAE-SUPAERO, aimed to answer two questions:
"Can we predict human performance on a complex cognitive task with neurophysiological
measures?" and "Can we improve human performance (in healthy participants and brain-
damaged patients) on complex or ecological tasks with brain stimulation?"

We demonstrated in two experiments that the intrinsic brain activity of the fronto-
parietal network could predict a significant part of the overall performance in a complex task.
These two contributions provided converging results, although using different neuroimaging
techniques (functional near infrared spectroscopy and electroencephalography) and meth-
ods (functional connectivity and microstates). These elements lead us to state that the
fronto-parietal network activity could be a privileged target – as a brain marker – to predict
even more complex and ecological task performance (e.g. flight performance in a plane),
or human errors. These results are promising in the context of neuroergonomics, where the
human error/performance prediction is a major topic. Experimental protocols following the
work of this thesis are now being developed to predict flight simulator performance in pilots,
based on the brain markers identified in this thesis.

Our second line of investigation focused on improving task performance through protocols
coupling cognitive training with brain stimulation, in healthy participants and clinical patients.
Although our works require replications, our results are nonetheless promising. The use of
a certain type of stimulation – high-definition transcranial random noise stimulation – could
thus prove to be an excellent way to improve human abilities in healthy people, allowing for
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better performance and better resistance to errors; or allowing for a better recovery following
brain-damage, with better prognosis regarding autonomy in these patients. However, ethical
discussions must also take place within the scientific community regarding the regulation and
use of these tools.

Finally, our pioneer work on the search for intrinsic markers of complex task performance,
or the use of transcranial random noise stimulation, opens the fields of possibilities to predict
human errors based on neural markers or improve training and rehabilitation. These could
have a considerable impact in many high-risk systems and professions (e.g. airplane pilots,
air traffic controllers, power plant managers), and could save human lives in the long run, or
improve significantly the quality of life in brain-damaged patients.
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CHAPTER 12

Contexte théorique

12.1 Introduction

De l’invention de l’écriture à la détection des ondes gravitationnelles en passant par l’élabora-
tion d’outils ou de théories scientifiques complexes, l’être humain est capable de grands
accomplissements. Toutes ces inventions et accomplissements nécessitent une caractéristique
unique et commune, particulièrement reconnaissable chez l’espèce humaine : des processus
cognitifs de haut niveau tels que les fonctions exécutives. Il s’agit d’un ensemble de processus
cognitifs qui nous permettent de nous adapter à un environnement en constante évolution
et de résoudre des problèmes complexes.

Or, un excellent fonctionnement exécutif est important dans certaines professions où les
personnes doivent accomplir des tâches complexes (par exemple, piloter un avion ou gérer
une centrale nucléaire). En effet, des recherches récentes en neuroergonomie ont montré
que les opérateurs peuvent, dans certaines situations, commettre des erreurs de décision en
raison d’une altération temporaire des fonctions exécutives. Des facteurs contextuels tels
que la pression temporelle, les conflits ou une charge de travail élevée peuvent interférer avec
les fonctions exécutives. Il est désormais reconnu que les interférences dans ces processus
cognitifs lors de situations critiques sont la cause principale de nombreux accidents dans
les systèmes à haut risque, avec des pertes financières et humaines qui en découlent. Il
est donc nécessaire de continuer à améliorer la prédiction de la performance des tâches
complexes chez les personnes en bonne santé, notamment dans ces contextes opérationnels.
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En effet, la prédiction de l’efficacité cognitive est d’une importance cruciale, car elle permet
de mieux adapter les systèmes aux humains. Par exemple, si l’on est capable de prédire
l’état de l’opérateur, on peut adapter la quantité d’information qui lui est présentée, afin de
réduire/augmenter la charge de travail pour obtenir un niveau de performance optimal. En
outre, et de manière complémentaire, il est nécessaire d’améliorer la formation des opérateurs,
afin de réduire ces interférences.c’est-à-dire

En dehors des environnements complexes, et sans même parler de haute performance,
le maintien d’un bon contrôle exécutif est essentiel pour la mise en œuvre des fonctions
cognitives nécessaires dans la vie quotidienne. Ainsi, les patients souffrant d’un syndrome
dysexécutif (c’est à dire une altération des fonctions exécutives), dû à une lésion cérébrale,
sont souvent incapables d’effectuer les tâches les plus simples de la vie et peuvent être
dépendants des proches et du personnel hospitalier. Un moyen d’aider ces patients à se
rétablir est la rééducation cognitive, qui peut inclure une évaluation neuropsychologique (pour
cibler les fonctions altérées), une ergothérapie et un entraînement cognitif. Cette rééducation
montre cependant certaines limites, avec parfois des améliorations dans les tâches entraînées,
mais peu d’effets de transfert dans la vie quotidienne.

Cette thèse est basée sur ce double constat, à la fois chez les opérateurs et chez les
patients dysexécutifs. Il vise à élaborer de nouveaux paradigmes afin de (1) prédire la perfor-
mance comportementale dans des tâches complexes qui impliquent les fonctions exécutives
; et (2) mieux entraîner les personnes dans des tâches qui requièrent des fonctions exéc-
utives dans la population saine et clinique. Les objectifs et les méthodes développés dans
cette thèse sont directement inspirés par les neurosciences cognitives, la neuroergonomie, les
domaines cliniques et aéronautiques.

12.1.1 Facteurs humains en aéronautique

Le pilotage d’un avion requiert de solides compétences et habiletés de la part d’un pilote.
À titre d’exemple, lors d’une phase d’atterrissage typique, un pilote doit souvent effectuer
du multitâche avec plusieurs tâches à réaliser en parallèle. Celles-ci incluent de manière non
exhaustive : le contrôle et la maîtrise des paramètres de vol de l’avion (vitesse, altitude, cap,
taux de descente, alignement avec le plan de vol), l’exécution de la procédure d’atterrissage
avec différentes check-lists, la configuration de l’avion (sortie des volets et du train, armement
des différents freins et aérofreins) et la communication avec le copilote et les contrôleurs
aériens. Par conséquent, la capacité à exécuter correctement de telles tâches doit constituer
un élément important, tant dans la sélection des pilotes que dans l’apprentissage de cette
profession. Ceci est d’autant plus important que les pilotes ont une certaine responsabilité et
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peuvent avoir des centaines de vies sous leurs ailes ainsi que du matériel onéreux. Pour ces
raisons, la sécurité aéronautique est l’une des principales préoccupations des constructeurs et
des compagnies aériennes, car un crash peut fortement influencer la rentabilité commerciale
(voir la récente crise de Boeing avec le 737 max).

Historiquement, le nombre de crashs a considérablement diminué depuis la standardi-
sation de l’aviation commerciale dans les années 50. Le taux annuel d’accidents mortels
est ainsi passé de 40 par million de départs en 1959 à moins de 0,4 par million de départs
aujourd’hui. Cette réduction drastique a été rendue possible grâce aux améliorations et aux
progrès incroyables réalisés dans la conception des systèmes des avions (voir Figure 1.1).

Cependant, malgré ces progrès, il y a toujours des crashs qui coûtent des vies humaines.
À titre d’exemple, dans l’aviation commerciale, la décennie 2010-2020 a connu un total de
347 accidents, dont 46 mortels. On estime qu’environ 57% de ces accidents sont dus à des
erreurs de pilotage au cours de cette décennie, ce qui est supérieur aux 49% enregistrés depuis
les années 19501, voir figure 1.2. Ces erreurs de pilotage ont été classées par catégories et
comprennent de manière non exhaustive : le respect d’une procédure inappropriée, le vol à
vue (VFR, Visual Flight Rules) au lieu du vol aux instruments (IFR, Instrument Flight Rules),
le vol contrôlé vers le relief, une vitesse d’atterrissage excessive, le manque de carburant et
les erreurs de navigation. Pour faire face à ces situations, des efforts ont été déployés afin
d’évaluer correctement le fonctionnement exécutif et de l’améliorer chez les pilotes. Par
exemple, les techniques de formation sont actuellement basées sur les simulateurs de vol.
Cependant, elles restent insuffisantes, car elles sont basées sur une connaissance finie des
événements qui ont conduit à l’incident, alors qu’un incident est souvent lié à une conjonction
de facteurs défavorables qui ne se sont jamais produits. Par conséquent, il est nécessaire de
continuer à améliorer la compréhension des habiletés humaines afin de mieux les prédire, et
d’améliorer les formations dans des contextes opérationnels.

L’un des principaux objectifs de cette thèse s’inscrit directement dans cette affirmation.
En effet, notre objectif était d’accroître nos connaissances sur les marqueurs cérébraux po-
tentiels permettant de prédire la performance dans une tâche complexe, et de proposer de
nouvelles méthodes d’entraînement utilisant la stimulation cérébrale chez des participants
sains.

12.1.2 Patients atteints du syndrome dysexécutif

D’autre part, les patients avec des lésions du lobe frontal peuvent présenter des troubles des
fonctions exécutives. Ces patients rencontrent le plus souvent une diversité de symptômes,

1http://www.planecrashinfo.com/cause.htm
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qui sont regroupés sous le terme clinique de "syndrome dysexécutif". Les handicaps associés
peuvent compromettre leur qualité de vie avec une perte d’autonomie et une dépendance
vis-à-vis des autres personnes. Il a été décrit que les patients atteints de ce syndrome peuvent
avoir des difficultés à réaliser les activités de la vie quotidienne qui nécessitent un certain
degré de fonctions exécutives, comme cuisiner, faire les courses ou conduire dans un lieu
inconnu.

Par exemple, Chevignard et al. (2008) ont demandés à des patients atteints du syndrome
dysexécutif de cuisiner (cuisson d’un gâteau et cuisson d’une omelette). Ils ont montré que
la moitié d’entre eux (n = 45) n’ont pas réussi la tâche, et certains de ces patients ont même
manifesté des comportements dangereux. Cet exemple illustre comment les déficiences des
fonctions exécutives peuvent avoir un impact sur l’autonomie du patient dans des tâches aussi
simples. La difficulté à réaliser ces tâches quotidienne aura malheureusement un impact sur
la qualité de vie du patient, et il a été noté des taux plus élevés de troubles psychiatriques
(anxiété et dépression) dans ces populations (Liang et al., 2020).

Pour permettre à ces patients de retrouver une certaine autonomie, plusieurs approches
ont été proposées au cours des 20 dernières années de recherche sur le sujet. Un problème
majeur de ce trouble est la multidimensionnalité des symptômes, qui ne peuvent être ciblés
par une rééducation spécifique. Il est plutôt recommandé d’adapter la rééducation au pa-
tient (Burgess et al., 2006). Plusieurs approches de réadaptation ont été proposées, qui
peuvent être axées sur (1) la stimulation des fonctions exécutives altérées sur la base de
modèles cognitifs (Friedman & Miyake, 2017) ; (2) l’entraînement des patients à des tâches
écologiques qu’ils doivent accomplir dans la vie quotidienne (Burgess et al., 2006) ou (3) la
promotion de la plasticité cérébrale avec des techniques telles que la stimulation cérébrale
non invasive (Sohlberg et al., 1993). Pourtant, il est nécessaire de poursuivre les recherches
dans ces domaines car les résultats dans ce domaine sont incohérents, ce qui peut être dû
à l’utilisation de différentes méthodes (Wood & Fussey, 2018) et à la grande variété de ces
déficiences.

Un autre objectif de cette thèse était de créer et d’utiliser de nouvelles techniques ou
méthodes pour tenter d’améliorer l’efficacité de la rééducation de ces patients. Dans ce but,
un suivi individualisé des patients (avec un plan expérimental à cas unique) a été proposé,
associant un entraînement cognitif (tâches écologiques virtuelles) à une stimulation cérébrale
non invasive.
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12.1.3 Problématique de la thèse et résumé

Comme nous l’avons montré précédemment, il existe des limites dans la prévention de l’erreur
humaine dans les contextes opérationnels. C’est pourquoi il est nécessaire de développer de
meilleurs outils de prédiction des performances, et non uniquement basés sur des données
comportementales (par exemple les résultats à la fin d’une formation ou les résultats à un
test). C’est le premier objectif de cette thèse, à savoir trouver des données neurophysi-
ologiques intrinsèques permettant de prédire la performance dans des tâches complexes.

Deuxièmement, il y a aussi des limites dans la formation des opérateurs, et dans la
rééducation des patients. Dans le premier cas, la formation, aussi qualitative et quantitative
soit-elle, ne pourra jamais couvrir toutes les situations auxquelles un opérateur peut être
confronté. Il est donc nécessaire de développer de nouveaux protocoles de formation pour
ces opérateurs prenant en compte cette limite. Dans le second cas, la rééducation du patient,
si elle peut montrer des effets lors des tâches cliniques, montre peu de transferts dans la vie
quotidienne, limitant la récupération de leur autonomie. Là encore, il est nécessaire de
développer de nouveaux types de rééducation. Le second objectif de cette thèse est donc
d’évaluer de nouveaux protocoles couplant entraînement cognitif et stimulation cérébrale dans
ces deux populations. Précisément, les résultats et contributions de cette thèse peuvent être
résumés comme suit :

• Trouver une tâche complexe et "proche de la vie réelle" qui repose sur les fonctions exéc-
utives. Cet objectif a été atteint avec notre première expérience, validant l’utilisation
du jeu vidéo Space Fortress – une tâche complexe et semi-écologique – comme mesure
des fonctions exécutives.

• Trouver des marqueurs cérébraux intrinsèques de la performance sur cette tâche com-
plexe chez des participants sains. Cet objectif a été atteint grâce à nos deuxième et
troisième expérimentations utilisant différentes techniques de neuro-imagerie (respec-
tivement l’électroencéphalographie et la spectroscopie fonctionnelle dans le proche
infrarouge) afin d’extraire des mesures susceptibles de prédire la performance de la
tâche.

• Développer un protocole d’entraînement qui pourrait améliorer l’apprentissage et la ré-
tention des performances dans la tâche complexe Space Fortress chez des participants
sains. Cet objectif a été atteint grâce à notre quatrième expérience, dans laquelle nous
avons couplé une technique de stimulation cérébrale spécifique (stimulation transcrâni-
enne par bruit aléatoire) avec un entraînement à la tâche dans le cadre d’une étude
longitudinale sur deux semaines.
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• Développer un protocole de rééducation qui pourrait améliorer l’apprentissage et la
gestion à long terme des tâches de la vie quotidienne chez les patients cérébro-lésés
présentant des fonctions exécutives altérées. Cet objectif a été atteint avec notre
dernière expérience, utilisant un protocole de rééducation longitudinal couplant la stim-
ulation transcrânienne à bruit aléatoire avec des tâches écologiques virtuelles, avec un
suivi individualisé de 3 mois chez des patients présentant un syndrome dysexécutif.

