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KNOWLEDGE TRANSLATION
1-Cheval B, Boisgontier M (2019) Tous paresseux ? Cerveau & Psycho.
2-Boisgontier M, Cheval B (2019) Are we lazy, or just being efficient? The brain’s struggle to avoid sedentary
behaviours. WellSpring.
3-Boisgontier M, Cheval B (2019) Enquête aux sources de la paresse. Sport & Vie.
4-Cheval B, Boisgontier M, Sarrazin P (2019) Nous sommes programmés pour la paresse. The
Conversation.
SKILLS
Brain Imaging

Voxel-Based Morphometry (VBM)
Vertex Analysis (FSL FIRST)
Diffusion Tensor Imaging (DTI)

Statistics

Hierarchical Models (Linear Mixed Models)
Multilinear Logistic Regression
Multiple Mediation Analysis
Spline Analysis

LANGUAGES
French
English

Native
Working proficiency

BOOK CHAPTERS
4-Boisgontier M, Olivier I, Nougier V (2012) Effets d'une contrainte cognitive sur le contrôle proprioceptif
des mouvements de la cheville des adultes jeunes et âgés. In: Defebvre L, Lacour M, eds. Du contrôle
postural à l’exécution du mouvement (Coll. posture & équilibre). Marseille, France;Solal:pp175-188.
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3-Théveniau N, Boisgontier M, Varieras S, Olivier I (2012) L'acquisition de la marche chez l'enfant : impact
du port d'une tenue vestimentaire. In: Defebvre L, Lacour M, eds. Du contrôle postural à l’exécution du
mouvement (Coll. posture & équilibre). Marseille, France;Solal:pp347-355.
2-Boisgontier M, Chenu O, Payan Y, Vuillerme N (2011) Le système nerveux central est-il capable d'intégrer
une information artificielle linguale pour compenser une altération proprioceptive de la cheville induite
par une fatigue musculaire ? In: Defebvre L, Lacour M, eds. Posture et Locomotion (Coll. posture &
équilibre). Marseille, France;Solal:pp227-237.
1-Vuillerme N, Boisgontier M (2010) Impact de la fatigue musculaire des fléchisseurs plantaires sur le
contrôle de la posture bipédique et les capacités proprioceptives de la cheville. In: Julia M, Perrey S,
Dupeyron A, et al., eds. Fatigue musculaire (Coll. pathologie locomotrice & médecine orthopédique).
Paris, France;Masson Elsevier:pp36-45.
INVITED PRESENTATIONS
2-Boisgontier MP (2019) Paradoxe de l’activité physique – Approche neuroscientifique. Université
Catholique de Louvain, Belgium.
1-Boisgontier MP (2019) A neuro-psycho-epidemiological approach to the exercise paradox. Ben Gurion
University, Israel.
CONFERENCE PRESENTATIONS
31-Cheval B, Boisgontier MP (2019) Avoiding sedentary behaviors requires more brain resources: an EEG
study. Association des Chercheurs en Activités Physiques et Sportives (ACAPS).
30-Bonifazi P, Erramuzpe A, Diez I, Gabilondo I, Boisgontier MP, Pauwels L, Stramaglia S, Swinnen SP,
Cortes J (2019) Structure–function multi-scale connectomics reveals a major role of the fronto-striatothalamic circuit in brain aging. Organization for Computational Neurosciences (OCNS).
29-Schmidt RE, Sieber S, Cheval B, Boisgontier MP, Kliegel M, Blane D, Courvoisier DS, Kelly-Irving M,
Kraehenmann R, Guessous I, Burton-Jeangros C, Stéphane Cullati S (2019) Early parental loss
predicts late life sleep problems: evidence from the Longitudinal Survey of Health, Aging, and
Retirement in Europe. World Congress of Behavioural Cognitive Therapies (WBCBCT).
28-Cheval B, Boisgontier MP, Bacelar M, Feiss R, Zona V, Miller M (2019) Does lower energy expenditure
increase reward pursuit and reward-related cerebral cortical activity? The North American Society for
the Psychology of Sport and Physical Activity (NASPA).
27-Cheval B, Boisgontier MP (2019) Are we wired to sit? Automatic neuro-behavioral reactions to exerciserelated stimuli. The European Federation of Sport Psychology (FEPSAC).
26-Peters S, Neva JL, Brown KE, Boisgontier MP, Boyd LA (2018) Acute exercise modulates excitability of
M1 interneurons indexed by anterior-to-posterior induced current. Society for Neuroscience (SfN).
25-Cheval B, Courvoisier DS, Cullati S, Boisgontier MP (2018) Effect of early- and adult-life socioeconomic
circumstances on the risk of physical inactivity in older age. Société Française de Psychologie du Sport
(SFPS).
24-Cheval B, Sarrazin P, Boisgontier MP, Radel R (2018) Temptations toward sedentary behaviors
automatically activate physical activity goals in successful exercisers. Société Française de Psychologie
du Sport (SFPS).
23-Cheval B, Chabert C, Orsholits D, Sieber S, Guessous I, Blane D, Kliegel M, Janssens JP, BurtonJeangros C, Pison C, Courvoisier DS, Boisgontier MP, Cullati S (2018) Disadvantaged early-life
socioeconomic circumstances are associated with low respiratory function at older ages. Society for
Longitudinal and Life Course Studies (SLLS).
22-Cheval B, Orsholits D, Sieber S, Guessous I, Blane D, Kliegel M, Burton-Jeangros C, Courvoisier DS,
Kelly-Irving M, Boisgontier MP, Cullati S (2018) The gendered effect of adverse childhood experiences
on muscle strength. Society for Longitudinal and Life Course Studies (SLLS).
21-von Arx M, Boisgontier MP, Cheval C, Sieber S, Kliegel M, Gabriel R, Blane D, Courvoisier D, Guessous
I, Burton-Jeangros C, Cullati S (2018) Disadvantageous childhood socioeconomic circumstances are
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associated with higher levels of depression in old age. Congrès International Francophone de
Gérontology et Gériatrie (CIFGG).
20-Boisgontier MP, Cheval B, Chalavi S, van Ruitenbeek P, Leunissen I, Levin O, Nieuwboer A, Swinnen
SP (2017) Brainstem and basal ganglia structure predicts postural control and balance loss in young
and older adults. Society for the Neural Control of Movement (NCM).
19-Boisgontier MP, Levin O, van Ruitenbeek P, Swinnen SP (2017) Aging in the motor system and the
reward pathway: on the role of the nucleus accumbens in action selection. The European Cognitive
Aging Society (EUCAS).
18-Cheval B, Gourlan M, Sieber S, Boisgontier MP, Courvoisier DS, Cullati S (2017). Predictive value of
childhood and adulthood socioeconomic position on physical activity. European Health Psychology
Association (EHPS).
17-Cheval B, Sieber S, Guessous I, Gabriel R, Stringhini S, Blane D, Courvoisier DS, Boisgontier MP,
Kliegel M, Burton-Jeangros C, Cullati S (2017) The predictive value of childhood socioeconomic position
on grip strength: the mediating role of education and main occupation class. Society for Longitudinal
Studies and Life Course Studies International (SLLS).
16-Boisgontier MP, Cheval B, van Ruitenbeek P, Chalavi S, Leunissen I, Renaud O, Levin O, Nieuwboer
A, Swinnen SP (2016) Structures cérébrales prédictives de la performance posturale des adultes jeunes
et âgés. Société Francophone Posture Equilibre Locomotion (SOFPEL).
15-Boisgontier MP, Cheval B, van Ruitenbeek P, Levin O, Renaud O, Chanal J, Swinnen S (2015) Matière
grise et contrôle de l’équilibre au cours du vieillissement. Association des Chercheurs en Activités
Physiques et Sportives (ACAPS).
14-Levin O, Van Halewyck F, Lavrysen A, Boisgontier MP, Elliott D, Helsen W (2015) Do sedentary older
adults “play it safe”? Evidence from studies on manual aiming in active and sedentary older adults.
Active Healthy Aging (AHA).
13-Moineau B, Boisgontier M, Gailledrat E, Olivier I, Palluel E, De Angelis MP, Pérennou D, Nougier V
(2014) Comportement postural chez les amputés transfémoraux et désarticulés de hanche. Société
Française de Médecine Physique et de Réadaptation (SOFMER).
12-Boisgontier M, Olivier I, Nougier V (2012) Aging of ankle proprioceptive control. International Society for
Posture and Gait Research (ISPGR).
11-Boisgontier M, Olivier I, Nougier V (2012) Effects of ageing on attentional cost and internal models of
proprioceptive control of movement. Society for the Neural Control of Movement (NCM).
10-Boisgontier M, Olivier I, Nougier V. Presbyproprioception ? (2011) Les effets du vieillissement sur les
aspects comportementaux et attentionnels de la proprioception. Journées Annuelles de la Société
Française de Gériatrie et Gérontologie (SFGG).
9-Boisgontier M, Olivier I, Chenu O, Nougier V (2011) Les effets du vieillissement physiologique sur le
contrôle proprioceptif. Association Posture-Equilibre (APE).
8-Boisgontier M, Nougier V (2010) Superimposed neuromuscular electrical stimulation to recover range of
motion at the hand. European Society for Physical and Rehabilitation Medicine (ESPRM).
7-Boisgontier M, Moineau B, Cuisinier R, Pinsault N, Nougier V (2010) Effects of electrical stimulation
superimposed to voluntary muscular contraction on muscular endurance. European Society for Physical
and Rehabilitation Medicine (ESPRM).
6-Boisgontier M, Emprin M, Vuillerme N, Iversen MD (2010) Superimposed neuromuscular electrical
stimulation effects on maximal voluntary contraction. European Society for Physical and Rehabilitation
Medicine (ESPRM).
5-Pinsault N, Chenu O, Boisgontier M, Payan Y, Demongeot J, Vuillerme N (2008) Improving weight bearing
asymmetry in unilateral lower limb amputees by use of an insole pressure sensor-based electro-tactile
biofeedback system. International Posture Symposium.
4-Vuillerme N, Boisgontier M (2010) Impact de la fatigue musculaire des fléchisseurs plantaires sur le
contrôle de la posture bipédique et les capacités proprioceptives de la cheville. Société Française de
Médecine Physique et de Réadaptation (SOFMER).
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3-Boisgontier M, Vuillerme N (2009) Altération des capacités proprioceptives au niveau de la cheville induite
par un exercice musculaire fatigant les fléchisseurs plantaires. Association Posture-Équilibre (APE).
2-Vuillerme N, Boisgontier M, Pinsault N (2007) Effets d’une fatigue musculaire unilatérale des
fléchisseurs plantaires sur le contrôle de la posture bipédique. Association des Chercheurs en
Activités Physiques et Sportives (ACAPS).
1-Vuillerme N, Pinsault N, Boisgontier M, Chenu O, Demongeot J, Payan Y (2007) Suppléance perceptive
par électrostimulation linguale pour la correction de l’asymétrie posturale chez la personne amputée du
membre inférieur. Association Posture-Equilibre (APE).