Le développement de tels paradigmes d’entraînement et de prédicteurs cérébraux de
la performance pourrait avoir un impact dans les populations saines et celles souffrant de
lésions cérébrales. Dans le domaine des systèmes à haut risque, cela pourrait permettre
aux opérateurs de mieux résister aux interférences des facteurs contextuels et d’améliorer
la sécurité. Dans le domaine clinique, cela pourrait permettre d’améliorer et de prédire les
processus de rééducation, ce qui pourrait par conséquence améliorer les conditions de vie des
patients. L’impact de ce travail de thèse pourrait également s’étendre à d’autres types de
populations où l’apprentissage et l’entraînement de compétences complexes sont importants,
comme les étudiants, les athlètes, les militaires ou encore les joueurs professionnels.

12.2 Revue de la littérature

Dans ce chapitre, nous décrivons l’état de l’art sur lequel s’appuie cette thèse, ainsi que les
enjeux associés. Les deux principaux objectifs de cette thèse sont de trouver des moyens (1)
de prédire et (2) d’améliorer la performance des tâches complexes. Les tâches complexes
faisant principalement appel aux fonctions exécutives, nous abordons la définition et les
modèles de ces dernières dans la première partie de ce chapitre (section 2.1). Dans une
deuxième partie, nous décrivons les substrats neurophysiologiques des fonctions exécutives
(section 2.2). Dans la dernière partie de ce chapitre (section 2.3), nous nous intéressons aux
techniques de stimulation cérébrale et à comment elles peuvent moduler l’activité du cerveau
afin d’améliorer la performance des tâches.

12.2.1 Les fonctions exécutives

Les fonctions exécutives peuvent être définies comme un ensemble multiple de processus
cognitifs de haut niveau permettant aux individus d’effectuer des actions dirigées vers un
but. Pour ce faire, différentes fonctions cognitives sont recrutées pour construire un plan et
le maintenir en mémoire, ou pour s’adapter à l’environnement si ce dernier change, grâce
à l’utilisation de rétroactions. Comme ce type de définition est flou, certains auteurs ont
proposé des modèles de fonctions exécutives, par exemple en utilisant une approche empirique
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basée sur des statistiques dérivées des résultats de diverses tâches cognitives. C’est le cas du
modèle de Miyake et Friedman (Miyake et al., 2000) qui a servi de référence dans ce travail
de thèse.

L’idée derrière ce modèle - qui utilise les analyses factorielles - est d’extraire une variable
latente (non observable directement) en étudiant les liens entre certaines variables observables
(mesurables directement). Les auteurs originaux ont ainsi proposé d’évaluer un modèle
théorique des fonctions exécutives – qui correspondraient à des variables latentes – car elles
ne sont pas observables directement. En détail, leur modèle distingue trois variables latentes
: la mise à jour, le déplacement attentionnel et l’inhibition. Leur objectif était de valider ce
modèle théorique par des données empiriques (observables directement).

Pour ce faire, ils ont mesuré (chez des participants sains) les réponses comportementales
obtenues à travers neuf tâches cognitives, qui correspondent à des variables observables
(temps de réponse ou pourcentage de réponses correctes). De manière intéressante, ils ont
validé leur modèle et ont montré que les fonctions exécutives (mise à jour en mémoire à
court-terme, déplacement attentionnel, inhibition) sont interreliées entre elles. En effet, ils
ont observé des coefficients de corrélation allant de 0,4 à 0,6 entre les trois variables latentes.
Par conséquent, ils affirment que les fonctions exécutives sont un construit qui présente "une
unité et une diversité". Une description de ces trois construits est donnée ci-dessous :

• Mise à jour : le concept de mise à jour, ou updating, consiste à encoder, maintenir
et mettre à jour un contenu (verbal ou non verbal) en mémoire à court terme. Par
conséquent, ce concept est étroitement lié à la mémoire de travail. Plus précisément,
le contenu de la mémoire à court terme sera constamment et dynamiquement révisé
et remplacé en fonction de la pertinence de la tâche à accomplir. Ce concept est
considéré comme particulièrement important car il aide les individus à construire une
représentation mentale de toute situation ou tâche. En d’autres termes, il aidera à
donner un sens à tout ce qui se déroule dans le temps (Diamond, 2013). De plus,
en réorganisant le contenu en mémoire de travail, il pourra y avoir une mise en re-
lation entre les différents éléments, ce qui permettra la mise en place de nouveaux
plans, la pensée ou le raisonnement. Un exemple typique serait la lecture d’un texte,
dans lequel cette capacité permettra d’incorporer le sens de chaque mot et de chaque
phrase afin de construire une représentation globale. Il est intéressant de noter que
cette construction peut d’une certaine manière être associée à la conscience de la situ-
ation ("situational awareness"), un concept central en facteur humain (Endsley, 1995).
Les tâches classiques de mise à jour consistent à conserver et à manipuler des infor-
mations en mémoire de travail. Une tâche de mise à jour simple consiste par exemple
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à demander aux participants de répéter et de réorganiser une liste aléatoire de chiffres
(e.g. 3, 9, 4, 6, 1 donnerait 1, 3, 4, 6 et 9) ; ou de réorganiser une liste aléatoire
d’animaux par taille (e.g. chat, éléphant, mouche, jaguar donnerait mouche, chat,
jaguar, éléphant). La difficulté de ces tâches de mise à jour (et donc le recrutement
des processus de mise à jour) peut facilement être modifiée en augmentant le nombre
d’éléments présent dans les listes. Notez que ces tâches nécessitent de manipuler du
contenu verbal (lettres, chiffres, mots) en mémoire de travail. Une tâche de mise à
jour non verbale serait les blocs de Corsi (Corsi, 1972), dans laquelle le participant doit
mémoriser l’emplacement de blocs qui apparaissent un par un dans une grille de 3 x 3.

• Inhibition : ce concept concerne la capacité d’une personne à "inhiber délibérément
les réponses dominantes, automatiques ou prépotentes lorsque cela est nécessaire"
(Miyake et al., 2000). En d’autres termes, cette capacité permet de gérer le con-
trôle de nos comportements, pensées, attention et émotions en réponse à des stim-
uli. En effet, certains stimuli peuvent générer une forte prédisposition interne que
nous devrons contourner afin de faire ce qui est approprié ou nécessaire (Diamond,
2013). Plusieurs niveaux de complexité ont été proposés pour décrire les mécanismes
d’inhibition, comme le contrôle inhibiteur de l’attention, l’inhibition cognitive ou le
contrôle de soi (Diamond, 2013). Le contrôle inhibiteur de l’attention concerne la
capacité d’une personne à contrôler les interférences au niveau de la perception. Cela
se fait en supprimant l’attention aux stimuli non pertinents (par exemple, l’effet cock-
tail permet de se concentrer sur une voix dans un environnement bruyant telle qu’une
fête, Cherry, 1953). L’inhibition cognitive nous permet de supprimer des représenta-
tions mentales prépotentes (par exemple l’effet Stroop qui permet d’inhiber la lecture
automatique d’un mot et répondre en fonction de sa couleur d’encre dans la tâche
éponyme, Stroop, 1935). Enfin, la maîtrise de soi concerne la capacité à contrôler son
comportement afin de résister aux tentations et de ne pas agir de manière impulsive
(par exemple résister aux excès alimentaires lors d’un régime). Cela inclut également
la capacité à rester concentré sur une tâche malgré les distractions. Les tâches typ-
iques d’inhibition demandent au participant d’arrêter une réponse automatique avec la
présentation d’un stimulus. Un exemple est la tâche Go/No-Go, où le participant doit
appuyer sur un bouton lorsqu’un certain stimulus est présenté (par exemple la lettre
X ) et ne pas l’appuyer (s’abstenir) lorsqu’un autre stimulus est présenté (par exemple
la lettre Y ). La difficulté de cette tâche réside dans le fait qu’il y a plus d’essais de
type "Go" que "No-Go" (80% de X et 20% de Y ), favorisant l’attente (et la réponse
automatique) du participant.
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• Déplacement attentionnel : le dernier concept concerne la capacité à passer d’une
tâche, d’une opération (ou d’un ensemble mental) à une autre (Miyake et al., 2000).
Le déplacement attentionnel est typiquement recrutée lors de l’exécution du multitâche.
Le passage d’une tâche à l’autre a un coût mental, qui peut être mesuré. En effet,
les tâches qui permettent de mesurer cette capacité comprennent généralement deux
tâches parmi lesquelles le participant doit passer de l’une à l’autre. Par exemple,
une évaluation neuropsychologique classique est le TMT ("trail making test") (Reitan,
1955), dans lequel on demande au participant de relier des chiffres et des lettres dans un
ordre croissant et alphabétique, en alternant entre ces deux composantes (par exemple
1-A-2-B-3-C...).

Le modèle de Miyake et al. (2000) semble faire consensus dans la littérature, puisqu’il
a été validé à plusieurs reprises dans différents grands échantillons d’adultes sains (Karr et
al., 2018). Cependant, il convient de noter que si ce modèle est scientifiquement solide, il
présente tout de même quelques limites. La première étant qu’il dépend des tâches sélection-
nées pour extraire les variables latentes (fonctions exécutives). En effet, Miyake et Friedman
eux-mêmes admettent volontiers que leur modèle est limité, notamment car ils ont choisi des
tâches qui vont spécifiquement mettre en jeu ces trois fonctions exécutives. Comme ils le
mentionnent, ce modèle semble plausible, mais il ne représente qu’une fraction des fonctions
exécutives. Des fonctions cognitives plus complexes telles que la planification, le raison-
nement et la coordination de processus cognitifs multiples doivent encore être étudiées dans
un modèle plus large, qui nécessiterait dés lors un échantillon de grande taille et davantage
de tests cognitifs.

12.2.2 Les substrats neuronaux des fonctions exécutives

Les substrats neuronaux des fonctions exécutives ont été largement étudiés par IRMf. Dans
cette partie non exhaustive, nous passerons en revue les activations cérébrales associées en
utilisant les termes du modèle de Miyake et Friedman (Friedman & Miyake, 2017, "fonc-
tions exécutives" ; "inhibition", "shifting" et "updating"). Pour cela, nous avons utilisé
Neurosynth2, qui est une puissante plateforme gratuite qui réalise des méta-analyses de
l’activation cérébrale associée à des mots-clés spécifiques. L’utilisation des termes sélection-
nés fournit un ensemble de régions cérébrales comprenant des zones frontales et pariétales
(figure 2.9).

Plus précisément, Rottschy et al. (2012) ont proposé une revue systématique de la mé-
moire de travail et des tâches d’updating (principalement les tâches n-back et Sternberg)

2https://neurosynth.org/
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dans 189 études IRMf. Ils ont montré qu’il existe une activation symétrique (dans les
deux hémisphères) dans plusieurs zones frontales. Il s’agit notamment des gyri frontaux
postéro-supérieurs et inférieurs (aires de Brodmann 44/45), du cortex préfrontal dorsolatéral
(DLPFC) et de l’aire motrice supplémentaire (SMA). Au niveau des aires pariétales, une
activation bilatérale a également été trouvée dans le sillon intrapariétal (IPS) et le lobule
pariétal supérieur (SPL). Dans cette revue, ils ont également montré que l’effet de tâche (lors
de la comparaison d’une tâche de mémoire de travail vs tâche contrôle) était plus important
dans l’hémisphère gauche, en particulier dans le DLPFC, le SPL et l’IPS ; tandis que l’effet
de charge (lors de la comparaison de la charge de difficulté, par exemple 1-back vs 3-back)
a montré une activation plus élevée dans les zones frontales. Dans l’ensemble, les résultats
de cette méta-analyse montrent qu’il existe un réseau "central" qui sous-tend les fonctions
cognitives de mise à jour et de mémoire de travail et qui implique les zones fronto-pariétales.

Zhang et al. (2017) ont réalisé une méta-analyse sur l’activation cérébrale dans les tâches
d’inhibition (principalement antisaccades, signal d’arrêt, Go/No Go, tâches de Flankers) dans
323 études. Ils ont séparé les processus d’inhibition en trois sous-catégories : (1) résolution
des interférences (sélection des informations en fonction de leur pertinence, évaluée par les
tâches de Stroop ou de Flanker) ; (2) rétention d’action (rétention de la réponse à l’un
des deux stimuli différents d’une même modalité – par exemple auditif, comme c’est le cas
pour la tâche de Go/No-Go) ; (3) l’annulation des actions (le même stimulus dans une
modalité – par exemple visuelle – sera toujours présent, auquel le participant doit toujours
répondre, sauf lorsqu’il est couplé à un stimulus dans une autre modalité – par exemple
auditive ; typiquement évalué par la tâche du stop-signal). Ils ont montré une activation
cérébrale commune dans le gyrus frontal inférieur droit, le cortex cingulaire antérieur (CCA)
et le gyrus pariétal supérieur droit. Ces résultats étaient cohérents avec d’autres méta-
analyses sur l’inhibition (Simmonds et al., 2008; Swick et al., 2011; Cieslik et al., 2015).
Dans l’ensemble, les résultats de ces méta-analyses soulignent que les processus d’inhibition
comprennent deux réseaux cérébraux, à savoir le réseau ventral de l’attention (davantage
associé à la résolution des interférences) et le réseau fronto-pariétal (davantage associé à la
rétention/annulation des actions).

Wager et al. (2004) a réalisé une méta-analyse de l’activité cérébrale lors de différentes
tâches de shifting dans 31 études. Ils ont classé ces dernières en plusieurs catégories : par
exemple le changement d’attributs (passage d’un attribut d’un objet, par exemple de la forme
à la couleur) ou de règles (changement de règles, si la première règle consiste à appuyer sur
A lorsque X apparaît et sur B lorsque Y apparaît, la deuxième règle consiste à appuyer sur
B lorsque X apparaît et sur A lorsque Y apparaît). L’activation neuronale commune lors de
l’exécution de ces tâches est particulièrement intéressante. Leurs résultats montrent que les
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IPS bilatéraux antérieurs et postérieurs, ainsi que le cortex préfrontal médian, sont cohérents
dans leur activation pendant ces tâches. Ces résultats ont été corroborés par la suite par
une autre méta-analyse qui a trouvé une activation commune dans les zones frontales et
pariétales (cortex préfrontal médian, DLPFC, voir C. Kim et al., 2012).

En résumé, ces résultats montrent qu’un ensemble de régions cérébrales fronto-pariétales
sont généralement plus actives lors de la réalisation de différentes tâches exécutives impli-
quant des capacités d’inhibition, de shifting ou d’updating (Sylvester et al., 2003; Derrfuss
et al., 2004; Collette et al., 2005; Niendam et al., 2012; Nee et al., 2013). Par ailleurs,
ces études mettent également en évidence le fait que des zones cérébrales distinctes sont
associées à chacune de ces fonctions exécutives. Pris dans leur ensemble, ces résultats cor-
roborent la notion d’unité et de diversité des fonctions exécutives développée par Miyake et
Friedman (Miyake et al., 2000), mais au niveau neurophysiologique.