13

2.

RESEARCH

AND

SUPERVISION

14

RESEARCH

2.1.

AND

SUPERVISION

OVERVIEW

Research
e

To provide an overview of my postdoctoral research, I have selected 10 representative articles published in
peer-reviewed international journals during the past 5 years. I describe how these articles demonstrate the
skills and knowledge I have developed during these years.

Article 1: Boisgontier MP, Cheval B, Chalavi S, van Ruitenbeek P, Leunissen I, Levin O,
Nieuwboer A, Swinnen SP (2017) Individual differences in brainstem and basal ganglia
structure predict pos tural control and loss of balance in young and older adults. Neurobiology
of Aging. 50:47–59.

Article 2: Boisgontier MP, Cheval B, van Ruitenbeek P, Cuypers K, Sunaert S, Meesen R,
Zivari Adab H, Renaud R, Swinnen SP (2018) Cerebellar grey matter explains bimanual
coordination performance in children and older adults. Neurobiology of Aging. 65:109-120
These articles demonstrate my ability to run state-of-the-art imaging and statistical analyses. I used the
FreeSurfer automated segmentation, Voxel-Based Morphometry protocol (FSL VBM), a spatially unbiased
atlas template of the cerebellum and brainstem (SUIT), and the FMRIB’s Integrated Registration
Segmentation Toolkit (FSL FIRST), which was specifically designed to provide accurate and robust
segmentation of the basal ganglia. From a theoretical point of view, the results highlighted the importance of
the brainstem (Article 1) and the cerebellum (Article 2) in postural control and bimanual coordination,
respectively.
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Article 3: Boisgontier MP, van Ruitenbeek P, Leunissen I, Chalavi S, Sunaert S, Levin O,
Swinnen SP (2016) Nucleus accumbens and caudate atrophy predicts longer action selection
times in young and old adults. Human Brain Mapping. 37:4629-4639.

Article 4: Corporaal SHA, Gooijers J, Chalavi S, Cheval B, Swinnen SP, Boisgontier MP
(2017) Neural predictors of motor control and impact of visuo-proprioceptive information in
youth. Human Brain Mapping. 38:5628-5647.
In these articles, I combined imaging results based on FSL FIRST and VBM analyses with linear mixed
models. Results of Article 3 showed that inward deformation (i.e., local atrophy) of the basal ganglia were
predictive of longer action selection times, thereby suggesting that these grey matter nuclei were not only
associate with the reward value of a stimulus but also with the brain processes preparing actions towards (or
away from) this stimulus. Results of Article 4, which is first-authored by my former PhD student, Dr. Sharissa
Corporaal, showed that manual tracking performance in youth does not solely rely on brain regions involved
in sensorimotor processing, but also on prefrontal regions involved in attention and working memory.

Article 5: Boisgontier MP, Cheval B (2016) The anova to mixed model transition.
Neuroscience & Biobehavioral Reviews. 68:1004–1005.
This commentary demonstrates my willingness to adopt the most appropriate methods, question the
traditional approaches, and encourage the scientific community to be dynamic and follow the same path.
Specifically, we urge neuroscientists to operate a transition towards mixed models because the requirements
for using traditional analyses of variances are often not met and mixed models clearly provide a better
framework.

Article 6: Boisgontier MP (2015) Motor aging results from cerebellar neuron death. Trends
in Neurosciences. 38:127–128.
This opinion article demonstrates my ability to propose novel ideas and conceptual approaches on timely
topics. Specifically, I report consistent neurobehavioral evidence from animals and humans supporting the
hypothesis that motor aging is primarily determined by an early death of neurons in the cerebellum.
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Article 7: Maes C, Gooijers J, Orban de Xivry JJ, Swinnen SP, Boisgontier MP (2017) Two
hands, one brain, and aging. Neuroscience & Biobehavioral Reviews. 75:234-256.

Article 8: Cheval B, Radel R, Neva JL, Boyd LA, Swinnen SP, Sander D, Boisgontier MP
(2018) Behavioral and neural evidence of the rewarding value of exercise behaviors: a
systematic review. Sports Medicine. 48:1389-1404.
These review articles demonstrate my ability to synthesize the existing literature to produce additional
knowledge. In Article 7, we show that aging is associated with cortical hyper-activity and subcortical hypoactivity during performance of bimanual tasks. In Article 8, we review studies testing the automatic reactions
triggered by stimuli associated with different types of exercise behavior (i.e., physical activity, sedentary
behaviors). We also examined evidence supporting the hypothesis that behaviors minimizing energetic cost
are rewarding.

Article 9: Zivari Adab H, Chalavi S, Beets IAM, Gooijers J, Leunissen I, Cheval B, Collier Q,
Sijbers J, Jeurissen B, Swinnen SP, Boisgontier MP (2018) White matter microstructural
organization of interhemispheric pathways predict different stages of bimanual coordination
learning in young and older adults. European Journal of Neuroscience. 47:446-459.

Article 10: Cheval B, Tipura E, Burra N, Frossard J, Chanal J, Orsholits D, Radel R,
Boisgontier MP (2018) Avoiding sedentary behaviors requires more cortical resources than
avoiding physical activity: an EEG study. Neuropsychologia. 119:68-80.
These articles show my ability to mentor postdoctoral researchers. In Article 9, we used diffusion weighted
imaging and probabilistic constrained spherical deconvolution-based tractography to explain bimanual
coordination learning in young and older adults. In Article 10, we used electroencephalography (EEG) to
investigate the brain processes underlying the automatic attraction to sedentary behaviors.
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Supervision
I have been fortunate to supervise one PhD student at KU Leuven (Belgium), Dr Sharissa Corporaal, who
was a doctoral fellow of the Research Foundation – Flanders (FWO). She successfully defended her thesis
publicly on December 8, 2017. Her thesis was a two-folded project investigating the brain correlates of gait
and bimanual coordination. Based on her work, Dr Sharissa Corporaal published articles in highly-ranked and
recognized journals.
- Corporaal SHA (2017) Brain substrates of sensorimotor control during upper and lower limb
coordination in youth.

Although not officially, I have been significantly involved in the doctoral theses of Dr Florian Van Halewyck
(KU Leuven, Belgium; 4 co-authored articles) and Dr Bastien Moineau (Université Grenoble Alpes, France; 4
co-authored articles).
- Moineau B (2014) Analyses des pressions à l'interface moignon-emboiture de la prothèse
chez le patient amputé fémoral.
- Van Halewyck F (2014) Active aging and visuomotor control of manual aiming movements.

I supervised the thesis of 8 master’s students in the field of sensorimotor control of movements in children,
young adults, and older adults.
- Beelprez J, Albers M (2017) Effects of amplitude on the age-related proprioceptive deficit
- Bels L (2015) Age-related changes in central processing of simple and choice multilimb
reaction-time tasks in children and adolescence aged 8 to 18 years old.
- Buttiens L (2014) Effects of destabilization frequencies on postural stability in young and
older adults.
- Rolly C (2014) Are visual and proprioceptive controls of movement equally affected by
aging?
- Ternest J, Rossaert L (2015) The evolution of the perception-action cycle in children and
adolescence aged 8 to 18 years old: evidence from a bimanual sensory tracking task.
- Van Empten B (2016) Effects of limb dominance on the perception-action cycle in bimanual
tracking movements.
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COORDINATION

Many activities of daily living require moving both hands in an organized manner in space and time. In
everyday functioning, bimanual movements occur twice as often as unimanual movements (Rinehart et al.,
2009) and they serve as a critical marker of functional independence. This importance of bimanual skills in
daily activities calls for a better understanding of how bimanual performance changes over the lifespan.
Because these bimanual skills develop spontaneously during childhood, we consider them as easy and take
them for granted. However, these skills depend on sophisticated neural interactions between brain
hemispheres that are affected by aging. Bimanual coordination tasks (Figure 1) are a unique vehicle for
investigating these interactions and prolonging functional independence and well-being in older adults.

Figure 1. Bimanual coordination tasks. Left Panel: Participants are instructed to track a white target
dot moving along a blue line on a screen by rotating the dials with the thumb and index finger according
to specific coordination patterns and frequency ratios without vision of the upper limbs. As they rotated
the dials, a red cursor moves on the screen to provide online visual feedback. Right Panel: Participants
are instructed to track an active or passive (e.g., motor-driven) movement of one hand with the other
hand as accurately as possible in space and time. Typical movement modes are in-phase (upper
panel), anti-phase (lower panel), and 90◦ phase offset. The in-phase coordination pattern is midline
symmetric and involves simultaneous contraction of homologous muscles, whereas the anti-phase
coordination pattern is midline asymmetric and involves alternate contractions of homologous muscles.
Blue and red arrows illustrate movement trajectories in the in-phase and anti-phase mode, respectively.
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Bimanual coordination and brain activity
In a review article, we noticed that aging may be associated with
cortical hyper-activity and subcortical hypo-activity during
performance of bimanual tasks (Maes et al., 2017). This agerelated subcortico-cortical activation shift suggested that agerelated cortical hyper-activity compensated for subcortical hypoactivity to prevent bimanual performance decline (Figure 2). In
addition to these local activation changes, which were later
supported by one of our experimental articles (Santos Monteiro
et al., 2017), the results of the review article suggested that an
age-related increase of functional connectivity in the resting
brain could explain the age-related decline in bimanual
coordination. This suggestion was confirmed one year later by
King et al. (2018), who showed that stronger internetwork
resting state connectivity observed as a function of age was
significantly related to worse motor performance.

Figure 2. Age-related subcortico-cortical
activation shift. Older adults show functional
hyper-activation of the dorsolateral prefrontal
cortex (1), inferior frontal gyrus (2),
supplementary motor area (3), secondary
somatosensory area (4), Inferior parietal cortex
(5) and cingulate cortex (6), and functional
hypo-activation of the subthalamic nucleus (7)
and globus pallidus (8).

Bimanual coordination and the cerebellum
In an experimental article (Boisgontier et
al., 2018), we investigated whether, as
hypothesized

earlier

(Boisgontier,

2015), the cerebellum was a stronger
predictor

of

bimanual

coordination

performance than other regions of
interest in 109 participants aged 10 to 80
years. The regions of interest (Figure 3)
were determined based on a separate
dataset collected in studies of our group,
where participants performed a similar
bimanual coordination task (Beets et al.,
2015; Chalavi et al., 2018; Santos

Figure 3. Regions of interest. Cerebellum = lobule VI; Inf. Occipital =
bilateral inferior occipital cortex; M1 = bilateral primary motor cortex; Mid.
Frontal = right middle frontal cortex; S1 = bilateral primary somatosensory
cortex; SMA = supplementary motor area; Sup. Parietal = superior parietal
cortex.
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Monteiro et al., 2017). Results showed that
in participants aged 10 to 20 years, the
cerebellum was the only significant brain
predictor

of

bimanual

coordination

performance. In participants aged 60 to 80
years, the cerebellum, together with the M1
and S1, also formed a group of the strongest
predictors

of

performance.

From

a

behavioral perspective, this study also
revealed

that

bimanual

coordination

Figure 4. Effect of age on bimanual coordination performance over
the lifespan. The effect and 95% confidence interval of continuous age
on the Box-Cox transformed target deviation aggregated over the
conditions were tested using spline smoothing. au = arbitrary unit.

performance starts declining from the age of
40 years (Figure 4).

Bimanual coordination learning and white matter microstructural organization
The ability to learn new motor skills is essential for
activities of daily living, especially in older adults.
Previous work in younger adults has indicated fast
and slow stages for motor learning that were
associated with changes in functional interactions
within and between brain hemispheres. However, the
impact of the structural scaffolds of these functional
interactions
coordination

on

different

learning

stages

were

of

missing.

bimanual
In

an

experimental study (Zivari Adab et al., 2018), we
used diffusion-weighted imaging and probabilistic
constrained

spherical

deconvolution-based

tractography to reconstruct transcallosal white matter
pathways (Figure 5) between the left and right
primary motor cortices (M1– M1), left dorsal premotor
cortex and right primary motor cortex (LPMd–RM1)
and right dorsal premotor cortex and left primary

Figure 5. White matter microstructural organization of
pathways of interest. Sagittal and axial slices of population
maps across young and older adults for M1–M1 (left panel),
RPMd–LM1 (middle panel) and LPMd–RM1 (right panel)
pathways are overlaid on the MNI T11mm template. Color
bars indicate the number of subjects (n) showing overlap of
the individual pathways. For visualization purposes, images
were thresholded to show only voxels common to at least 10
participants.
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and older adults trained

in a set of bimanual coordination
tasks (Figure 1, left panel, and Figure
6). We used fractional anisotropy to
assess microstructural organization
of the reconstructed white matter
pathways. Results showed that age
determines the learning gains in the
fast and slow learning stages with
larger

absolute

performance

improvement in older adults during
the fast stage and in young adults
during the slow learning stage.
Results also showed that higher
fractional anisotropy of the M1–M1
pathway

predicted

larger

performance gain in the fast stage of
bimanual learning, whereas higher

Figure 6. Coordination conditions. Left panel: Bimanual coordination
patterns corresponding to the target line direction were tested: inward,
outward, clockwise, and counter-clockwise hand rotation. The left hand and
the right hand controlled movements on the ordinate axis and abscissa axis,
respectively. Each pattern was performed according to 5 frequency ratios: 1:1,
1:2, 1:3, 2:1, and 3:1 (left hand : right hand), resulting in 20 different conditions.
Right panel: Treating conditions as random in the linear mixed models allows
to generalize the results to all potential conditions (grey lines), not only to the
conditions that were actually tested (black lines).

fractional anisotropy of the RPMd–LM1 pathway predicted higher gain in the slow stage, irrespective of age.
These results suggest that, in both young and older adults, the M1–M1 and RPMd–LM1 pathways are
important for the fast and slow stage of bimanual learning, respectively.