Sans surprise, les études d’IRMf montrent que la connectivité fonctionnelle de ces aires
fronto-pariétales est élevée (Cole et al., 2012) et qu’elle augmente lorsqu’il s’agit de tâches
nouvelles et complexes qui nécessitent des fonctions exécutives (Cole & Schneider, 2007;
Duncan, 2010; Cole et al., 2012). Plus précisément, la connectivité fonctionnelle intrinsèque
(au repos) du réseau fronto-pariétal a été corrélée à des capacités de fonctions cognitives de
haut niveau, telles que l’intelligence fluide (Cole et al., 2012; Hearne et al., 2016), l’attention
(Fellrath et al., 2016; Markett et al., 2014) et la mémoire de travail en particulier (H. Liu
et al., 2017; van Dam et al., 2015). De plus, des travaux récents (Zanto & Gazzaley,
2013; Hartwigsen, 2018; Uddin, 2021) ont proposé que la flexibilité du réseau fronto-pariétal
permet de soutenir la flexibilité des différentes fonctions cognitives. Ce point de vue – connu
sous le nom de "flexible hub theory" (Jia et al., 2014) – postule que la flexibilité neuronale
(c’est-à-dire la capacité du cerveau à passer d’un état à un autre) est liée aux performances
cognitives (Uddin, 2021; Hartwigsen, 2018). Plus précisément, la flexibilité dynamique du
réseau fronto-pariétal permettrait la mise en œuvre des fonctions exécutives, permettant une
capacité d’adaptation au niveau comportemental (Zanto & Gazzaley, 2013).

Pour soutenir cette théorie du hub flexible, plusieurs études ont démontré que le réseau
fronto-pariétal est capable de modifier sa connectivité fonctionnelle en fonction de la demande
de la tâche. Ces études utilisant généralement la connectivité fonctionnelle dynamique (dFC),
qui est une méthode permettant de détecter la dynamique des réseaux cérébraux en IRMf
(Preti et al., 2017). Dans l’ensemble, les études utilisant cette méthode semblent montrer
que la dynamique des réseaux cérébraux - en particulier le réseau fronto-pariétal - pourrait
être une signature intrinsèque de la performance cognitive (Nomi et al., 2017; Uddin, 2021).

Outre l’IRMf, l’EEG constitue un moyen intéressant de capturer la dynamique temporelle
de l’activité cérébrale à une résolution temporelle plus élevée (Michel & Koenig, 2018; Zap-
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pasodi et al., 2019). En particulier, les analyses des micro-états (microstates) ont récemment
suscité un intérêt croissant pour caractériser la dynamique électrique spatio-temporelle du
cerveau (pour une revue, voir Michel & Koenig, 2018). Certains auteurs ont même suggéré
que les microstats EEG pourraient être les "atomes des pensées" (Lehmann et al., 1987;
Lehmann & König, 1997) dans la mesure où ils pourraient représenter les éléments unitaires
des processus cognitifs. Les micro-états ont été définis comme des configurations de po-
tentiel électrique semi-stables sur le cuir chevelu qui durent environ 60 à 120 ms. Plusieurs
mesures (par exemple couverture, durée, occurrence) peuvent être calculées pour décrire la
dynamique de ces micro-états qui alternent les uns après les autres (Lehmann & Michel,
2011). Bien que plusieurs micro-états aient été décrits, la littérature fait preuve d’une cer-
taine cohérence en identifiant de manière reproductible quatre micro-états principaux (A, B,
C et D, Michel & Koenig, 2018). En combinant les analyses EEG et IRMf, des études ont
montré que ces quatre principaux micro-états pourraient être associés à des réseaux IRMf
spécifiques de l’état de repos : les réseaux auditif (A), visuel (B), de contrôle exécutif (C)
et attentionnel (D) (Britz et al., 2010; Van de Ville et al., 2010; Custo et al., 2017; Xu et
al., 2020). Des preuves récentes en faveur de cette association ont également été rapportées
dans une étude qui a montré que les micro-états de l’EEG sont étroitement liés aux états
obtenus en utilisant la connectivité fonctionnelle dynamique observés en IRMf. De ce fait, les
micro-états pourraient être des marqueurs pertinents pour étudier la dynamique des réseaux
cérébraux à grande échelle (Abreu et al., 2020). Par conséquent, l’approche d’analyse des
micro-états semble être adaptée à l’étude de la dynamique temporelle de ces réseaux et de
leur relation avec les processus cognitifs supérieurs tels que les fonctions exécutives (Michel
& Koenig, 2018).

Plus précisément, les micro-états C et D (associés respectivement aux réseaux de contrôle
exécutif et attentionnels) semblent être liés aux fonctions cognitives de haut niveau. En
effet, le nombre d’occurrences ou la durée moyenne du micro-état C pendant un état de
repos est corrélé négativement avec les scores d’intelligence fluide (J. Liu et al., 2020). Il
a également été démontré que les tâches de raisonnement et d’arithmétique modifient de
manière significative les métriques des micro-états C et D (occurrences, durée moyenne et
pourcentage de couverture) par rapport à un état de repos, révélant que ces micro-états
cognitifs sont sans doute associés à des capacités cognitives spécifiques (Seitzman et al.,
2017; Zappasodi et al., 2019; K. Kim et al., 2021).

Pris dans leur ensemble, ces études semblent montrer qu’il existe des substrats neuronaux
des fonctions exécutives. Plus précisément, leurs résultats sont en faveur d’une association
entre la dynamique du réseau fronto-pariétal (étudié par la connectivité fonctionnelle ou par
des analyses de micro-états) et les fonctions exécutives.
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12.2.3 La stimulation cérébrale pour renforcer les fonctions exécutives

La stimulation cérébrale est une technique qui consiste à envoyer un courant électrique,
généralement de faible intensité, dans le but d’interférer avec l’activité cérébrale. Ainsi,
plusieurs études ont cherché à savoir s’il était possible d’améliorer les fonctions exécutives
en utilisant cette technique.

Récemment, les recherches se sont focalisées sur un certain type de stimulation cérébrale,
la stimulation par bruit aléatoire (tRNS). Cette technique délivre un courant alternatif de
faible intensité à des fréquences aléatoires, produisant du bruit dans le système neuronal.
Bien que l’effet précis d’un tel bruit soit encore débattu (Fertonani & Miniussi, 2017), il a
été suggéré qu’il induit une certaine résonance stochastique en modulant, non seulement
l’activité des neurones situés sous le site de stimulation, mais aussi l’activité des autres
neurones distants et interconnectés (Miniussi et al., 2013). L’idée générale est que le bruit
induit va modifier le seuil de décharge des neurones dans les réseaux cérébraux connexes,
ce qui devrait avoir pour conséquence une modification des performances comportementales
(Fertonani & Miniussi, 2017).

L’effet de la tRNS sur large éventail de fonctions cognitives de haut niveau a été récem-
ment étudié. Ces dernières incluant l’attention (Lema et al., 2021), la mémoire de travail
(Murphy et al., 2020; Mulquiney et al., 2011), l’inhibition (Brauer et al., 2018; Brevet-Aeby
et al., 2019; Dondé et al., 2019), les compétences mathématiques (Bieck et al., 2018; Looi
et al., 2017; Popescu et al., 2016; Snowball et al., 2013) et le multitâche (Harty & Co-
hen Kadosh, 2019). Il convient de noter que ces résultats – les effets de la tRNS sur les
fonctions cognitives de haut niveau – sont hétérogènes selon les études, certaines ne mon-
trant aucun effet (Holmes et al., 2016; Brauer et al., 2018; Parkin et al., 2019) et plusieurs
autres montrant des effets d’amélioration significatifs (Bieck et al., 2018; Brem et al., 2018;
Harty & Cohen Kadosh, 2019; Murphy et al., 2020; Almquist et al., 2019; Snowball et al.,
2013; Pasqualotto, 2016). Cependant, il convient de noter que les résultats des études lon-
gitudinales sur l’entraînement semblent aller dans la même direction, avec un effet quasi
systématique de la tRNS sur les mesures à long terme (d’une semaine à six mois). Un effet
positif avec une amélioration des performances (et du transfert) dans diverses tâches cogni-
tives a ainsi été constaté dans cinq des six études ayant utilisé un protocole d’entraînement
longitudinal (Snowball et al., 2013; Popescu et al., 2016; Almquist et al., 2019; Brevet-Aeby
et al., 2019; Brem et al., 2018, voir tableau 2.2).

En conclusion, l’ensemble de ces résultats semblent indiquer que la tRNS est une tech-
nique de stimulation prometteuse, en particulier pour l’entraînement à des tâches complexes
impliquant de multiples fonctions cognitives chez les individus en bonne santé. Par ailleurs,
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il pourrait y avoir des applications pour la rééducation des déficits des fonctions cognitives
chez les patients souffrant de lésions cérébrales.

12.2.4 Enjeux de la thèse

La capacité humaine à réaliser des tâches complexes est l’une des questions les plus intrig-
antes en psychologie et en neurosciences, et trouver des moyens de prédire et/ou d’améliorer
les performances est devenu une partie importante de la littérature dédiée. Cela est partic-
ulièrement vrai dans plusieurs professions ou pour la gestion de tâches telles que la conduite
automobile (Asimakopulos et al., 2012), le pilotage d’un avion (Scannella et al., 2018), la
réalisation d’une opération chirurgicale (Carthey et al., 2003), le sport (Kipp et al., 2019),
ou pour les résultats ou le rétablissement des patients (Debette et al., 2019). Les opérateurs
à haut risque, en particulier, sont confrontés à des tâches multiples et complexes et leur
capacité à les exécuter avec succès est importante car elle peut avoir un impact économique,
sociétal ou humain. Sur la base de ces observations, le principal défi de cette thèse était
d’une part de trouver des marqueurs appropriés de la performance à des tâches complexes et
d’autre part, de trouver de nouvelles interventions permettant d’améliorer cette performance.
Pour ce faire, nous avons conçu plusieurs protocoles afin de 1) trouver des marqueurs neu-
rophysiologiques de la performance à des tâches complexes et 2) d’améliorer la performance
à des tâches complexes chez des participants sains et des tâches de la vie quotidienne chez
des patients souffrant de lésions cérébrales.
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Contributions

13.1 Matériel et méthode

Dans cette partie (section 4), nous décrivons les principes de base des outils utilisés lors de
cette thèse.

Afin de mesurer les fonctions exécutives, nous avons sélectionné Space Fortress. Ce
dernier est un jeu vidéo en 2D au design sobre inspiré des années 80 (Donchin, 1995).
Il peut être décomposé en quatre sous-tâches : (1) contrôler le vaisseau ; (2) détruire les
forteresses spatiales ; (3) détruire les bonus et (4) capturer les bonus (voir le tableau 4.1 pour
plus de détails sur la distribution des scores). Dû à l’environnement dynamique, ainsi que
l’aspect multitâche du jeu, ce dernier implique vraisemblablement les fonctions exécutives.

Pour mesurer l’activité cérébrale liée à la gestion de tâches complexes, nous avons utilisé
deux outils de neuroimagerie complémentaires : l’électroencéphalographie et la spectro-
scopie fonctionnelle dans le proche infrarouge. Le premier outil nous permet de mesurer
l’activité électrique cérébrale, alors que le second permet d’obtenir une mesure de l’activité
hémodynamique. De plus, nous avons utilisé des analyses de micro-états et de connectivité
fonctionnelle afin d’obtenir une mesure de l’activité des réseaux cérébraux, en particulier
pariéto-frontaux.

Enfin, pour moduler l’activité cérébrale, nous avons utilisé la stimulation transcrânienne
par bruit aléatoire.
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13.2 Contribution 1. Space Fortress, une tâche complexe ?

Notre première contribution (section 5) visait à tester la qualité psychométrique – notamment
la validité externe – de Space Fortress. En effet, il était nécessaire de s’assurer que Space
Fortress pouvait être considéré comme une tâche complexe qui fait appel aux fonctions
exécutives, comme suggéré par plusieurs études (Mané & Donchin, 1989; Donchin, 1995;
Blumen et al., 2010; Boot et al., 2010; Lee, Boot, et al., 2012). Cette lacune dans la
littérature est problématique car la tâche Space Fortress a été généralement utilisée pour
entraîner les participants à améliorer leurs processus cognitifs de haut niveau. Or, il y a un
manque de connaissances sur les corrélats cognitifs de cette tâche (Lintern & Boot, 2019).
Afin de combler ce manque, nous avons utilisé les échantillons des différentes expériences
de cette thèse, et nous avons évalué la psychométrie de Space Fortress, notamment sa
sensibilité (capacité d’une tâche à discriminer les participants), sa fidélité (capacité d’une
tâche à obtenir des résultats consistents dans le temps) et sa validité (capacité d’une tâche
à mesurer ce qu’on veut mesurer – dans notre cas, les fonctions exécutives).

Nos résultats montrent que la tâche Space Fortress est suffisamment sensible. Ses scores
suivant une distribution normale dans un échantillon relativement large (n = 94). De plus,
Space Fortress semble être une tâche fiable, avec une forte corrélation positive entre la
performance d’un jour et la performance d’un autre jour. Enfin, la tâche Space Fortress a
montré une excellente validité externe, avec une forte corrélation positive entre les scores
de Space Fortress et le score à une batterie de tâches mesurant les fonctions exécutives.
Comme il s’agit de processus cognitifs qui sont recrutés pour réaliser des tâches complexes
(Miyake et al., 2000; Friedman & Miyake, 2017), nos résultats fournissent des preuves que
Space Fortress peut être qualifié de tâche complexe.

En conclusion, notre première contribution apporte des éléments pour soutenir le fait
que Space Fortress est une tâche sensible, fiable et valide permettant de mesurer le fonc-
tionnement exécutif chez des participants sains.

13.3 Contribution 2. Prédire la performance à Space Fortress
avec les micro-états ?

Dans notre deuxième contribution (section 6), la question était d’examiner si les paramètres
des micro-états au repos peuvent prédire (c’est-à-dire corréler significativement avec) les
performances ultérieures à Space Fortress.

Par conséquent, cette contribution visait à explorer pour la première fois la relation
entre la dynamique cérébrale spatio-temporelle (micro-états à l’état de repos) et la perfor-
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mance dans une tâche complexe. Cette recherche s’est appuyée sur un ensemble d’études
en IRMf/EEG (Uddin, 2021; Douw et al., 2016; Braun et al., 2015; Jia et al., 2014; Nomi
et al., 2017; Zelazo, 2006; Seitzman et al., 2017; Zappasodi et al., 2019) qui soutiennent
l’hypothèse selon laquelle la flexibilité neuronale intrinsèque (c’est-à-dire la dynamique des
micro-états) est associée aux fonctions exécutives (c’est-à-dire la flexibilité comportemen-
tale). Plus précisément, il a été démontré que le nombre d’occurrences ou la durée moyenne
des micro-états C et D (réseau fronto-pariétal) au cours d’un état de repos, est corrélé avec
la performance dans des tâches cognitives (Seitzman et al., 2017; Zappasodi et al., 2019).
Compte tenu de la variété des capacités cognitives impliquées dans la tâche Space Fortress,
il y a des raisons de considérer que les mesures des micro-états au repos pourraient être
corrélées avec la performance dans cette tâche. Premièrement, la performance dans Space
Fortress a été associée à l’intelligence (Rabbitt et al., 1989). Ensuite, il a également été
démontré que les métriques des micro-états C et D sont en corrélation avec l’intelligence et
les tâches de raisonnement (Zappasodi et al., 2019; Santarnecchi et al., 2017; J. Liu et al.,
2020; Seitzman et al., 2017). Enfin, ces deux micro-états ont également été liés aux réseaux
fronto-pariétaux et exécutifs (Britz et al., 2010; Van de Ville et al., 2010), deux réseaux dont
l’activité s’est avérée être modifiée par l’entraînement de Space Fortress (Strenziok et al.,
2014; Voss et al., 2012).