Bimanual coordination and linear mixed models
When investigating bimanual coordination, the number of
coordination modes that can be tested is limited. In the task
illustrated in Figure 1 (left panel), participants were tested in 20
conditions. Linear mixed models (also known as hierarchical
models) allow to treat both participants and conditions as
random effects, thereby generalizing the results not only to the
population of participants but also to the population of
conditions. A transition towards mixed models is underway in
science (Figure 7). This transition started up because the
requirements for using analyses of variances are often not met

Figure 7. Ratio of “mixed effect” or “mixed model”
over “ANOVA” hits when associated with
“neuroscience”, “psychology”, “biology”, or
“medicine” in a Google Scholar search.
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and mixed models clearly provide a better framework. Neuroscientists have been slower than others in
changing their statistical habits and are now urged to act (Boisgontier and Cheval, 2016).
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Mentoring and supervision
- Mentoring of 1 postdoctoral researcher: Zivari Adab H.
- Mentoring of 1 PhD student: Maes C.
- Supervision of 3 master students: Ternest J, Rossaert L (2013 – 2015) The evolution of the perceptionaction cycle in children and adolescence aged 8 to 18 years old: evidence from a bimanual sensory tracking
task; Van Empten B (2013 – 2016) Effects of limb dominance on the perception-action cycle in bimanual
tracking movements.
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Reaction time (RT) refers to the time elapsing between a stimulus and a physical change occasioned by the
occurrence of the stimulus. RT is traditionally described by a Stimulus-Processing-Response framework
whereby the brain’s processing capacity mediates the relationship between the stimulus and the response,
including stimulus identification, appropriate response selection, and response programming. RT is therefore
considered to be an index of speed and efficiency of central processing. Three main types of RT can be
differentiated. Simple RT tasks require the participant to respond to the presence of a single stimulus.
Recognition RT tasks require the participant to respond when one specific stimulus appears and to withhold
his response when other types of stimuli are presented. Choice RT tasks require distinct responses for each
type of stimulus. Although cognitive aspects associated with RT have been studied intensively, only few
studies have tested whether the particular combination of limbs affects task performance.

Figure 6. Multilimb reaction-time task. Panel A. Participants are seated in front of a PC screen, their forearms resting on a table
and their fingers and forefeet on tablets with capacitive proximity switches (in green). Panel B. Example of a trial sequence
represented on the PC screen. The right and left upper squares represent the right and left hands, respectively, whereas the right
and left lower squares represent the right and left feet, respectively. (1) Squares are grey when limbs are not in contact with the
tablets. (2) The squares turn white as soon as a limb contacts the corresponding tablet. (3) A trial starts as soon as all limbs are in
contact with the tablets. (4) When a square on the PC screen turns blue, this is the stimulus for the participant to release contact
with the corresponding tablet as quickly as possible. (5) If the participant lifts the incorrect limb(s), the corresponding square(s)
turn(s) red. (6) If the participant lifts the correct limb(s), the corresponding square(s) turn(s) green. (7) A trial is not validated until
the response is fully correct, i.e., without any red squares on the screen. (8) As soon as the trial is validated, the green squares
turn back to grey. (9) The participant has to reposition all limb segments on the tablets to start a new trial. Panel C. Coordination
modes and clusters. The 15 possible coordination modes grouped according to 5 clusters (1L, 2L-HOMO, 2L-IPSI, 2L-DIAG, 3L,
4L) based on the number of limbs to be recruited (1, 2, 3, or 4) and limb configuration. L = limb; DIAG = diagonal; IPSI = ipsilateral;
HOMO = homologous.
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Action selection and basal ganglia
The

selection

of

motor

actions

is

fundamental to the survival of humans
and other species. Therefore, action
selection likely involves brain structures
that

were

developed

in

primitive

vertebrates and have been conserved
throughout evolution, such as the basal
ganglia. There is a convergence in the
literature toward a critical role for the
basal ganglia in action selection (Cisek
and Kalaska, 2010). However, which
substructures within the basal ganglia
fulfill this role is still unclear. Young and
older participants performed a multilimb
RT tasks including the 15 possible
configuration of limb recruitment (Figure
6; Boisgontier et al., 2016). We used
shape analyses of structural magnetic
resonance imaging data to determine the
extent to which basal ganglia structures
predict performance in easy and complex
multilimb RT tasks in young and older
adults. Behavioral results showed higher

Figure 7. Association between performance in the most complex task
conditions (normalized reaction time in 2L-DIAG and 3-L) and inward
deformation (i.e., local atrophy) of the pallidum, caudate, and nucleus
accumbens in young and old adults. YA = young adults; OA = older adults;
L = left; R = right.

normalized RT and error rates in the 2LDIAG and 3L conditions for both young and older adults. Moreover, the difference in performance between
young and older adults, as assessed with normalized RT, was the largest in these two task conditions. These
results suggested specific age-related impairment in processes underlying performance during these
conditions. Imaging analyses and linear mixed models (Boisgontier and Cheval, 2016) revealed that local
atrophy of the left caudate and left nucleus accumbens were predictive of performance in the most complex
task conditions (Figure 7), but not in the easier conditions. This result suggested that the central processing
dissociating the 2L-DIAG and 3L conditions from the other conditions was related to structural differences in
caudate and nucleus accumbens grey matter.
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Action selection and processing complexity in simple and choice multilimb reaction-times
Whether the relative weight of the selection process (i.e., which limb should react) and the recruitment
process (i.e., how many limbs should react) in determining the overall complexity of a movement is dependent
on the nature of the RT (simple vs. choice RT) was still unknown. Thirty-six young adults performed the
multilimb RT task (Boisgontier et al., 2014). Simple, choice, and normalized (choice RT – simple RT) RT
were analyzed. Simple and normalized RT were respectively assumed to be indicative of the recruitment and
selection processes. Results in the different coordination modes suggested that recruitment complexity
decreased as follows: 3 limbs = 4 limbs > 2 limbs (homologous, ipsilateral and diagonal) > 1 limb, and
selection complexity as follows: 2 diagonal limbs > 3 limbs > 2 ipsilateral limbs.1 limb = 2 homologous limbs
> 4 limbs. Based on these ordinal scales of recruitment and selection complexity, we extrapolated the overall
processing complexity of the simple and choice multilimb RT. This method was efficient in reproducing the
absolute results we obtained on a
ratio scale (ms) and demonstrated
that

processing

complexity

in

simple RT was mainly governed
by the ‘recruitment principle’ (the
more limbs recruited the lower the
performance),

whereas

contributions of recruitment and
‘selection principle’ (nature of the
coordination
performance)
processing

determines
to
complexity

overall
were

similar in choice RT (Figure 8).

Figure 8. Relative contribution of the recruitment complexity and selection complexity to the overall complexity of
simple (left panel) and choice RT (right panel). Overall ordinal complexity (middle bold arrow) is extrapolated from the
association of the recruitment (left regular arrow) (4L=3L>2L>1L) and selection ordinal complexity (right regular arrow) (2LDIAG>3L>2L-IPSI>1L=2L-HOM>4L). The arrows indicate the direction of increased complexity. The length of the arrows
represents the relative contribution of each composite complexity to the overall complexity. This relative contribution determines
the overall complexity of the different coordination conditions as indicated by red horizontal bars where dotted lines cross the
bold arrow. In simple RT, the recruitment complexity contributes more than selection complexity. Accordingly, overall ordinal
complexity in simple RT matches the pattern of recruitment complexity (4L=3L>2L>1L). In choice RT, the contribution of selection
complexity increases (increased length of the selection complexity arrow). Accordingly, overall complexity in the choice RT
(3L>2L-DIAG>4L = 2L-IPSI>2L-HOM>1L) is no longer solely governed by recruitment complexity but reflects a similar
contribution from both composite complexities (similar length of the recruitment and selection arrows). The extrapolated overall
complexity of the different coordination conditions matches the observed data observed (i.e., absolute RT measured in simple
and choice RT). These results suggested that the overall complexity of a given coordination condition can be explained by a
weighted combination of the recruitment and selection complexity. L = limb; DIAG = diagonal; IPSI = ipsilateral; HOM =
homologous.
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Falls are a leading cause of injury, affecting all age groups but older adults have higher mortality and
hospitalization rates than young adults (Kennedy et al., 2001). In 2000, the incidence of fatal and nonfatal fall
injuries in adults aged over 65 years in the United States was estimated at 10,300 and 2.6 million, respectively
(Stevens et al., 2006). Accordingly, a better understanding of the neurobiological factors that underlie poor
postural control that may result in falls is needed. Postural control is fundamental for preventing falls, for both
young and older adults (Boisgontier et al., 2016). This becomes increasingly critical with aging, especially for
prolonging functional independence and preventing falls that cause catastrophic injuries (Corso et al., 2015).
Postural control involves a set of mechanisms (e.g., sensory integration, motor command generation, and
muscle contraction) that stabilize the center of the total body mass relative to the support base. Balance is
the state of equilibrium resulting from the ability of the postural control system to keep the vertical projection
of the center of mass within the support base. The better controlled the posture, the less likely that balance
will be lost.