Afin de tester l’hypothèse d’une relation entre la dynamique cérébrale spatio-temporelle
au repos (micro-états) et la performance dans les tâches complexes, nous avons utilisé des
corrélations entre les métriques des micro-états C et D et un score global dans le jeu Space
Fortress. Nous nous attendions à des corrélations significatives entre les métriques des micro-
états (nombre d’occurrences et durée moyenne) et le score de Space Fortress.

Plus précisément, neuf participants ont été soumis à un état de repos tout en étant
enregistrés avec un EEG à 64 channels, et ont par la suite effectué la tâche Space Fortress.
Nous avons effectué une analyse des micro-états (clustering à deux niveaux) afin d’extraire
les paramètres des micro-états C et D (mesure de l’activité du réseau fronto-pariétal, im-
pliqué dans les processus cognitifs). Nous avons ensuite corrélé ces paramètres avec les
performances de Space Fortress.

Nos résultats montrent que les paramètres du micro-état D (durée moyenne et nombre
d’occurrences) permettent de prédire une partie de la performance à Space Fortress (taille
d’effet de 39% et 45%, p = .072 et .045 respectivement), ce qui n’était pas le cas pour les
paramètres du micro-état C (p = .15 et .60).

En conclusion, cette étude est l’une des premières à rapporter que certaines métriques
de micro-états au repos sont corrélées avec la performance de tâches complexes (le jeu vidéo
Space Fortress). Ces résultats ont des implications dans le domaine de la neuroergonomie
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car ils pourraient ouvrir la voie à l’utilisation de métriques similaires (dynamique cérébrale
spatio-temporelle) faciles à acquérir pour prédire la performance de tâches complexes plus
écologiques (par exemple, le pilotage d’un avion en situation d’urgence).

13.4 Contribution 3. Prédire la performance à Space Fortress
avec la connectivité fonctionnelle ?

Dans la troisième contribution (section 7), nous avons cherché à enregistrer la connectivité
fonctionnelle au repos avec un système de neuro-imagerie léger, portable et relativement
facile à utiliser : la spectroscopie fonctionnelle dans le proche infrarouge (fNIRS).

La question était donc de tester si la connectivité fonctionnelle au repos du réseau fronto-
pariétal évaluée avec la fNIRS pouvait être un bon indicateur de la performance ultérieure
dans Space Fortress. En raison de sa grande portabilité et de son coût raisonnable, la fNIRS
s’est avérée être un outil intéressant pour étudier les corrélats neurophysiologiques de tâches
virtuelles et écologiques complexes (Ayaz et al., 2012; Gateau et al., 2015; Deligianni et al.,
2020; Foy et al., 2016; Verdière et al., 2018; Fan et al., 2021). En outre, elle fournirait une
preuve supplémentaire de cette relation avec une résolution spatiale plus élevée par rapport
à l’EEG. De fait, nous pourrions mesurer l’activité du réseau fronto-pariétal avec la fNIRS
en utilisant la connectivité fonctionnelle. Cependant, seules quelques études de connectivité
fonctionnelle avec le fNIRS ont été réalisées, principalement parce que l’activité corticale
n’est évaluée que sous les channels de mesure, contrairement à l’IRMf qui permet d’avoir
une mesure de l’activité de l’ensemble des aires cérébrales. Des avancées récentes dans
le domaine de la neuroergonomie ont cependant montré que la mesure de la connectivité
fonctionnelle dans les réseaux corticaux avec le fNIRS peut présenter un intérêt particulier.
Par exemple, Verdière et al. (2018) ont effectué des analyses de corrélations et d’autres
métriques de connectivité sur le signal fNIRS fronto-occipital. Leurs résultats montrent que
les analyses de connectivité fonctionnelle permettent de mieux classifier deux scénarios de
simulateur de vol (atterrissage automatisé vs manuel) que les données d’activation. De
même, Deligianni et al. (2020) ont pu identifier des différences de connectivité fonctionnelle
dans les zones frontales au cours d’une tâche chirurgicale entre des chirurgiens juniors et
seniors. Dans l’ensemble, ces résultats soulignent le fait que le fNIRS a été utilisé avec succès
pour mesurer la connectivité fonctionnelle dans les réseaux corticaux, et qu’il est possible de
prédire la performance comportementale. Cependant, à notre connaissance, aucune étude
fNIRS n’a tenté d’examiner la connectivité fonctionnelle du réseau fronto-pariétal à la fois à
l’état de repos et dans la tâche, et sa relation avec la performance dans une tâche complexe.

220



Chapter 13. Contributions

Notre hypothèse principale postulait que la connectivité fonctionnelle au sein de ce réseau,
tant au repos que pendant la tâche, est positivement associée à la performance dans une tâche
complexe mais pas à la performance dans une tâche simple. Pour tester cette hypothèse,
nous avons développé un protocole avec des optodes fNIRS positionnées au dessus des aires
frontales et pariétales (autrement dit sur le réseau fronto-pariétal). Pendant l’acquisition,
32 participants sains ont d’abord effectué un état de repos puis ont joué à deux versions
de Space Fortress. Une version monotâche où l’objectif du participant était uniquement de
détruire la forteresse, qui a été développée pour moins faire appel à des fonctions cognitives
de haut niveau ; et une version multitâche où l’objectif du participant était de capturer
des bonus et de détruire des mines en plus de la forteresse, qui devrait faire appel à des
fonctions cognitives de haut niveau (Boot, 2015), telles que les fonctions exécutives. Une
valeur globale de la connectivité fonctionnelle au sein du réseau fronto-pariétal a été calculée
en faisant la moyenne des coefficients de corrélation entre tous les canaux fNIRS.

Nos résultats sont en accord avec notre hypothèse, et révèlent que la connectivité fonc-
tionnelle intrinsèque au sein du réseau fronto-pariétal est un prédicteur significatif de la
performance à la version multitâche de Space Fortress, mais pas à sa version monotâche. Le
même type de résultat a été observé pour la connectivité fonctionnelle pendant la tâche.

En conclusion, cette troisième contribution apporte des preuves que la fNIRS - un outil
d’imagerie cérébrale portable et accessible - peut être utilisée pour évaluer des réseaux corti-
caux à grande échelle. La connectivité fonctionnelle moyenne intrinsèque au sein du réseau
fronto-pariétal s’est avérée prédictive de la performance dans les tâches complexes. De plus,
les mesures de connectivité fonctionnelle en cours de tâche et au repos semblent être suff-
isamment sensibles pour prédire une partie de la performance comportementale. Ce résultat
mérite d’être pris en compte dans le domaine de la neuroergonomie, car des études futures
pourraient essayer d’utiliser une méthode similaire pour extraire des marqueurs cérébraux de
tâches plus complexes et écologiques.

13.5 Contribution 4. Le tRNS peut-elle améliorer l’entraînement
aux tâches complexes ?

Dans notre quatrième contribution (section 8), nous avons cherché à améliorer les perfor-
mances de Space Fortress en couplant la stimulation transcrânienne du bruit aléatoire à un
entraînement cognitif dans un protocole longitudinal (une semaine d’entraînement plus une
session à long-terme une semaine après).

La question était alors d’examiner si une tRNS à haute définition serait plus efficace
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qu’une tRNS à définition standard, pour améliorer l’apprentissage et la rétention des perfor-
mances à la tâche Space Fortress.

Nous avons vu précédemment que Space Fortress nécessite des compétences multitâches
pour bien performer dans ce jeu, ce qui en fait une tâche intéressante à apprendre et à
maîtriser, impliquant nécessairement plusieurs processus cognitifs de haut niveau tels que
les fonctions exécutives (Donchin, 1995; Boot et al., 2010). Au niveau neurophysiologique,
il a également été démontré que l’entraînement à Space Fortress modifie l’activité et la
connectivité du réseau fronto-pariétal (Voss et al., 2012), un réseau cérébral typiquement
impliqué dans les fonctions cognitives de haut niveau (Niendam et al., 2012; Martínez et al.,
2013). Nous avons donc cherché à stimuler une région cérébrale clé de ce réseau : le DLPFC
droit (Fuster, 2015).

Sur la base de la littérature qui a montré que la tRNS peut augmenter la performance
dans des tâches cognitives complexes (Brem et al., 2018; Almquist et al., 2019; Harty &
Cohen Kadosh, 2019; Snowball et al., 2013), nous nous attendions (hypothèse 1) à ce que
les deux groupes stimulés (tRNS simple-définition et tRNS haute-définition) aient un meilleur
taux d’apprentissage dans la tâche Space Fortress par rapport au groupe contrôle (sham). Ce
taux d’apprentissage plus élevé permettrait une meilleure performance lors des évaluations à
court terme (le jour juste après l’entraînement, hypothèse 2.a.) et à long terme (dix jours
après l’entraînement, hypothèse 2.b.). Nous nous attendions à ce que les groupes stimulés
aient également une meilleure rétention des performances (entre la fin de l’entraînement et
dix jours plus tard) par rapport au groupe fictif (hypothèse 3). Enfin, sur la base des études
qui ont montré que la HD-tDCS pouvait avoir un effet accru par rapport à la SD-tDCS
(Datta et al., 2008; H.-I. Kuo et al., 2013; Muthalib et al., 2018; Lu et al., 2021), nous
avons émis l’hypothèse que le groupe HD-tRNS présenterait des effets supérieurs à ceux
du groupe SD-tRNS pour toutes les variables mentionnées dans les hypothèses précédentes
(hypothèse 4).

Afin de tester ces hypothèses, soixante-et-un participants ont été recrutés et répartis au
hasard dans trois groupes (sham vs. tRNS simple-définition vs. tRNS haute-définition) dans
un protocole en double aveugle. Leur performance dans la tâche Space Fortress a été suivie
pendant quinze jours avec une session de référence (jour 1), des sessions d’entraînement
(jours 2 à 4), et des sessions d’évaluation à court (jour 5) et à long terme (jour 15).

Nos résultats montrent que le groupe tRNS haute définition présente de meilleures amélio-
rations de performance à long terme par rapport au groupe tRNS simple définition et au
groupe contrôle. Par ailleurs, ce groupe avait tendance à apprendre plus rapidement et
présentait une meilleure rétention de la performance par rapport aux groupes tRNS simple
définition et sham.
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En conclusion, cette étude est la première à rapporter qu’un montage tRNS haute défini-
tion couplé à un entraînement cognitif sur une tâche complexe de jeu vidéo peut être efficace
pour promouvoir un gain de performance durable (tailles d’effet allant de 7 à 13%). Ce ré-
sultat est d’autant plus important que la période d’apprentissage était relativement courte -
avec seulement trois sessions d’apprentissage de 20 minutes couplées à la tRNS. Ce résultat
pourrait avoir des implications pour les personnes en cours de formation pour des professions
nécessitant d’effectuer des tâches complexes, comme les pilotes, les contrôleurs aériens, les
chirurgiens ou les développeurs de logiciels. De futures études pourraient également explorer
la possibilité d’utiliser ce type de montage pour traiter les patients souffrant de troubles
cognitifs.

13.6 Contribution 5. La tRNS peut-elle améliorer la gestion
des tâches de la vie quotidienne chez les patients atteints
de lésions cérébrales ?

Notre cinquième et dernière contribution (section 9), a été consacrée à l’amélioration de la
gestion des tâches de la vie quotidienne chez des patients atteints de lésions cérébrales avec
syndrome dysexécutif. Pour ce faire, nous avons utilisé la tRNS couplé à un entraînement
cognitif dans un protocole longitudinal de 3 mois.

Cependant, comme cette population est hétérogène à la fois en termes de lésions cérébrales
et de déficiences cognitives, nous avons choisi de ne pas nous appuyer sur des analyses de
groupe. Au lieu de cela, nous avons choisi un plan expérimental à cas unique (Single-Case
Experimental Design, SCED). Dans cette approche innovante, chaque cas est son propre con-
trôle, ce qui permet de prendre en compte l’hétérogénéité des patients et d’assurer l’efficacité
d’une rééducation avec un nombre réduit de patients (Krasny-Pacini & Evans, 2018). Le
principe de ce type de protocole est de suivre les performances d’un patient sur une tâche
donnée sur plusieurs phases par des mesures répétées. Cela permet de compenser le petit
nombre de patients par un grand nombre de mesures.

Comme pour la contribution précédente, nous nous attendions à ce que l’intervention
augmente la capacité du patient à effectuer ses tâches de la vie quotidienne. Plus pré-
cisément, nous nous attendions à une augmentation plus importante de la performance des
tâches de la vie quotidienne pendant la phase B, au cours de laquelle la rééducation ciblée
était mise en œuvre.

Au total, cinq patients dysexécutifs ont été suivis pendant 12 semaines. Un paradigme
A-B-A a été utilisé et a permis de suivre l’évolution des courbes de performance des tâches
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de la vie quotidienne lors des phases de référence (A1 et A2). Plus précisément, un protocole
de rééducation standard a été proposé pendant les phases A1 et A2, et la rééducation ciblée
(association tRNS et entraînement cognitif) a été réalisée sur la phase B. L’entraînement
cognitif impliquait un logiciel (co-virtua) qui reproduit virtuellement certaines activités quo-
tidiennes (courses, conduite). Les performances du patient dans les tâches réelles de la vie
quotidienne ont été évaluées quatre fois par semaine au moyen de l’échelle d’atteinte des
objectifs (GAS, Krasny-Pacini et al., 2017) pendant toutes les phases (A1-B-A2). Cette
échelle a permis de noter les objectifs individualisés (par exemple planification des courses)
en fonction de la demande du patient.

Nos résultats montrent que la rééducation n’a pas d’effet à court terme, avec une amélio-
ration de seulement 3 des 15 objectifs, mais est prometteuse à long terme, avec une amélio-
ration de 7 des 15 objectifs.

Les résultats de ces cinq patients montrent un effet contrasté de l’effet de couplage HD-
tRNS et Co-virtua Cognition® sur la réalisation des tâches écologiques. En effet, seul un
patient a montré une amélioration à court terme. Ces résultats modérés peuvent être dus soit
(1) à l’hétérogénéité des profils des patients (qui ne peut être appréhendée par des analyses de
groupe), soit (2) aux limites de la psychométrie de l’échelle de réalisation des objectifs, ainsi
qu’aux objectifs choisis, qui peuvent ne recruter que partiellement les fonctions exécutives.
La mise en place de meilleurs outils et mesures pour l’échelle d’atteinte des objectifs d’une
future cohorte est prévue, et devrait s’améliorer. Ceci permettra de clarifier les effets de
cette intervention sur les fonctions exécutives et sur les tâches écologiques.
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CHAPTER 14

Discussion

Les contributions de cette thèse visaient à répondre à deux questions de recherche : (1)
comment pouvons-nous prédire la performance humaine à une tâche complexe ? Et (2)
comment pouvons-nous améliorer la performance humaine à une tâche complexe ? La dis-
cussion générale de cette thèse récapitule comment nous avons abordé ces deux questions et
quels ont été nos résultats. Outre la première contribution méthodologique, deux études ont
été associées à la prédiction de la performance humaine par la neuro-imagerie, et deux autres
ont été associées à l’amélioration de la performance humaine par la stimulation cérébrale.