Figure 9. Balance disturbance patterns used in eyes open and eyes closed condition. Standing balance is tested on an
Equitest balance platform. This dynamic postural system consists of a force platform (46×46 cm) that moves around a mediolateral
axis and is equipped with force transducers to measure X, Y, and Z forces (Fx, Fy, and Fz) and X, Y, and Z moments (Mx, My,
and Mz). Participants stand barefoot, with the medial malleoli of the ankles vertically aligned with the platform’s axis of rotation. A
safety harness is worn to prevent falls due to loss of balance. To fully assess balance performance, 7 balance disturbance
conditions with different platform frequencies and mean amplitudes are tested in eyes open and eyes closed conditions. The 0.0
Hz – 0.0 deg couple (static) is the least challenging condition. The 0.1 Hz – 5.0 deg couple (very slow movement) is the most
challenging condition in terms of movement perception. The 0.1 + 1.5 + 6.0 Hz – 5.0 deg couple is the most challenging condition
in terms of triggering rapid corrective responses. The 4 remaining couples (0.1 Hz – 0.7 deg, 1.5 Hz – 0.7 deg, 1.5 Hz – 1.3 deg,
and 1.5 Hz – 2.7 deg) are used to link the previously mentioned extreme couples: the challenge increased progressively with
increasing amplitude and frequency.
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Postural control and attentional resources
Dual-task designs have been widely used to study the degree of automatic and controlled processing involved
in postural stability of young and older adults. However, several unexplained discrepancies in the results
weakened this literature. To resolve this problem, a careful selection of dual-task studies that met specific
methodological criteria were considered with respect to reported interactions of age (young vs. older adults)
×

task (single vs. dual task) in stable and unstable postural conditions. Our review article showed that in

stable conditions older adults’ performance in a postural dual task is similar to the ones of younger adults
(Boisgontier et al., 2013). However, when the complexity of the postural task increases in dynamic conditions
(surface and surround), performance in postural, concurrent, or both tasks is more affected in older compared
to young adults. These results suggested an age-related increase in the recruitment of higher-level neural
resources indicative of cognitive processing of posture during standing. The results also suggested that the
sensitivity of a dual-task design to aging is increased when the challenges imposed by either the manipulation
of the support surface condition or both the surface and the visual conditions increased.

Postural control, falls, and whole-brain grey matter
Functional and structural imaging studies have demonstrated the involvement of the brain to control standing
balance. However, whether whole-brain grey matter density and white matter microstructural organization
can explain balance stability in young and older adults
remained unclear. Standing balance was tested on a
platform

moving

at

different

frequencies

and

amplitudes (Figure 9) in 30 young and 30 older adults,
with eyes open and with eyes closed. Centre of
pressure variance was used as an indicator of balance
instability. When a participant fell (held by the safety
harness) or took a step to regain balance, the trial was
recorded as a fall. The mean density of grey matter and
mean white matter microstructural organization were
measured

using

voxel-based

morphometry

and

diffusion tensor imaging, respectively. Mixed-effects
models (Boisgontier and Cheval, 2016) were built to
analyze the extent to which age, grey matter density,

Figure 10. Odds ratio of falls between younger old
adults and older old adults (mean age −1 SD; mean age
+1 SD, respectively) as a function of brain grey matter
density: low, moderate, and high (GM mean −1 SD; GM
mean; GM +1 SD, respectively). *p < 0.05; GM = grey
matter density; SD = standard deviation.

and white matter microstructural organization predicted
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balance instability. Results showed that brain grey matter had a protective against falls in older adults with
age increasing the probability of losing balance in older adults with low, but not moderate or high grey matter
density (Figure 10; Boisgontier et al., 2016). Results also showed that both whole-brain grey matter density
and age independently predicted balance instability (Figure 11). These predictions were reinforced when the
level of difficulty of the conditions increased. Furthermore, grey matter predicted balance instability beyond
age and at least as consistently as age across conditions. In other words, for balance stability, the level of
whole-brain grey matter density is at least as decisive as being young or old. Finally, no such results were
observed for white matter microstructural organization, thereby reinforcing the specificity of the grey matter
findings.

Figure 11. Fixed and random effects of age and grey matter density on postural stability. (A) Distributions of the wholebrain grey matter mean density (yellow box plot) and age (purple box plot) within the study sample. (B) Prediction of the fixed
effect of grey matter (yellow line) and age (purple line). (C) Prediction of the random effect of grey matter (yellow circles), and age
(young vs. older adults; purple circles) plotted against the random intercept of conditions, i.e., the predicted value of the center of
pressure (CoP) activity. Each circle represents a condition (7 platform × 2 vision conditions). Both the negative effect of grey
matter density and the positive effect of age on CoP activity were reinforced when the intercepts of the conditions increased, i.e.,
when the difficulty of the task increased. (D) Distribution of the CoP activity within the sample.
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Postural performance, brainstem, and basal ganglia
It remained unclear which specific brain regions
were the most critical for human postural
control and balance. Therefore, we examined
associations between postural performance
and cortico-subcortical brain regions (Figure
12) in young and older adults using multiple
structural imaging and linear mixed models
(Boisgontier et al., 2017; Boisgontier & Cheval,
2016). Results showed that of the regions
involved in posture, the brainstem was the
strongest predictor of postural control and
balance: lower brainstem volume predicted
larger center of pressure deviation and higher
odds of balance loss. Analyses of white and

Figure 12. Brain regions that have been associated with
postural performance in the literature and that were included in
the linear mixed models. Structures that were predictive of the root
mean square of the center of foot pressure time series on the
anteroposterior axis (CoP RMSD) and of balance are in red
(brainstem and basal ganglia). Structures that were not predictive are
in blue.

gray matter in the brainstem showed that the
pedunculopontine nucleus area appeared to be
critical for postural control in both young and
older adults (Figure 13, left panel). In addition,
the brainstem mediated the effect of age on
postural control, underscoring the brainstem’s
fundamental role in aging. Conversely, lower
basal ganglia volume predicted better postural
performance,

suggesting

an

association

between greater neural resources in the basal
ganglia and greater movement vigor, resulting
in exaggerated postural adjustments (Figure
13, right panel). Finally, results showed that
practice, shorter height and heavier weight (i.e.,
higher body mass index), higher total physical
activity, and larger ankle active (but not
passive) range of motion were predictive of
more stable posture, irrespective of age.

Figure 13. Brain imaging results. Left panel: Results of the
voxelwise analysis based on the SUIT high-resolution atlas template
of the brainstem showed a significant 110 voxel cluster associated
with the center of pressure time series on the anteroposterior axis
(CoP RMSD). Peak clusters were located in the area of the
pedunculopontine nucleus. Right panel: Results of the vertex
analysis testing the extent to which local deformations of the basal
ganglia were predictive of CoP RMSD. Local expansion of the
vertices was predictive of CoP RMSD in the right pallidum, bilateral
nucleus accumbens, and left putamen. CoP = center of pressure;
RMSD = root mean square deviation.
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PROPRIOCEPTION

Perception is an interpretation of physical reality. Proprioception is the perception of our body state in the
absence of vision (Boisgontier and Swinnen, 2014). This state is defined by position, movement, and muscle
force. Interpretation of this state is based on the processing of information from peripheral receptors and
motor efference copies. The proprioception that interprets body segment position and movement are called
joint position or movement sense. Joint position sense has been widely investigated in the context of aging
and the inability of the proprioceptive system to accurately interpret actual limb position or movement due to
physiological aging has been named “presbypropria” (Boisgontier et al., 2012).