14.1 Prédire la performance à une tâche complexe avec des
mesures neurophysiologiques

Dans cette thèse, nous avons choisi d’aborder la première question à l’aide de mesures de
neuro-imagerie pendant un état de repos. L’idée de base est que, tout comme la perfor-
mance athlétique peut être partiellement prédite par la structure d’un muscle (Gollnick &
Matoba, 1984), la performance de tâches complexes peut être prédite par l’activité cérébrale
au repos. Pour tester cette hypothèse, nous avons choisi de nous appuyer sur deux outils
de neuroimagerie complémentaires : l’EEG et la fNIRS, chacun mesurant un signal neuro-
physiologique différent dans le cerveau - l’activité électrique des neurones pour l’EEG, et
l’oxygénation du sang liée à l’activité cérébrale pour le fNIRS. En utilisant les analyses de
micro-états en l’EEG (c’est-à-dire les topographies prototypiques), nous avons pu obtenir
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la dynamique spatio-temporelle de certains réseaux cérébraux. En utilisant des analyses de
connectivité fonctionnelle par fNIRS, nous avons mesuré la connectivité globale d’un réseau
associé aux fonctions exécutives : le réseau fronto-pariétal.

Des résultats complémentaires ont été observés à travers ces deux études. En effet,
dans la première, nous avons trouvé que la durée moyenne du micro-état D au repos était
corrélée avec la performance globale dans la tâche Space Fortress ; dans la seconde, nous
avons trouvé que la connectivité fonctionnelle globale du réseau fronto-pariétal au repos
était associée à la performance globale dans la tâche Space Fortress. Par conséquent, nous
pouvons établir un lien entre ces résultats : il existerait une association entre une mesure
neurophysiologique au repos et la performance globale dans une tâche complexe (Space
Fortress). En outre, nous soutenons maintenant que ces deux résultats ne sont que les deux
faces d’une même pièce. Certains résultats de la littérature semblent aller dans le sens de
cette interprétation. En effet, deux études indépendantes utilisant l’EEG-IRM simultanée
au repos ont trouvé que le micro-état D a été associé au réseau fronto-pariétal (Michel &
Koenig, 2018; Custo et al., 2017). Pour aller plus loin, nous pourrions émettre l’hypothèse
que la durée moyenne et le nombre d’occurrences du micro-état D sont directement asso-
ciés à la connectivité fonctionnelle globale du réseau fronto-pariétal. Une telle hypothèse
pourrait expliquer nos deux résultats complémentaires. Elle serait également logique sur le
plan physiologique : l’activité prolongée et synchrone des neurones du réseau fronto-pariétal
(c’est-à-dire plus d’occurrences et une plus longue durée du micro-état D) nécessiterait une
plus grande oxygénation dans ces zones, ce qui entraînerait une plus grande connectivité
fonctionnelle dans le réseau associé. Une telle hypothèse pourrait être directement testée
en effectuant des enregistrements concomitants de fNIRS et d’EEG couplés aux méthodes
utilisées dans cette thèse. À notre connaissance, une telle étude couplant la connectivité
fonctionnelle en fNIRS et les micro-états EEG n’a jamais été réalisée.

En résumé, dans les deux études, nous avons pu prédire une partie importante de la
performance humaine dans une tâche complexe en utilisant des données neurophysiologiques
au repos. À la lumière de nos deux contributions, il apparaît que l’organisation fonction-
nelle intrinsèque du réseau fronto-pariétal serait un prédicteur des fonctions exécutives, qui
sont susceptibles d’être impliquées dans la performance lors de tâches complexes. En effet,
l’activité de ce réseau au repos (mesurée soit par EEG, soit par fNIRS) s’est avérée être un
prédicteur significatif de la performance de la tâche à venir (entre 26% et 45% de variance
expliquée). À notre connaissance, c’est la première fois que des paramètres de micro-état
de l’EEG au repos permettent de prédire la performance dans une tâche aussi complexe. De
plus, cette prédiction semble être reproductible, que ce soit au niveau du sujet, de l’outil
de neuroimagerie (EEG vs fNIRS) ou de la méthode d’analyse (micro-états vs connectivité
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fonctionnelle).
Cette robustesse, couplée à la facilité d’acquisition, fait de ces marqueurs prédictifs de

l’état de repos de bons candidats pour l’évaluation de la performance dans des tâches com-
plexes, que ce soit pour le suivi de l’entraînement/rééducation ou comme mesure supplémen-
taire à des fins de sélection individuelle. Enfin, une perspective majeure dans l’évaluation
de la performance humaine, pourrait être le transfert de nos résultats à d’autres tâches
complexes et plus écologiques. Nos résultats ouvrent la possibilité d’extraire des mesures
neurophysiologiques similaires et pertinentes dans des situations réelles. Des investigations
plus poussées, tentant de prédire des tâches plus complexes telles que le pilotage d’un avion
ou la réalisation d’une opération chirurgicale, peuvent être envisagées avec peu d’adaptation.
De telles études pourraient également coupler ces mesures neurophysiologiques potentielles
avec des mesures comportementales dans un modèle afin d’augmenter la part de variance
prédite.

14.2 Améliorer la performance à une tâche complexe avec la
stimulation cérébrale

La deuxième question de cette thèse portait sur l’amélioration de la performance humaine
dans une tâche complexe. Nous avons choisi d’aborder cette question par l’utilisation con-
comitante d’un entraînement cognitif et d’une stimulation cérébrale – la stimulation tran-
scrânienne à bruit aléatoire – à un niveau fondamental (participants sains) et dans un domaine
clinique (patients dysexécutifs atteints de lésions cérébrales). Nos résultats sur cette ques-
tion sont contrastés, du moins, avec les paradigmes et les mesures expérimentales utilisés
dans nos expériences. En effet, nos résultats montrent que l’entraînement cognitif couplé
à la tRNS a un effet sur les performances qui est faible ou inexistant à court terme, et
faible/moyen à long terme.

En effet, nous avons montré chez des participants sains et des patients atteints de lésions
cérébrales que ce type d’entraînement n’améliore pas significativement les performances ou
le taux d’apprentissage à court terme, que ce soit dans des tâches complexes comme Space
Fortress, ou dans des tâches écologiques comme la gestion d’une liste de courses. Ce résultat
a été obtenu après 60 minutes (3 jours × 20 min) de stimulation chez les participants sains, et
320 minutes (plus de 5 heures : 4 semaines × 4 sessions × 20 min) chez les patients. Ainsi,
un premier élément de réponse qui pourrait expliquer cette absence d’effet à court terme
pourrait être dû à la courte durée de l’expérience. En comparaison, les études d’entraînement
qui ont utilisé Space Fortress sont généralement comprises entre 10 et 30 heures de temps
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d’entraînement (Gopher et al., 1994; Blumen et al., 2010; Voss et al., 2012).
Cependant, nos résultats indiquent un effet potentiel à long terme de la tRNS sur la

performance de la tâche qui est subtil à comprendre. La principale attente en matière
d’entraînement cognitif est d’observer un effet significatif sur le taux d’apprentissage ou
sur la comparaison pré-post, ce qui n’était pas le cas ici. Cependant, un effet de rétention
significatif a été trouvé dans la population saine. Cela suggère que la HD-tRNS sur le DLPFC
droit va promouvoir le maintien de ce qui a été appris au lieu d’améliorer l’apprentissage lui-
même. De plus, la force de cette observation réside dans le fait qu’elle a été obtenue avec
seulement 3 sessions d’une stimulation de 20 minutes.

Un effet à long terme peut également être constaté dans l’échantillon de patients, avec
une amélioration de 7 des 15 objectifs (performance dans les tâches de la vie quotidienne).
Cependant, ces résultats modérés sont difficiles à interpréter, car des variables de confusion
potentielles peuvent être en cause. Par exemple, un effet de récupération normal comme
"l’effet Hawthorne" (effet de prise en charge, voir McCambridge et al., 2014) pourrait expli-
quer nos résultats. Il convient également de noter que la mesure choisie (échelle d’atteinte
des objectifs, Krasny-Pacini et al., 2016) était constituée de tâches de la vie réelle (par exem-
ple gestion du linge, planification des courses, etc.) qui ne sont peut-être pas nécessairement
sensibles, fiables ou valides. Par conséquent, ces objectifs ne constituent probablement pas
une mesure idéale des fonctions exécutives visées par ce protocole, ce qui rend l’interprétation
de ces résultats d’autant plus difficile.

Les résultats contrastés de ces deux études peuvent également s’expliquer par des dif-
férences méthodologiques. En effet, nous avons mesuré les performances sur la même tâche
(Space Fortress) dans l’échantillon sain alors que nous avons mesuré les performances sur des
tâches non entraînées (pour valider un effet de transfert) chez les patients. Ces derniers ont
été entraînés en couplant Covirtua avec le tRNS et ont été évalués dans différentes tâches
de la vie quotidienne (suivre une recette, gérer les courses, gérer la boîte aux lettres, etc.).

Outre ces points méthodologiques, plusieurs mécanismes neuronaux pourraient expliquer
le potentiel de rétention ou l’effet à long terme constaté dans ces deux études. Les mécan-
ismes de potentialisation à long terme (LTP) (Bliss & Collingridge, 1993; M. A. Nitsche et
al., 2009) ou de résonance stochastique (Fertonani & Miniussi, 2017) pourraient expliquer
ces résultats, ces deux phénomènes n’étant pas mutuellement exclusifs. La LTP est un ren-
forcement durable des synapses de deux neurones qui étaient auparavant actifs (loi de Hebb).
En modifiant le seuil du potentiel d’action, la tRNS aurait pu augmenter les mécanismes de
LTP, ce qui aurait eu pour conséquence un meilleur maintien des compétences précédemment
acquises dans la tâche Space Fortress. La résonance stochastique est un autre mécanisme,
basé sur l’induction de bruit dans les neurones qui forment les réseaux cérébraux. Un tel bruit
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Chapter 14. Discussion

maximiserait l’activité de ces réseaux, ce qui aurait entraîné une plasticité neuronale. Bien
que ces interprétations soient intéressantes, il convient de noter que nous n’avons pas été
en mesure de mesurer ces phénomènes, que ce soit par imagerie cérébrale (EEG ou fNIRS)
ou par des mesures électrophysiologiques (ce qui n’aurait pas été possible dans une étude
centrée sur l’homme).

En résumé, nos deux études montrent un effet faible à nul à court terme (6 à 7% de
la variance expliquée), et un effet faible à modéré à long terme (12 à 13% de la variance
expliquée). Il convient de noter que ces résultats s’inscrivent dans la lignée de la littérature
sur la stimulation cérébrale, qui offre souvent des résultats contrastés (Elmasry et al., 2015),
bien qu’avec d’autres types de stimulation (par exemple une stimulation transcrânienne à
courant continu). Globalement, nos résultats doivent être considérés comme prometteurs,
car ils sont les premiers à démontrer un effet potentiel à long terme et de rétention de la
HD-tRNS dans une tâche complexe, ce qui n’a pas été étudié auparavant.

En termes de perspectives, les études futures devraient envisager d’augmenter le temps
d’entraînement et de stimulation ainsi que la taille de l’échantillon, bien que cela soit difficile
en pratique. En effet, à en juger par nos résultats, il semble qu’un temps d’entraînement
plus long dans l’échantillon sain aurait induit un meilleur effet d’apprentissage pour le groupe
HD-tRNS.
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CHAPTER 15

Conclusion

Cette thèse menée à l’ISAE-SUPAERO visait à répondre à deux questions : "Peut-on prédire
la performance humaine sur une tâche cognitive complexe avec des mesures neurophysi-
ologiques ?" et "Peut-on améliorer la performance humaine (chez des participants sains et
des patients souffrant de lésions cérébrales) sur des tâches complexes ou écologiques avec
une stimulation cérébrale ?".

Nous avons démontré dans deux expériences que l’activité cérébrale intrinsèque du réseau
fronto-pariétal pouvait prédire une part importante de la performance globale dans une tâche
complexe. Ces deux contributions ont fourni des résultats convergents, bien qu’utilisant des
techniques de neuroimagerie (spectroscopie fonctionnelle dans le proche infrarouge et élec-
troencéphalographie) et des méthodes (connectivité fonctionnelle et micro-états) différentes.
Ces éléments nous amènent à affirmer que l’activité du réseau fronto-pariétal pourrait être
une cible privilégiée – en tant que marqueur cérébral – pour prédire la performance de tâches
encore plus complexes et écologiques (par exemple, la performance de vol dans un avion), ou
les erreurs humaines. Ces résultats sont prometteurs dans le contexte de la neuroergonomie,
où la prédiction des erreurs/performances humaines est un sujet majeur. Des protocoles ex-
périmentaux suivant les travaux de cette thèse sont maintenant en cours de développement
pour prédire la performance en simulateur de vol chez les pilotes, sur la base des marqueurs
cérébraux identifiés dans cette thèse.

Notre deuxième axe de recherche s’est concentré sur l’amélioration de la performance à
des tâches complexes en utilisant des protocoles couplant entraînement cognitif et stimulation
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cérébrale, chez des participants sains et des patients dysexécutifs. Bien que nos travaux
nécessitent d’être répliqués, nos résultats sont néanmoins prometteurs. L’utilisation d’un
certain type de stimulation – la stimulation transcrânienne haute définition à bruit aléatoire
– pourrait ainsi s’avérer être un excellent moyen d’améliorer les capacités humaines chez
des personnes saines, permettrait une meilleure performance et une meilleure résistance aux
erreurs, en particulier sur le long-terme ; ou permettrait une meilleure récupération suite à
une lésion cérébrale, avec un meilleur pronostic d’autonomie chez des patients dysexécutifs.
Cependant, des discussions éthiques doivent également avoir lieu au sein de la communauté
scientifique concernant la réglementation et l’utilisation de ces outils.

Enfin, nos travaux pionniers sur la recherche de marqueurs intrinsèques de la perfor-
mance de tâches complexes, ou l’utilisation de la stimulation transcrânienne à bruit aléa-
toire, ouvrent le champ des possibles pour prédire les erreurs humaines à partir de marqueurs
neuronaux ou améliorer l’entraînement et la rééducation. Ces travaux pourraient avoir un
impact considérable dans de nombreux systèmes et professions à haut risque (pilotes d’avion,
contrôleurs aériens, gestion des centrales nucléaires), et pourraient sauver des vies humaines
à long terme, ou améliorer considérablement la qualité de vie des patients atteints de lésions
cérébrales.
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Abstract 

Recent advances in cognitive neurosciences postulate that brain networks dynamics are associated 

with cognitive functioning. Yet, only few studies have tested this hypothesis. In this registered report, 

we plan to specifically investigate the links between brain spatio-temporal dynamics and Executive 

Functions. To do so, the brain spatio-temporal dynamics will be measured through resting-state EEG 

microstates; and EF will be measured through a confirmatory factorial analysis on nine cognitive 

tasks. We hypothesize that cognitive microstates (class C and D) metrics will correlate with a global 

executive functioning score. Such results could support the hypothesis of an association between brain 

networks dynamics and cognitive functions. 
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1. Introduction 

Executive functions (EF) are a landmark of human cognition and have been defined as "high-level 

cognitive processes that enable individuals to regulate their thoughts and actions during goal-directed 

behaviors" (Friedman & Miyake, 2017). They are thought to be typically recruited when dealing with 

novel and complex tasks or situations (Miyake et al., 2000), and to rely on a set of large-scale 

functional brain networks that include frontal and parietal areas (Uddin, 2021). In this registered-

report, we will propose to study the links between resting-state (RS) EEG microstates and EF. 

EF have been difficult to study due to the fact that they encompass a broad number of cognitive 

functions which are inter-related, meaning that they cannot be purely studied with specific cognitive 

tasks. To overcome this task impurity issue, it has been proposed to use latent variable analyses, which 

allow to capture only common variance across multiple measures (Miyake et al., 2000; Friedman & 

Miyake, 2008). The most influential study in the domain (Miyake et al., 2000) showed that EF can be 

decomposed into three latent variables: mental set-shifting ("shifting"), information updating and 

monitoring in working memory ("updating") and inhibition of prepotent responses ("inhibition"). In 

this model, nine cognitive tasks (three per latent variable) have been chosen and have been found to 

weakly correlate with one another (r between -.05 and .34), while the three latent variables show 

moderate correlation with one another (r between .42 and .63). These results illustrate the fact that EF 

show both unity and diversity (Friedman et al., 2017). Interestingly, this three-factor model shows 

some robustness since it has been replicated multiple times in healthy adult samples (Karr et al., 

2018). 

The neural substrates of EF have been largely studied with fMRI. Using the terms "executive 

functions", "inhibition", "shifting" and "working memory" into Neurosynth (https://neurosynth.org/) 

provide a set of overlapping brain areas that include frontal areas (dorsolateral prefrontal cortex, 

anterior cingulate cortex, inferior frontal gyrus) and parietal areas (inferior parietal lobule, angular 

gyrus) (Uddin, 2021), which are part of the fronto-parietal network (FPN), the executive control 

network (ECN) and the salience network (SN) (Xu et al., 2020). Studies using dynamic functional 

connectivity (dFC) showed that these networks are dynamically modulated during EF tasks such as the 

stroop or the n-back (Braun et al., 2015; Douw et al., 2016). These results are consistent with a recent 

hypothesis that postulates that neural flexibility (i. e. the ability of the brain to change from one state 

to another) is related to cognitive performance (Hartwigsen, 2018; Uddin, 2021). This hypothesis have 



been further investigated by correlating fMRI dFC during RS with performance in various cognitive 

function tasks (Zelazo et al., 2006; Jia et al., 2014; Douw et al., 2016; Nomi et al., 2017). Taken 

together, these fMRI dFC studies show that brain networks dynamics may be an intrinsic signature of 

cognitive performance (Nomi et al., 2017; Uddin, 2021).  

Besides fMRI, EEG provides an interesting means of capturing the temporal dynamics of the brain 

activity at a higher temporal resolution (Michel & Koenig, 2018; Zappasodi et al., 2019). In particular, 

EEG microstates analyses have recently gained increasing interest to characterize spatio-temporal 

electrical brain dynamics (for a review, see Michel & Koenig, 2018). Some authors have even 

suggested that EEG microstates could be the "atoms of thoughts" (Lehman & al., 1987; Lehman & 

Koenig, 1997) in the way that they could represent the unitary elements of cognitive processes. 

Microstates have been defined as semi-stable electric potential configurations on the scalp that last 

approximately 60-120 ms. Several metrics (e.g., coverage, duration, occurrence) can be computed to 

describe the dynamics of these microstates that alternate between one another (Lehman & Michel, 

2011). While several microstates have been described, the literature shows some consistency by 

repetitively identifying four main microstates, each being a prototypical configuration of the scalp 

potential field (Michel & Koenig, 2018). 

By combining EEG and fMRI analyses, studies have found that these four main microstates (named A, 

B, C and D) may be associated with specific fMRI RS networks: the auditory (A), the visual (B), the 

executive control (C) and the attentional (D) networks (Britz et al., 2010, Van de Ville et al., 2010, 

Dusto et al., 2017; Xu et al., 2020). Recent evidences in favor of this hypothesis has also been reported 

with a study that showed that EEG microstates are closely related to dFC states observed in fMRI and 

may be relevant markers to study large-scale brain networks dynamics (Abreu et al., 2020). As a 

result, EEG microstates analyses approach appears to be adapted to study the temporal dynamics of 

these networks and their relationship with higher cognitive processes (Michel & Koenig, 2018). 

Especially, microstates C and D (associated with executive control and attentional networks) metrics 

seem to be related to higher cognitive functions. In details, the number of occurrences or the mean 

duration of microstate C during a RS correlates negatively with fluid intelligence (Liu et al., 2020). It 

has also been shown that reasoning and arithmetic tasks significantly modify microstates C and D 

metrics (e. g. occurrences, mean duration and coverage) compared to a RS, revealing that these 

cognitive microstates are arguably associated with specific cognitive abilities (Seitzman et al., 2017; 

Zappasodi et al., 2019; Kim et al., 2021). 

Taken together, the results of these studies are in favor of an association between brain networks 

dynamics (investigated through dFC or microstates analyses) and executive functions, but there are 

some limits. First, the executive functions in these studies are usually assessed through only one 

cognitive task (for example a n-back task or Raven's matrices task). This is a limit considering the task 

impurity problem (Friedman & Miyake, 2017), especially on complex tasks where multiple cognitive 

functions are recruited. As an EF model is available and has been validated by several studies (Miyake 

& Friedman, 2000; Friedman & Miyake, 2017; Karr et al., 2018), one could argue that such a model 

could best fit the multidimensionality of executive functions. Finally, microstates analyses are well 

established and provide an interesting mean to capture the brain networks dynamics (Michel & 

Koenig, 2018), however, their links with executive functions are yet to be more thoroughly 

investigated. 

The present project aims to explore for the first time the links between spatiotemporal brain dynamics 

(RS EEG microstates) and EF. This study is based on the results of fMRI and EEG studies that support 

the hypothesis that neural flexibility is associated with cognitive flexibility and EF (Zelazo et al., 



2006; Jia et al., 2014; Braun et al., 2015; Douw et al., 2016; Nomi et al., 2017; Seitzman et al., 2017; 

Zappasodi et al., 2019; Uddin, 2021). To do so, we will measure participants' performance on EF tasks 

and their neural flexibility. Note that in this article, "neural flexibility" will be used to describe the 

spatio-temporal brain dynamics. In practice, this term will refer to microstates metrics, which have 

been found to be related to brain network dynamics (Britz et al., 2010; Van de Ville et al., 2010). In 

order to measure the participants' EF, they will have to perform nine cognitive tasks. A confirmatory 

factor analysis (CFA) will be then applied to extract the three EF models repeatedly replicated in the 

literature (Miyake & Friedman, 2000; Friedman & Miyake, 2017; Karr et al., 2018). 

In order to measure the participants' neural flexibility, microstate metrics will be extracted from an 

EEG recording during a RS. We will follow a two- -Baron et al. 

- -Baron et al., 2020). Finally, we will compute correlation analyses 

between microstates C and D metrics and a global score of EF. The choice of these specific 

microstates was done according to previous studies that showed associations between microstates and 

(1) functional brain networks; namely the executive control (C) and the attentional networks (D) (Britz 

et al., 2010; Van de Ville et al., 2010, Custo et al., 2017; Xu et al., 2020); (2) cognitive functions that 

are related to EF such as fluid intelligence (C) or reasoning (D) (Zelazo et al., 2006; Seitzman et al., 

2017; Zappasodi et al., 2019). 

Hypothesis. The present study aims to test the hypothesis that intrinsic spatio-temporal brain dynamics 

is a signature of EF. Specifically, our hypotheses postulate that: 

 H1a. The number of occurrences of microstate C during RS will correlate (non directional) 

with the global score of EF. 

 H1b. The mean duration of microstate C during RS will correlate (non directional) with the 

global score of EF. 

 H1c. The number of occurrences of microstate D during RS will correlate (non directional) 

with the global score of EF. 

 H1d. The mean duration of microstate D during RS will correlate (non directional) with the 

global score of EF. 

 

2. Material and methods 

2.1. Sample size calculation 

Using the r power package (pwr, Champely et al., 2018), a test was conducted to calculate the sample 

size for the hypothesis. To determine the power analysis parameters, we choose to rely partially on the 

study conducted by Santarnecchi et al. (2017) that best fit the present statistical plan. In the former 

article, the authors found correlations of r = .35 and r = .5 between microstates metrics and 

performance in a fluid intelligence test. While fluid intelligence is not EF per se, they share up to 25% 

common variance (Friedman & Miyake, 2017). Hence, we choose a r = .30 (undirected) based on this 

article, corresponding to medium to large effect size (Cohen, 1992). Coupled with a power at .90 and a 

significance level of .02, the results gave a sample of n = 140. 

Note that a CFA on nine EF tasks will be performed in order to replicate the results from the literature 

(Miyake & Friedman, 2000; Friedman et al., 2008). The model will consist of three factors (inhibition, 

shifting, updating) based on the CFA literature (Miyake & Friedman, 2000; Friedman & Miyake, 

2017; Karr et al., 2018). To determine the sample size of the CFA (Kline, 2015; Kyriazos et al., 2018), 



we used a classical rule of thumb of N:p > 10 ratio (N = number of participants, p = number of 

measures) and N:q > 20 ratio (q = number of factors). Furthermore, as recommended by kyriazos et al. 

(2018), we performed a CFA power analysis. Using the simsem r package (Pornprasertmanit et al., 

2020), a Monte-Carlo simulation (1000 repetitions) was computed with n = 140 participants based on 

the results and models from Friedman et al.  (2008). Using a significance level of p=.02, the results of 

the simulation gave the following parameters RMSEA=.071, CFI = .919, TLI = .879, SRMR = .063. 

These parameters can be considered as sufficient considering the simplicity of the model (three 

factors), the chosen sample size (Sharma et al., 2005), and the fact that this model has been replicated 

several times in healthy adult samples (Karr et al., 2018). 

As a consequence, 140 healthy adults (age = 18-35 years) are planned to be recruited from the 

Toulouse University Campus, by email, flyers and newspaper publications. The local ethic committee 

of Toulouse University approved the study (IRB00011835-2020-09-22-297) 

2.2. Experimental protocol 

2.2.1. Overview 

The experimental protocol includes two laboratory sessions. Both will last approximately one hour and 

thirty minutes, which make a total of three hours to complete the experiment. Participants will receive 

a financial compensation of 30 euros once they have completed both sessions. 

2.2.2. First Laboratory session 

Before the laboratory session, participants will receive a mail containing information about the 

experiment. They will be asked to avoid drinking coffee or smoking up to two hours before the 

laboratory session. They will be received at the ISAE-SUPAERO Neuroergonomics laboratory and 

will be asked to read and sign an informed consent and other basic information about the experiment 

(average time to complete and description of the protocol and the tasks). The experiment will take 

place in an experimental room with no window and with a stable temperature. The participants will 

face a 24" screen with a keyboard and a mouse on the table. 

During EEG cap and electrodes installation, participants will answer a demographic questionnaire. 

Then, they will perform a five minutes RS. Note that this registered report is a part of a larger study, 

which will investigate the links between EF, a video game (Space Fortress, Mané & Donchin, 1989) 

and microstates. For the sake of efficiency, we will only describe what will be used in this registered 

report. The full project and methods can be found in OSF (https://osf.io/fm58p/). 

2.2.3. Second laboratory session 

The participants will come back to the laboratory (same experimental room) for a second session in 

the week following the first session. During this second session, participants will perform the 

cognitive tasks, which will consists of approximately three 30-min runs made of three cognitive tasks 

each. Based on the works of Friedman et al. (2008), the order of task administration (as well as stimuli 

within tasks) will be fixed as follow: antisaccade, letter-memory, color shape, 5-min break, number

letter, Stroop, keep track, lunch break, dual 2-back, category switch, and stop-signal. The Inquisit 

software (https://www.millisecond.com/) will be used to run the tasks and to gather the data. 

2.3. Tasks and behavioral measures 

2.3.1. Resting State 



Spontaneous brain activity will be recorded during a RS. They will be asked to "relax, refrain from 

moving, and let their mind wander while staying awake". There will be an alternating 30 seconds of 

eyes open and 30 seconds of eyes closed, 5 times each. An auditory cue will be used to announce the 

switching between eyes open and eyes closed. The alternating order of eyes closed and eyes open 

blocks is intended to avoid fatigue and maintain vigilance (Langer et al., 2012). 

2.3.2. Questionnaire 

A demographic questionnaire will be given to the participants, allowing to gather demographics (i.e., 

age, education level, handedness, native language, and results in the criteria of inclusion/exclusion). 

2.3.3. Executive Functions tasks 

Participants will perform nine cognitive tasks measuring the three main EF, namely the inhibition, 

updating and shifting. The nine tasks have been chosen based on the article of Friedman et al. (2008) 

in order to perform a similar analysis (CFA with three factors). Note that all the tasks coding come 

from the millisecond test library (https://www.millisecond.com/download/library/) and will be 

launched on-line through the inquisit software. The tasks have been translated in French for the 

purposes of this experiment and the modified code files will be available on osf.io. 

Inhibiting tasks 

Antisaccade. During this task, the participant must focus on a fixation cross in the center of the screen. 

A yellow square flashes (i.e., a visual cue) on either the right or the left side of the cross. After the 

flash, an arrow appears on the opposite side of the flash, pointing either left, right or up. The 

participant must respond to which direction the arrow is pointing through the arrow keys on the 

keyboard. Note that we will not measure saccades with an eye-tracker. The dependent variable on this 

task is the proportion of correct responses. 

Stop signal. In this task, the participant must focus on a fixation cross in the center of the screen. Then, 

an arrow appears pointing either left or right. The participant has to press the corresponding arrow key. 

However, in some of the trials, the participant hears an auditory signal which indicates that she/he has 

to inhibit her/his response. This task is extracted from Verbruggen et al. (2019) and default parameters 

will be used. The dependent variable on this task will be the stop signal RT (response time). 

Stroop. In this task, the participant will see colored stimuli (figures and words). Their goal is to 

indicate the color of the stimuli. This test is adapted for computers, and keyboard keys are associated 

with colors (Scarpina & Tagini, 2017). There will be congruent (e.g., the word RED written in red) 

and incongruent (e.g., the word RED written in blue) trials. The dependent variable on this task will be 

the RT difference between congruent and incongruent trials. 