Figure 14. Contralateral movement matching task. Experimental conditions: No vision, Central vision, Central + Peripheral
vision, and Peripheral vision. Participants are instructed to match a motor-driven right-hand movement (passive) with their left
hand (active). Wrist movements range from 30° flexion to 30° extension (dashed lines). In some conditions, upper limbs are
occluded by opaque boxes, here presented as black rectangles. White arrows indicate the gaze direction toward the right passive
wrist (upper row) and left active wrist (lower row).
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Proprioception and gaze direction
Despite

the

intensive

investigation

of

proprioception, it remained unclear how directing
vision toward either upper limb influenced
performance and whether this influence was
affected by age. Therefore, we assessed the
performance of young and older adults on a
contralateral movement matching task in which
they matched motor-driven movements of their
right passive hand with their left active hand
according to in-phase and anti-phase patterns.
Performance in six visual conditions involving
central vision of the active or passive limb was
compared to performance in a no vision
condition (Figure 14). Results indicated that
directing central vision to the active limb
consistently impaired performance, with higher
impairment in older than young adults (Figure
15). Conversely, directing central vision to the

Figure 15. Root mean square of the relative phase (phase
error) in the in-phase condition in young and older adults
as a function of vision condition. No vision; central vision of
the active wrist (CA), central vision of the active wrist and
peripheral vision of the passive wrist (CA + PP), peripheral vision
of the active wrist (PA), central vision of the passive wrist (CP),
central vision of the passive wrist and peripheral vision of the
active wrist (CP + PA), and peripheral vision of the passive wrist
(PP).

passive limb improved performance in young adults, but less consistently in older adults. These results
indicated that the locus of visual attention influenced joint movement sense in young and older adults, with
older adults being either more impaired or less able to benefit from a given visual condition.

Proprioception and movement amplitude
It was still unclear whether the amplitude of a
movement affected the ability to accurately perceive
it and whether this effect interacted with age. To test
this hypothesis, young and older adults performed a
bimanual wrist joint position matching task. Results
revealed an age-related deficit when the target limb
was positioned far from the neutral position (25°), but
not when close to the neutral joint position (15°, 5°),
irrespective of the direction. These results suggested

Figure 16. Total error as a function of the amplitude of
the target position in young and older adults. *p < .05
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that the difficulty associated with the comparison of two musculoskeletal states increases towards extreme
joint amplitude and that older adults are more vulnerable to this increased difficulty.

Brain substrate of visuo-proprioceptive weighting
Motor

control

relies

on

the

information from the environment
and the body state, which is
provided

by

vision

and

proprioception, respectively. In a
study using magnetic resonance
imaging, we investigated the
relative contribution of visual and
proprioceptive

information

to

upper limb motor control and the
extent to which structural brain
measures

predict

this

Figure 17. Sample of motor-generated motion in the passive hand (blue line)
and tracking motion of the active hand (red line) for in-phase and anti-phase
conditions.

performance in youth (age range
9–18 years; n = 40; Corporaal et
al., 2017). Participants performed
the

contralateral

tracking

task

movement

(Figure

14),

adopting in-phase and anti-phase
coordination modes (Figure17).
Results showed that, in contrast
to older participants, younger
participants performed the task
with lower accuracy in general
and poorer performance in antiphase than in-phase modes.
However,

a

proprioceptive

advantage was found at all ages:
Tracking accuracy was higher

Figure 18. Neural predictors of tracking performance. Left panel: Increasing MD
in Dorsolateral prefrontal cortex (DLPFC) tracts was associated with larger phase
errors only in the proprioception conditions. Right panel: Larger cortical thickness of
the precentral cortex (M1) was associated with lower phase errors in all sensory
conditions. ***p < .001, *p < .05.

during both in-phase and anti-
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phase modes when proprioceptive information was available. The microstructural organization of
interhemispheric connections between homologous dorsolateral prefrontal cortices as well as the cortical
thickness of the primary motor cortex were associated with sensory-specific accuracy of tracking performance
(Figure 18). Overall, these findings suggested that movement tracking performance in youth did not only rely
on brain regions involved in sensorimotor processing, but also on prefrontal regions involved in attention and
working memory.
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(IN)ACTIVITY

Physical activity, defined as any bodily movement produced by the contraction of skeletal muscles that
requires energy expenditure (Centers for disease control and prevention, 2015), is central to health protection.
However, the advent of modern technology has produced an environment where opportunities to adopt
sedentary behaviors are ubiquitous. The outcome of this environment is a population that intend to be active
but fails to reach the guidelines of at least 150 min of moderate-to-vigorous physical activity per week. As a
result, the World Health Organization has set regular physical activity as a global health priority (WHO, 2013).

Time

Figure 19. Approach-avoidance task. The contextual approach-avoidance task is used to measure automatic approach and
avoidance tendencies toward physical activity and sedentary behaviors. Participants are asked to move a manikin (i.e., an avatar)
on the screen “toward” (approach condition) and “away” (avoidance condition) from images depicting physical activity or sedentary
behaviors by pressing keys on a keyboard. Each trial starts with a black fixation cross presented randomly for 250–750 ms in the
center of the screen with a white background. Then, the manikin appears in the upper or lower half of the screen. Concurrently, a
stimulus depicting “movement and active lifestyle” (i.e., physical activity) or “rest and sedentary lifestyle” (i.e., sedentary behavior)
is presented in the center of the screen. Participants are instructed to quickly move the manikin “toward” a stimulus (approach)
depicting physical activity and “away” from a stimulus (avoidance) depicting sedentary behaviors, or vice versa. After seeing the
manikin in its new position for 500 ms, the screen is cleared. In case of an incorrect response, an error feedback (i.e., a cross)
appears at the center of the screen. A neutral approach-avoidance task is used as a control. In this task, the stimuli depicting
physical activity and sedentary behaviors are replaced by stimuli with circles or squares matching the number and size of
information in the contextual stimuli (Figure 20).
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Automatic processes and rewards in physical (in)activity
In a time of physical inactivity pandemic, attempts to better understand the factors underlying the regulation
of exercise behavior are important. The dominant neurobiological approach to exercise behavior considers
physical activity to be a reward. However, negative affective responses during exercise challenge this idea.
The objective of our systematic review (Cheval et al., 2018a) was to test the automatic reactions triggered by
stimuli associated with different types of exercise behavior (e.g. physical activity, sedentary behaviors). Three
outcomes of automatic processes were tested in the literature: affective reactions, attentional capture, and
approach tendencies. Behavioral results show that physical activity can become attention-grabbing,
automatically trigger positive affect, and elicit approach behaviors. These automatic reactions explained and
predicted exercise behaviors. Brain imaging results were scarce but showed that stimuli associated with
physical activity and, to a lesser extent, sedentary behaviors activated regions involved in reward processes.

Brain substrates of the automatic attraction to sedentary behaviors
Why do individuals fail to exercise regularly despite
knowledge of the risks associated with physical inactivity?
Automatic processes regulating exercise behaviors may
partly explain this paradox. Yet, these processes have only
been investigated with behavioral outcomes (i.e., based on
reaction times). In a study using EEG, we investigated the
cortical activity underlying automatic approach and
avoidance tendencies toward stimuli depicting physical
activity, sedentary behaviors, and neutral figures (Figure
19 and 20) in 29 young adults who were physically active
or physically inactive but with the intention of becoming
physically active (Cheval et al., 2018b). Behavioral results
showed faster reactions when approaching physical
activity compared to sedentary behaviors and when
avoiding sedentary behaviors compared to physical
activity. Yet, faster reactions when avoiding sedentary
behaviors compared to physical activity were also

Figure 20. Contextual and neutral stimuli used in
the approach-avoidance task. Panel A. Stimuli
depicting physical activity and neutral stimuli built with
circles and squares based on the amount of
information (i.e., same number and same size) in the
stimuli depicting physical activity. Panel B. Images
depicting sedentary behaviors and neutral stimuli built
with circles and squares based on the amount of information in the stimuli depicting sedentary behaviors.

associated with higher conflict monitoring (larger early and late N1 event-related potentials) and higher
inhibition (larger N2 event-related potentials), irrespective of the usual level of physical activity (Figure 21).
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These results suggested that additional cortical resources were required to counteract an attraction to
sedentary behaviors.

Figure 21. Event-related potential (ERP) results of the whole-scalp analysis. Two-way interaction between action
(approach vs. avoid) and stimuli (physical activity vs. sedentary behaviors) for all electrodes in the 0–800 ms range. Results
were based on a cluster-mass analysis using non-parametric permutation test and the family-wise error rate correction.