 

Updating tasks 

Keep-track. During this task, the participant must memorize and update words that are specific to 

certain categories (amongst 6 in total). The words are presented one by one in the center of the screen. 

The trials on this task include to keep-track of 3 to 4 words simultaneously and are randomized. The 

dependent variable will be the proportion of correctly recalled words. 

Letter memory. In this task, the participant views a series of letters that appear one at a time at the 

center of the screen. Their goal is to memorize the four last letters. This task is modified from 



Friedman et al. (2008) in which participants have only to memorize the three last letters. This 

modification choice was done according to a pilot study that revealed a ceiling effect with only 3 

letters to memorize. The dependent variable will be the proportion of correctly recalled letters. 

Dual n-back. In this task, the participant needs to follow a sequence of stimuli in two modalities at the 

same time (visual and auditory). N-value was set to two (i.e., 2-back task). The participant must 

determine whether the position of the square (visual) was the same as the one observed two trials 

before in a 3 x 3 grid; and simultaneously determine whether the heard letter is the same as the one 

presented two trials before.  Note that this is the only task that differs from Friedman et al. (2008) 

study in which they choose a spatial n-back. The reason is that the spatial n-back is not available on 

millisecond test library, and the dual n-back is the closest that we found in this library. The dual n-

back task from the present study comes from Jaeggi et al. (2010) and we used identical parameters 

with only the 2-back. The dependent variable will be the proportion of correct responses (yes and no). 

Switching tasks 

Number letter. During this task, the participant sees a 2 x 2 matrix on the computer screen. A pair of 

characters (ex : '7C') is presented and the participants have to respond either on the letter (consonant 

vs. vowel) or the digit (odd vs. even) depending on the position of the characters on the matrix that 

will randomly change. The dependent variable will be the difference of RT between switching trials 

and non-switching trials. 

Color shape. In this task, red or green circles or triangles are presented to the participant. The goal is 

to respond to the type of stimuli depending on the cue (S for Shape vs. C for Color). The trials will be 

randomized and the dependent variable on this task will be the difference of RT between switching 

trials and non-switching trials. 

Category switch. During this task, the participants are asked to categorize a word in terms of (a) living 

criterion (living vs. non-living) or (b) size criterion (smaller vs. larger than a basketball). A cue will 

determine which categorization needs to be performed, with a heart associated to the living criterion, 

and a cross associated to the size criterion. The trials will be randomized and the dependent variable 

on this task will be the difference of RT between switching trials and non-switching trials. 

2.4. Neurophysiological measures 

EEG raw data will be recorded during the laboratory session with a Biosemi Active-two amplifier. 64 

pre-amplified gel electrodes will be positioned on a head cap according to the 10-20 system. We will 

select an appropriate cap size depending on the head circumference of each participant. The sampling 

rate will be 500 Hz and the total duration of the RS acquisition will lasts five minutes. All data will be 

recorded using the lab streaming layer (https://github.com/sccn/labstreaminglayer) with the dedicated 

Biosemi LSL application, and will be saved in XDF format following the Brain Imaging Data 

structure (BIDS, Pernet et al., 2019) with LabRecorder (LSL library version: 113). 

2.5. Analyses 

2.5.1. Executive Functions 

Transformations and outlier analysis. The distribution of the dependent variables (RT and proportion 

of correct responses) for the nine EF tasks will be transformed to achieve normality following a 

procedure based on Friedman et al. (2008). Concerning the RT scores, only values < 200 ms on correct 

trials will be included. To obtain the best measure of central tendency for RT scores, we will apply a 



within-subject trimming procedure that is robust to non-normality (Wilcox & Keselman, 2003): for 

each participant, observations that deviate from the median by more than 3.32 times the median 

absolute deviation will be excluded. All accuracy data will be arcsine transformed to improve 

normality. To reduce the influence of extreme scores and improve normality, observations larger than 

3 standard deviations (SDs) from the group mean will be replaced with a fixed value of 3 SDs. 

Skewness and kurtosis for each variable, as well as the percentage of observations affected by these 

transformations will be reported. 

Confirmatory Factorial Analysis. The CFA will be performed using the lavaan r package (Rosseel et 

al., 2017) and will be computed on the z-scored values following the three-factor model from 

Friedman et al.  (2008). To measure model adjustment, the RMSEA, CFI, TLI and SRMR will be 

reported (kyriazos et al., 2018). 

Global Executive Functioning score. Finally, a global executive functioning score will be calculated 

for each participant by averaging their z-scores on the nine executive function tasks. 

2.5.2. EEG data pre-processing 

All raw and processed data as well as the code to analyse are planned to be on open access in a 

standardized structure (BIDS, Pernet et al., 2019) on osf.io. 

Using our own script developed in Matlab (ver. R2020b) from EEGlab functions (Delorme & Makeig, 

2004), raw XDF data will be imported in Matlab. EEG Data from the entire first RS will be selected 

and will be pre-processed with the Automagic toolbox (ver. 2.4.3) for MATLAB (Pedroni et al., 

2019). This toolbox will allow for automated and standardized pre-processing and quality assessment 

without any subjective decision. 

EEG bad channel removal. EEG data will be copied and submitted to algorithms whose purpose is to 

detect bad channels (Pedroni et al., 2019). In these copied EEG data, bad electrodes will be identified 

using EEGLab plugin clean-rawdata (http://sccn.ucsd.edu/wiki/Plugin_list_process). This plugin uses 

three algorithms to detect and removes flatline, low-frequency, and noisy channels. A channel will be 

defined as a bad electrode when recorded data from that electrode will be correlated at less than .85 to 

an estimate based on other channels (channel criterion). Furthermore, a channel will be defined as a 

bad channel if it has more line noise relative to its signal compared to all other channels (4 standard 

deviations). A high-pass filter (0.25 to 0.75) will also be performed to remove channel drift. 

EEG filtering. Data will be high-pass filtered (1 Hz) using EEGLab's pop-eegfiltnew function. A 

notch-filter (50 Hz) will also be applied to remove European AC line noise. 

Artifact removal. Artifact removal will be done by using EEGLab's runICA function. Independent 

component labels (Pion-Tonachini et al., 2019) will be used to classify the components. Components 

that are classified as muscle, eye, heart, line noise and channel noise with at least 80 percent 

confidence will be excluded. 

Bad channel interpolation. All channels detected as bad ones will be interpolated using the eeg-interp 

on method. 

2.5.3. EEG data quality assessment 

EEG data quality will be rated as acceptable or bad by using four quality measures implemented in the 

Automagic toolbox (Pedroni et al., 2019). Data that have been rated as bad will be excluded. 



Ratio of bad channels (RBC). The more channels that are interpolated, the more of the signal of 

interest is lost and, hence, the worse the data quality. If the RBC is > 30% RBC, data will be 

considered as bad. 

Overall high amplitude (OHA), which is defined by calculating the ratio of data points (i.e., electrodes 

x timepoints) that have a higher absolute voltage magnitude of 30 µ V. If the proportion of OHA in the 

data is > 20%, data will be considered as bad. 

Ratio of timepoints of high variance (THV). The THV is identified where the standard deviation of the 

voltage measures across all channels exceeds 15 µ V. If the THV is > 20%, data will be considered as 

bad. 

Ratio of channels of high variance (CHV), for which the standard deviation of the voltage measures 

across all timepoints exceeds 15 µ V, was assessed. If the CHV is > 30%, data will be considered as 

bad. 

2.5.4. EEG microstates data analysis 

Because the eyes closed condition is generally considered most reliable for microstate and functional 

connectivity analyses (Lehman et al., -Baron et al., 2019), microstate analyses (Figure 1) 

will be performed on the pre-processed eyes closed RS data that will be concatenated (5 x 30 sec). 

Analyses will be performed using functions from the Microstates (MST) toolbox (Poulsen et al., 2018) 

adapted using our own Matlab script. The present study will perform a two-step clustering approach, 

z-Baron et al. (2019). 

Microstates pre-processing. Additional pre-processing steps will be performed on the data before EEG 

microstates analysis to be in line with previous works (Michel & Koenig, 2018). A band-pass filter (2 

- 20 Hz) will be applied and data will be re-referenced using the averaged signal from the 64 

electrodes. Data will be segmented in epochs of 2 sec. Data segments exceeding a certain amplitude 

threshold (> 90 µ V) will be discarded. If one participant have less than 20 seconds left of pre-

processed eyes closed EEG data, the whole participant's data will be excluded.  

Global Field Power. First, the Global Field Power (GFP) will be calculated at each timepoint of each 

participant's EEG recording. GFP can be defined as the standard deviation of each sample of the EEG 

signal (across all electrodes) and is thought to reflect the timepoints of stable network activity (Michel 

& Koenig, 2018). Individual GFP peaks datasets will be created, containing all concatenated GFPs 

peaks within one standard deviation of all GFP samples, with a minimal distance of 10 ms between 

GFP peaks. These additional selection criteria will be used to remove potential GFP peaks induced by 

remaining artifacts.  

First level clustering. The first level clustering will then be performed on each individual GFP peaks 

dataset. Modified k-means clustering algorithm (polarity invariant) will be applied to extract the 

microstate prototypes of each participant. The algorithm parameters will be k = 4, 100 repetitions with 

a maximum of 1000 iterations. Note that the number of prototypes (k = 4) was chosen according to the 

literature that repetitively found that 4 microstates explains a large proportion of variance in the data 

(Michel & Koenig, 2018). The results of this first level clustering are participant-level prototypes 

maps that will have no particular order, may vary in polarity, be different across participants and will 

therefore be difficult to compare. 



Figure 1. Illustration of the microstate pipeline based on pilot data. The GFP of pre-processed EEG signal for 

each participant is calculated (please note that only ten channels are displayed here). Topographies at GFP peaks 

are concatenated into one dataset. A first-level clustering is applied to this dataset, participant by participant. 

Then a second-level clustering is applied on the concatenated results of the first-level . A back-fitting 

from this second-level clustering is then performed on participant's samples. Each EEG sample will be labeled 

with the microstate prototype with which it is most similar topographically by using the Global Map 

Dissimilarity measure. The final result of the pipeline will be a temporal sequence of microstates from which 

metrics can be extracted (i. e. number of occurrences, mean duration). GFP = Global Field Power, MS = 

microstate 

 

Second level clustering. To account for this limit, a second level clustering will be performed at the 

group level. A modified k-means clustering algorithm (polarity invariant) will be applied on a dataset 

that contains the results of the first level clustering (all 4 prototypes of each individual participant). 

The algorithm parameters will be k = 4, 1000 repetitions with a maximum of 1000 iterations. 

Back-fitting. Finally, a back-fitting of the 4 group-level microstate prototypes will be performed on the 

individual continuous eyes closed RS EEG data. During this step, each EEG sample will be labeled 



with the microstate prototype with which it is most similar topographically. This will be done using 

the polarity invariant Global Map Dissimilarity (GMD) measure (Poulsen et al., 2018). After the initial 

labeling, some very short microstate segments will exist due to unstable topographies. Therefore, a 

temporal smoothing with a minimum-duration criterion of 30 ms will be applied. The smoothing 

algorithm will repeatedly scans through the microstate segments and changes the label of time frames 

in these small segments to the next most likely microstate class, as measured by GMD. This will be 

done until no microstate segment is shorter than the 30 ms threshold (Poulsen et al., 2018). 

Microstates metrics. The result of the microstate pipeline will consist of a sequence of microstates 

during the eyes closed RS EEG signal for each participant. From this sequence, four metrics will be 

computed (for details, see Poulsen et al., 2018): microstate mean duration, microstate occurrence, 

microstate coverage, global explained variance (GEV). The microstate mean duration represents the 

average duration of a given microstate class, calculated in milliseconds. The microstate occurrence 

represents the average number of times per second a microstate is dominant. The microstate coverage 

represents the fraction of time a given microstate is active in the whole signal. The GEV represents to 

what extent a given microstate can explain the data. The entire code will be available on osf.io. 

2.5.5. Statistical analysis plan 

Hypothesis. Our main hypothesis postulate that cognitive microstates metrics are associated with EF 

global functioning. Therefore, this hypothesis will be tested by doing the following statistical analyses: 

 Hypothesis 1.a. A Bravais-Pearson correlation between the number of occurrences of 

microstate C during RS and EF global score.  

 Hypothesis 1.b. A Bravais-Pearson correlation between the mean duration during of 

microstate C RS and EF global score. 

 Hypothesis 1.c. A Bravais-Pearson correlation between the number of occurrences of 

microstate D during RS and EF global score.  

 Hypothesis 1.d. A Bravais-Pearson correlation between the mean duration of microstate D 

during RS and EF global score. 

Multiple comparisons correction. To account for multiple comparisons, a Holm-Bonferroni correction 

will be applied on p-values of the different statistical analyses (five p-value in total). 

2.5.6. Inclusion criteria and exclusion criteria 

Inclusion criteria will include age (18-35 years); affiliation to social insurance; having read the 

information document about the experiment and signed the informed consent form; native French 

language. 

Exclusion criteria will include addiction (alcohol, drugs); major hearing loss; major visual deficit; 

including hemianopsia and color blindness; neurological or psychiatric pathology; known brain injury, 

drugs intake targeting the central nervous system;  refusal to sign the consent. 

2.5.7. Data removal and missing data 

Participants that have the following criteria will be removed from the final analyses: participant in the 

exclusion criteria; experiment not completed; missing data (behavioral or neurophysiological); 

insufficient EEG data quality assessed by Automagic and qualified as "bad" (Pedroni et al., 2019). 

3. Results (Pilot data) 



Participants were recruited in order to pre-test code robustness for RS EEG data analyses (pre-

processing and microstates analyses). The mean age of the sample (n = 10) is 23.5 (sd = 4.7) years old 

(8 men), all right handed. The mean level of study is 16 (sd = 2.5) years. Note that one participant was 

excluded due to poor EEG signal rated as bad by Automagic (see methods). The obtained microstates 

prototypes from the pilot data can be found in the Figure 1. 
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C. Space Fortress Instructions

C Space Fortress Instructions

Here is the (translated) version of the instructions given to the participants concerning the
Space Fortress video game.
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1 Introduction

The game you will be playing is called “Space Fortress”. It is a complex and difficult game
that requires a high degree of skill. You will be controlling a spaceship that is moving in a
frictionless environment which includes hostile elements: a fortress and mines which will try
to damage or destroy your spaceship. Your primary goal is to maximize your game points. To
accomplish this, you will have to:

1. Destroy the Fortress as many times as you can

2. Hit as many mines as possible

3. Protect your own ship from being hit or damaged while moving slowly and care-
fully

4. Capture as many bonus opportunities as possible

On the computer display, the middle section represents the environment in which you will
fly your ship to accomplish your mission. An instrument panel is located surrounds the display
which displays information necessary for flight and mission performance.

1.1 Your Spaceship

You will be controlling the motion of your spaceship with the keyboard. Remember that the
ship is moving in a frictionless environment, and is, thus, very sensitive to input. Pressing the
“Z” key will cause the ship to accelerate in the direction in which it is pointing. Pressing the
“Q” or “D” keys will rotate the ship counter-clockwise or clockwise, respectively. Pressing the
“S” key will have no effect on the movement of the ship. You should realize that the ship will
not slow down or stop unless you accelerate it in the direction opposite to that in which it is
presently moving.