Physical activity and childhood socioeconomic circumstances
Along

with

factors

such

as

age

and

sex,

socioeconomic circumstances (SEC) in adulthood
have been found to be a major determinant of physical
activity. The objective of our study (Cheval et al.,
2018c) was to investigate the associations between
early-life and adult-life socioeconomic circumstances
and physical inactivity (level and evolution) in aging
using large-scale longitudinal data (Figure 22). This
study used the Survey of Health Ageing and
Retirement in Europe (SHARE), a 10-year populationbased cohort study with repeated measurements in
five waves, every 2 years between 2004 and 2013.
Self-reported physical inactivity, household income,
Figure 22. Physical inactivity dataset. Distribution and percentages across age as a function of early-life SEC at baseline.
Upper panel: each dot represents an observation of a physically inactive participant stratified by early-life SEC and age. Lower
panel: color coding indicates the relative prevalence of physical inactivity stratified by early-life SEC and age. A = advantaged;
D = disadvantaged; M = middle; MA = most advantaged; MD = most disadvantaged.
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educational attainment, and early-life socio-economic
circumstance were collected in 22,846 individuals 50 to 95
year of age. The risk of physical inactivity was higher for
women

with

the

most

disadvantaged

early-life

socioeconomic circumstances (Figure 23). With aging, the
risk of physical inactivity increased for both sexes and was
strongest for those with the most disadvantaged early-life
socioeconomic circumstances, with the former effect being
more robust than the latter one. The association between
early-life socioeconomic circumstances and physical
inactivity was mediated by adult-life socioeconomic
circumstances, with education being the strongest
mediator. In sum, early-life socioeconomic circumstances

Figure 23. Predicted probability of being physically
inactive across age depending on early-life socioeconomic circumstances (SEC) in women.

predicted high levels of physical inactivity at older ages, but this effect was mediated by socioeconomic
indicators in adult life. This finding has implications for public health policies. Their actions should continue to
promote education to reduce physical inactivity in people at older ages and to ensure optimal healthy aging
trajectories, especially among women with disadvantaged early-life socioeconomic circumstances.

Physical activity and cognitive resources
Cognitive resources may be critical to counteract an automatic attraction to effort minimization and increase
the engagement in physical activity (Cheval et al., 2018a). To test this hypothesis, data from 105,206 adults
aged 50 to 90 years from SHARE were used in adjusted linear mixed models to examine whether the
engagement in physical activity and its evolution across aging was dependent on cognitive resources (Cheval
et al., 2018d). Cognitive resources and physical activity were measured 5 times over a 12-year period.
Delayed recall and verbal fluency were used as indicators of cognitive function and cognitive reserve was
assessed based on the level of education. The frequency of engagement in moderate and vigorous physical
activity was self-reported. Results showed that lower cognitive resources were associated with lower levels
and steeper decreases of physical activity across aging. The associations between inter-individual cognitive
differences and the engagement in moderate physical activity increased across aging (Figure 24). These
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findings suggest that, after 50 years old, the level of engagement in physical activity and its trajectory over
the years depend on the level of cognitive resources still available.

Figure 24. Associations of cognitive resources with the trajectories of moderate physical activity across aging. For
delayed recall and verbal fluency, the variables were standardized. The coefficients are interpreted as the effect of an increase of
one standard deviation.

Cognitive resources moderate the adverse impact of poor perceived neighborhood
conditions on physical activity
Poor neighborhood conditions are associated with lower levels of physical activity in older age, but socioecological models put forth that physical activity is dependent on both environmental and individual factors.
Older adults’ abilities to overcome environmental physical activity barriers may partially rely on cognitive
resources. However, evidence on the moderating role of these cognitive resources in environmental barrier
and physical activity behavior associations is still lacking. We analyzed cross-national and longitudinal data
on 28,876 adults aged 50 to 96 years in SHARE survey (Cheval et al., 2019). Lack of access to local services
and neighborhood nuisances were used as indicators of poor neighborhood conditions. Delayed recall and
verbal fluency were used as indicators of cognitive resources. Confounder-adjusted linear mixed models were
conducted to test associations between neighborhood conditions and self-reported physical activity, as well
as the moderating role of the cognitive resources. We found that poor neighborhood conditions, especially
low access to local services, were associated with less frequent engagement in physical activity and with a
steeper decline of engagement in physical activity across aging. Moreover, cognitive resources robustly
reduced the adverse influence of poor neighborhood conditions on physical activity (Figure 25). These
findings suggest that cognitive resources can temper the detrimental effect of poor neighborhood conditions
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on physical activity. Public policies should target both individual and environmental factors to tackle the
current pandemic of physical inactivity more comprehensively.

Figure 25. Relative probability of being physically active as a function of cognitive resources (verbal fluency; delayed
recall) and neighborhood conditions (lack of access to local services; nuisances). Error bars = 95% confidence interval; SD
= standard deviation.

Physical activity cancels the negative impact of adverse childhood experiences and
depression on functional dependence
Adverse childhood experiences, depression, and functional dependence are inter-related. However,
mechanisms underlying these relations remain unclear. We investigated the potential for depression to
mediate the effect of adverse childhood experiences on functional dependence in older age and whether
physical activity moderated this mediation (Boisgontier et al., 2019). Data from 25,775 adults aged 62±9 years
from SHARE was used in adjusted linear mixed-effect models to test whether depression mediated the
associations between adverse childhood experiences and functional dependence in activities of daily living
(ADL) and instrumental activities of daily living (IADL) and whether physical activity moderated these
mediations. As expected, adverse childhood experiences were positively associated with ADL and IADL. Both
associations were mediated by depression. Physical activity reduced the effect of adverse childhood
experiences on depression and tempered the effect of depression on functional dependence in ADL and
IADL, thereby eliminating the effect of adverse childhood experiences on functional dependence through this
pathway (Figure 26). In conclusion, physical activity tempered the impact of adverse childhood experiences
on functional dependence. In inactive individuals, the effect of adverse childhood experiences on functional
dependence (ADL and IADL) was mediated by depression.
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Figure 26. Conditional b coefficients
and 95% confidence interval as a
function of physical activity. Upper-left
panel. Physical activity moderates the
total effect of adverse childhood
experiences (0 vs. 1 and 0 vs. ≥2 adverse
childhood experiences) on functional
dependence. Upper-right panel. Physical
activity moderates the first stage of the
mediation by depression. Lower-left
panel. Absence of moderation by
physical activity on the residual effect of
adverse childhood experiences on
activities of daily living (ADL) and the
moderation effect on this effect on
instrumental activities of daily living
(IADL). Lower-right panel. Physical
activity moderates the second stage of
the mediation. Functional dependence in
ADL and IADL are in orange and purple,
respectively. Physically inactive and
active participants are illustrated by filled
and empty circles, respectively.

Physical activity and bimanual coordination
Practice of a given physical activity is known to
improve the motor skills related to this activity.
However, whether unrelated skills are also improved
is still unclear. To test the impact of physical activity
on an unpracticed motor task, twenty-six young
adults completed the international physical activity
questionnaire (IPAQ) and performed a bimanual
coordination task they had never practiced before

Figure 27. Fixed effect and
95% confidence interval of
the effect of total physical
activity (IPAQ) on target
deviation. This effect was
significant while controlling
for all the other factors
included in the model. The
scale of target deviation was
back transformed. IPAQ =
International
Physical
Activity Questionnaire; ∗∗p <
0.01.
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(Figure 1 and 6; Boisgontier et al., 2017). Results showed that higher total physical activity predicted higher
performance in the bimanual task when controlling for multiple factors such as age, sedentary behaviors,
music practice, and computer games practice (Figure 27). This finding runs counter to the notion that
generalized motor abilities do not exist and supports the existence of a “learning to learn” skill that could be
improved through physical activity and that impacts performance in tasks that are not necessarily related to
the practiced activity.
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ABSTRACT

What if the exercise paradox stemmed from a fundamental principle of evolution that has
been neglected in exercise neuropsychology: Energetic cost minimization?
Individuals are increasingly aware of the positive effects of physical activity and most of them have the
intention to exercise. Yet, the world population is becoming less active. I hypothesize that this exercise
paradox results from brain processes supporting an automatic attraction to energetic cost minimization.
To test this hypothesis, I will ensure that the construct under investigation exclusively relates to energetic
costs. Participants will be conditioned on a stationary bicycle to systematically associate neutral geometrical
figures with different energetic cost patterns: Increasing, decreasing, and constant. The resulting conditioned
stimuli will be used in behavioral tasks to test the effect of energetic cost variations on automatic approach
tendencies, automatic affective associations, and attentional bias in children, adults, and older adults. Brain
processes and regions underlying these automatic behaviors will be investigated using transcranial magnetic
stimulation and magnetic resonance imaging. Then, I will test whether a bias-based training protocol can
modify this automatic attraction.
The conceptual and methodological innovations of this project at the crossroad between psychology,
neuroscience, and physiology have the potential to push the entire field of exercise psychology forward.
Results are expected to show an automatic attraction to energetic cost minimization, at all ages, how cortical
inhibition and brain activations support this behavior, and how dispositional and situational factors moderate
these effects. Finally, results are expected to demonstrate that this automatic attraction can be reduced
through training. This fundamental research will also improve interventions aiming to counteract a global
health problem: The pandemic of physical inactivity.
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INTRODUCTION