Your ship will be moving in a hostile environment in which it is constantly threatened by
the fortress and mines. After your ship has been damaged four times, it will be destroyed and
the game will start again automatically. To defend yourself, your ship comes equipped with
missiles which you may fire at either the fortress or mines. The firing button is the space bar
on your keyboard. When you press the space bar it will fire a missile in the direction in which
the ship is pointing. Your ship can carry no more than 100 missiles.

1.2 The Fortress

In this game, your principal opponent is the fortress which is stationed in the center of the
screen. The fortress can rotate, track, and lock onto your ship, firing a shell at your ship after a
short delay. When a shell hits or passes very close to your ship, it will damage or destroy your
ship.
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Your mission is to destroy the fortress. In order to do this, you have to hit the fortress with
your missiles at least 10 times. The number of fortress hits is displayed in the “Vulnerability
Counter” (VLNER) on the instrument panel. Once you hit the Fortress 10 times, it becomes
vulnerable. Now you can destroy it by hitting it with a double shot, that is, two consecutive
shots within 250 milliseconds of each other. It is okay to wait until you have hit the Fortress
more than 10 times before you attempt the double shot. However, if you have hit it fewer than
10 times, and you fire a double shot at it, the VLNER counter will reset back to zero and you
have to start accumulating Fortress hits all over again.

1.3 Mines

Mines constitute an additional threat to your ship. Approximately every 10 seconds, a mine
will appear somewhere on the screen. A mine will actively pursue your ship and try to damage
or destroy it if it collides with your ship. You can destroy a mine by firing at it. If you do not
destroy the mine, it will remain active for 10 seconds before it disappears.

A mine can be either “Type 1” or “Type 2”. Its type is identified by a letter that appears in
the middle of the instrument panel under the label IFF (Identify Friend or Foe). Please point
to the IFF indicator now. Before each 5-minute game, three letters will be displayed on the
screen that designate the identities of the “Type 2” mines. These identifiers will change from
one game to the next. It is very important that you remember these letters. When you detect
a mine on the display, check your instrument panel. If the letter is one of the three letters
presented at the beginning of the game, the mine on the display is “Type 2”. If the letter is not
one of the three presented at the beginning, then it is “Type 1”.

When you fire your missile at a Type 1 mine, you will “energize” it. Each time you energize
a Type 1 mine you will receive 50 points to your Mine score and the vulnerability counter
will increment by one point; energizing Type 1 mines increases the vulnerability of the Space
Fortress.

Your weapon system is ineffective against Type 2 mines until you have properly identified
them. In order to identify a mine as Type 2, you have to press the IFF button (the âĂIJJâĂİ key
on the keyboard) two times, and then destroy them. Each time you destroy a Type 2 mine, you
receive 60 points to your Mine score.

To summarize: A mine appears, you check the letter under IFF. If the mine is Type 1, aim
and press the space bar. If it is a Type 2, press the “J” key twice with the two presses, then
aim and press the space bar.

1.4 Resource Limitations

When the game begins, you have 100 missiles. The number of missiles your ship has
remaining is displayed in the “SHOTS” counter on the right side of the instrument panel.
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1.5 Bonus Opportunities

Surrounding the fortress, different symbols will appear (“#”, “@”, “$”, “&”). When an “#” is
followed by an “$”, you have the opportunity to obtain more resources. You can choose to get
100 Bonus points, or up to 50 missiles plus 50 Bonus points. The choice is yours. You will
have to decide each time which choice will be of more benefit.

• Select 50 missiles and 50 Bonus points by pressing the “K” key.

• Select 100 Bonus points by pressing the “L” key.

If you press one of these buttons after the “$” that follows an “#”, and before the next symbol
appears, you will get the bonus that you selected and you will hear a chime. However, if you
press one of these two buttons at any other time, including after an “#” but before the next
symbol appears, you will hear a buzzing sound and lose 50 Bonus points. Furthermore, if you
hit one of the buttons following an “#” and the next symbol happens to be an “$”, hitting one of
the bonus keys will have no effect.

2 Scoring

2.1 Flight

Your total number of points for this subscore is continuously updated and displayed on the
instrument panel underneath the label “FLIGHT”.
Points will be subtracted from your Flight score as follows:

• -35 points every time your ship leaves the screen and “warps” to the other side or every
time your ship collides with the Space Fortress.

2.2 Fortress

Your total number of points for this subscore is continuously updated and displayed on the
instrument panel underneath the label “FORTRESS”.
Points will be added to your Fortress score as follows:

• 250 points when you destroy the Fortress

Points will be subtracted from your Fortress score as follows:

• -50 points if a shell from the fortress damages your ship

• -100 points if a shell from the fortress destroys your ship
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2.3 Mine

Your total number of points for this subscore is continuously updated and displayed on the
instrument panel underneath the label “MINE”.
Points will be added to your Mine score as follows:

• 50 points for destroying a Type 1 mines

• 60 points for destroying a tagged Type 2 mine

Points will be subtracted from your Mine score as follows:

• -50 points if the mine “times out” (disappears before you destroy it)

• -50 points if a mine damages your ship

• -100 points if a mine destroys your ship

2.4 Bonus

Your total number of points for this subscore is continuously updated and displayed on the
instrument panel underneath the label “BONUS”.
Points will be added to your Bonus score as follows:

• 100 points for hitting the “L” key when a bonus is available

• 50 points (and 50 missiles) for hitting the “K” key when a bonus is available

Points will be subtracted from your Bonus score as follows:

• -50 points for hitting the “K” or “L” key when a bonus is not available

Remember, your main goal is to obtain the highest Total Score. Your Total Score is a com-
bination of the following four subscores: Flight, Fortress, Mine, and Bonus. To maximize the
points in each of these categories, you must do the following:

• Flight: Move the ship at a low velocity (speed). Stay on the screen and move clockwise
within the hexagon boundaries

• Fortress: Hit and destroy the fortress as many times as possible. Avoid letting your ship
get hit or destroyed by shells.

• Mine: Destroy as many mines as possible. Avoid letting your ship get hit or destroyed
by mines.

• Bonus: Select the bonus points whenever possible except when the SHOTS counter is
below 50.

You will not know your Total Score for a game until it has ended.
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3 Summary of Instructions

Ship Control:

• You cannot slow down or stop the ship by pressing the “S” key. Also, pressing the “thrust”
key along with a “turn” key will not cause the ship to move diagonally.

• To slow or stop the ship, remember to rotate the ship so that it is facing opposite its
current direction and apply slight thrust.

Fortress:

• Vulnerability score must reach 10 before the fortress can be destroyed.

• Vulnerability points are accumulated by shooting the fortress and Type 1 mines.

• When the vulnerability counter reaches 10 or more, a rapid double shot will destroy the
fortress.

• BUT, if you fire a rapid double shot before the VLNER counter reaches 10, the counter
will reset to 0.

Mines:

• Every time a mine appears on the screen, a letter will appear under the IFF label on the
instrument panel.

• The 3 letters that represent foe mines are displayed on the screen before each game.

• When the mine on the screen is a Type 2 mine, you must press the “J” key twice and
shoot at it.

• When the mine on the screen is a Type 1 mine, all you have to do is shoot it to energize
it. BUT, if you press the IFF key, you will not be able to destroy the mine.

Resources and Bonuses:

• You begin each new game with 100 missiles.

• During the game, various symbols will appear on the screen beneath the Fortress

• Every time an “#” is followed by an “$” symbol, you can select a bonus of 100 points by
pressing the “L” key, or a bonus of 50 missiles and 50 points by pressing the “K” key.

• BUT, if the “K” or “L” keys are pressed anytime before an “$” appears after an “#”, the
bonus for that pair of symbols is forfeited and you must wait for the next pair to appear.
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D. Executive function tasks

D Executive function tasks

a Updating

Keep-track During this task, the participant must memorize and update words that are
specific to certain categories amongst 6 (Animals, Colors, Countries, Distances, Metals,
Relatives). The words are presented one by one in the center of the screen of a computer.
The trials on this task include to keep track of the last 3 to 4 words of specific categories
that were presented at the beginning of the task. The updating process takes place when a
new word from a specific category is presented. Indeed, the participant needs to replace the
old word by this new one in his short-term memory. The dependent variable of this task is
the proportion of correctly recalled words.

Letter memory In this task, the participant views a series of letters that appear one by
one at the center of the screen. His or her goal is to memorize the four last letters. Because
the series of letters is larger than four, the participant needs to update the letters in his or
her short-term memory each time a new letter appears. The task we used is modified from
Friedman et al. (2008) in which participants have only to memorize the three last letters.
This modification choice was done according to a pilot study that revealed a ceiling effect
with only 3 letters to memorize. The dependent variable of this task is the proportion of
correctly recalled letters.

Dual n-back In this task, the participant needs to follow a sequence of stimuli in two
modalities at the same time (visual and auditory). The N-value was set to two (i.e., 2-back
task): the participant must determine whether the position of the square (visual) was the
same as the one observed two trials before in a 3 x 3 grid; and simultaneously, determine
whether the heard letter is the same as the one presented two trials before. Here, the
participant needs to update the visual and auditory content in his working memory each
time a stimulus appears. Note that in our experiment, this is the only task that differs from
Friedman et al. (2008) in which they choose a spatial n-back. The reason is that the spatial
n-back is not available on the millisecond test library, and the dual n-back is the closest that
we found. The dual n-back task from the present study comes from Jaeggi et al. (2010) and
we used identical parameters with only the 2-back. The dependent variable is the proportion
of correct responses.
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b Inhibition

Stroop In this task, the participant sees colored stimuli (figures and words). His or her goal
is to indicate the color of the ink used to draw the stimuli of congruent (e.g., the word RED
written in red) and incongruent (e.g., the word RED written in blue) trials. The inhibition
process occurs for incongruent trials where the participant needs to inhibit the automatic
reading of the word and report the superficial characteristic of the word itself (the ink color).
This test has been adapted for computers, and keyboard keys are associated with colors
(Scarpina & Tagini, 2017). The dependent variable on this task is usually the response time
difference between congruent and incongruent trials, which is supposed to be the cognitive
cost of inhibiting processes.

Anti-Saccade During this task, the participant must focus on a fixation cross in the center
of the screen. A yellow square flashes (i.e., the visual cue) on either the right or the left side of
the cross. After the flash, an arrow appears on the opposite side of the flash, pointing either
left, right or up. The participant must respond to which direction the arrow is pointing at
using the arrow keys on the keyboard. The inhibition process occurs when the flash appears,
attracting our attention and generating a saccade. The participant must inhibit this natural
tendency and instead do the opposite (look to the other side of the stimulus). Participants
that have difficulty to inhibit this saccade will have slower reaction time and more errors in
the trials. So even if we do not measure saccades with an eye-tracker, we can still have a
measure of the inhibition processes. Therefore, the dependent variable on this task is the
proportion of correct responses.

Stop signal In this task, the participant must focus on a fixation cross in the center of
the screen. Then, an arrow appears, pointing either left or right. The participant has to
press the corresponding arrow key. However, in some of the trials, the participant hears an
auditory signal which indicates that she or he has to inhibit her or his response by refraining
from pressing a key. This inhibition processes in this task are very similar to a Go / No-Go
task, as participant’s expectation are challenged by a sound in a small number of trials. The
dependent variable on this task is the stop signal response time (SSRT, see Verbruggen et
al., 2019 for details).

c Shifting

Number letter During this task, the participant sees a 2 x 2 matrix on the computer
screen. A pair of characters (ex : ’7C’) is presented and the participant has to respond
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E. Questionnaires

either on the letter (consonant vs. vowel) or the digit (odd vs. even) depending on the
position of the characters on the matrix that will randomly change. On the upper part, the
participant must respond depending on the letter; on the lower part on the number. The
switching process happens when there is a change in the position of the stimulus in the
matrix, which changes the way the participant must respond (e.g. it goes from the upper to
the lower part or the other way around). The dependent variable is the difference of reaction
time between switching trials and non switching trials (i.e. switching cost).

Color shape In this task, red or green circles or triangles are presented to the participant.
The goal is to respond to the type of stimulus depending on a cue presented before (S for
Shape vs. C for Color). The switching process happens when there is a change in the cue.
The dependent variable on this task is the difference of reaction time between switching
trials and non switching trials.

Category switch During this task, the participant is asked to categorize a word in terms
of (a) living criterion (living or non-living) or (b) size criterion (smaller or larger than a
basketball). A cue determines which categorization needs to be performed, with a heart
associated to the living criterion, and a cross associated to the size criterion. The switching
process happens when there is a change in the cue. The dependent variable on this task is
the difference of reaction time between switching trials and non switching trials.

E Questionnaires

Before each experiment, a short (french) questionnaire was answered by participants using
a Google form link1. It included three questionnaires: demographics and inclusion criteria,
video game experience, and psychological evaluation.

a Demographics Questionnaire

The demographics questionnaire included six questions. Participants were asked to enter
their:
(1) Age;
(2) Level of education (from baccalaureate to doctorate) on a scale ranging from 12 to 20
years of education;
(3) Handedness (right-handed or left-handed);

1https://docs.google.com/forms/d/1AIqG9qf3YNA7NNm7LJaxYfkUVixnKVbxWyltGvYw6JQ/prefill
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(4) Mother tongue (french or other);
(5) Inclusion criteria that searched for previous neuropsychological pathologies, head injury,
heart diseases, medicinal treatment, sensory or motor disorders, pregnancy and recent alcohol
or drug consumption.

b Video Game Experience Questionnaire

Participants were asked three questions based on a previous questionnaire2:
1) "In the last 12 months, how many times have you launched a video game (PC, home or
portable consoles, smartphone)" (five-point Likert scale ranging from 0 times to 60+ times),
2) "Currently, on average, how much time per day do you spend playing video games?"
(four-point Likert scale ranging from 0 hours to 4+ hours) and
3) "Have you had a period, or periods, in your life when you played video games intensively
(more than 2 hours a day on average for at least 3 months)?" (yes/no).

The total score of this questionnaire was computed as the sum of all responses and
ranged from 0 to 10.

c Psychological Questionnaire

Participants were asked six questions about mental health at the time of the experiment:
1) "How many hours of sleep did you get last night?" (6 points Likert scale ranging from
less than 5 hours to more than 9 hours);
2) "How many hours of sleep do you usually get?" (6 points Likert scale ranging from less
than 5 hours to more than 9 hours);
3) Currently, how awake do you feel?" (5 points Likert scale ranging from very sleepy to very
awake);
4) "Currently, how would you rate your mood?" (5 points Likert scale ranging from very bad
to very good);
5) "Currently, how would you rate your sadness?" (5 points Likert scale ranging from not at
all sad to very sad);
6) "Currently, how would you rate your stress level?" (5 points Likert scale ranging from not
at all stressed to very stressed.

The total score of this questionnaire was computed as the sum of all responses and
ranged from 0 to 32.

2https://spacefortress.blogspot.com/
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