3.1.1. STATE OF THE ART
Context: the exercise paradox
During the past two decades, society has encouraged people to be more physically active [1-3]. As a result,
most individuals are now aware of the positive effects of regular physical activity and have the intention to
exercise [4]. Yet, this intention is not sufficient as plans are often not executed [5]. Despite gradually scaling
up actions promoting physical activity across the years, we are actually becoming less active. From 2010 to
2016, the number of inactive adults has increased by 5% worldwide, now affecting more than 1 in 4 adults
(1.4 billion people) [6,7]. This exercise paradox is also observed in Europe, where the situation is equally bad.
Since the White Paper on sport [8], the European Union has invested ~€300 million to promote physical
activity through preparatory actions [9] and Erasmus+ Sport [10]. Despite these investments demonstrating
the urgency to increase population levels of physical activity, the number of people who never exercise or
play sport in Europe has increased from 42% to 46% between 2013 and 2017 [11]. This context raised the
question: Why are we unable to implement our intention to be physically active?

Why are we unable to implement our intention to be physically active?
I hypothesize that the exercise paradox is due to brain processes supporting an automatic attraction to
energetic cost minimization. If the results of the project described in this thesis provide fundamental evidence
supporting this hypothesis, the pandemic of physical inactivity [12] is driven by an automatic resistance to the
reflective intention to engage in activities associated with higher energetic costs. Therefore, public health
policies take the wrong approach. Part of the massive investment aiming at increasing reflective intentions to
be active should be redirected towards the development of research projects aiming at understanding and
counteracting the mechanisms underlying this automatic resistance.

Theoretical approaches in exercise psychology: the advent of automatic behaviors
Until recently, the dominant approaches to exercise behavior were based on theories focusing on how people
reflect on their perceptions [13,14]. Yet, meta-analyses examining the effectiveness of exercise-related
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intervention based on these reflective approaches have shown small effect sizes [15,16] and high levels of
unexplained variance [17]. These results have emphasized the impact of theoretical articles highlighting the
importance of the automatic evaluation of exercise-related stimuli in exercise-related decision-making and
behavior [18-20]. These theoretical articles are supported by multiple experimental studies [21-23] showing
that exercise-related stimuli affect automatic reactions such as attentional capture [24-26], affective reactions
[27-31], and approach tendencies [32-35]. The number of recent theoretical, experimental, and review articles
on the topic suggests that the importance of automatic behaviors is about to be fully recognized in the field
of exercise psychology. Yet, the reason why people fail to be physically active is still unclear.

Energetic cost minimization is positively valued: the hypothesis
Adaptation, a fundamental principle of evolution [36], can be defined as the dynamic process by which
individuals improve their suitability to the environment. During evolution, adaptation has been vital and has
defined the species constituting the world of living organisms as we know it. Energetic cost minimization is a
specific type of adaptation postponing energy exhaustion [37], thereby increasing the odds of survival [38].
This automatic process aiming to achieve the most efficient behavior [32] has been widely evidenced in
multiple fields, such as evolutionary biology [39] and biomechanics [40]. If we take the example of gait; On
the evolutionary timescale, energetic cost of gait is lower in humans than in primates [41]. On the
developmental timescale, children gradually increase the kinetic energy they are able to recover, thereby
reducing energetic costs [42]. On a shorter timescale, energetic cost minimization determines the moment
we switch from walking to running [43]. In sum, energetic cost is not only an outcome of movement, but also
continuously shapes it [40] at multiple timescales.
Energetic cost minimization accounts for our behavior, our morphology, the physiology of our neural system
[38], and has played a key role in their evolution. Therefore, I hypothesize that energetic cost minimization is
positively valued and, as such, triggers automatic behaviors and brain processes that counters our intention
to be physically active.
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3.1.2. PROOF OF CONCEPT
The energetic cost minimization hypothesis has been formulated in a systematic review I published in June
2018 as last and corresponding author [21]. The concept of brain processes supporting an automatic
attraction to this minimization is in line with the findings of an EEG experimental article I published in October
2018, also as last and corresponding author, that involved none of my PhD and postdoctoral advisors. In this
study, all participants had the intention to be physically active and their actual level of physical activity was
assessed. They were instructed to take control of an on-screen avatar to approach or avoid stimuli depicting
physical activity, sedentary behaviors, or neutral figures (Figure 20). EEG signal was analyzed using a clustermass permutation test [44] that is appropriate for exploratory analyses [45,46]. Permutation F-tests were
performed on reduce residuals [47] and familywise error rate was controlled using the cluster-mass test [44].
As expected, results showed that participants were faster at avoiding stimuli depicting sedentary behaviors
compared to stimuli depicting physical activity, and more so in physically active participants, which supported
the fact that participants had the intention to be physically active. However, as evidenced by a spatiotemporal
interaction between action (approach vs. avoid) and stimuli (physical activity vs. sedentary behaviors), these
faster reaction times were associated with larger evoked-related potentials in the medial frontal cortex and
frontocentral cortex, which have been related to conflict monitoring and inhibition, respectively. These results
suggested that avoiding stimuli depicting sedentary behaviors required higher brain resources to monitor a
conflict between the intention to be physically active and an automatic attraction to sedentary behaviors. In
September and October 2018, this research has been featured worldwide in more than 45 countries and 200
media including the New York Times [48] and the Washington Post [49].
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3.1.3. CAVEATS IN THE LITERATURE
Humans are wired for laziness: a simplistic view
The results of the proof-of-concept study clearly demonstrate the potential of my hypothesis. However, they
are insufficient. In this study, I used stimuli depicting physically active and inactive avatars. Therefore, I tested
a dichotomic concept that do not fit the theoretical framework of the current project. Energetic cost
minimization is a dynamic process involving a variation of energetic expenditure across time. A pictogram
depicting an individual swimming refers to a level of energetic cost but does not account for any cost variation,
be it a decrease or an increase. The same stands for a pictogram of an individual playing video game. Results
of the proof-of-concept study may have suggested that humans are “wired to sit” [48]. Yet, as explained
above, I contend that humans are wired for efficiency. I hypothesize that the automatic attraction to energetic
cost minimization can be observed at all levels of energetic expenditure. The only solution to test this
hypothesis, is to switch from a discrete to a continuous approach. The hypothesis of sedentary behaviors
being inherently positively valued is simplistic and lacks theoretical ground. I hypothesize that energetic cost
minimization is attractive at any level of energetic expenditure and should therefore be conceptualized on a
continuum.

Time: the missing dimension
Thus far, investigations in the field of exercise psychology have relied on a discrete approach based on levels
of energetic costs, dichotomizing lower (sedentary behaviors) and higher levels (physical activity). However,
energetic costs are dependent on time dimensions that cannot be ignored, especially in exercise-related
behaviors. There is an imperative to include this dimension in the theoretical framework of exercise
psychology. In this project, I introduce this dimension in two ways. First, I focus on energetic cost variations
by encapsulating variations of energetic costs across time into neutral geometrical figures through associative
conditioning. Second, I investigate how the automatic evaluation of exercise-related stimuli varies across
time. As yet, theories of exercise behavior have relied on a discrete approach based on levels of energetic
costs. Here, I introduce a continuous approach taking time into account.

Physiological state: the missing control
The attraction force of a stimulus associated with energetic cost minimization may also depends on
dispositional (e.g., cardiovascular fitness) and situational factors (e.g., level, variation, or duration of energetic
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expenditure during the experiment). Yet, previous studies never controlled for the physiological state before
and during the experiment [21]. Moreover, participants have always been tested in a sitting or reclining
position, which may have biased the results. This lack of control is an issue as in other contexts the value
that individuals assign to stimuli is influenced by their physiological state [50-53]. For instance, participants
show stronger attention and faster automatic approaches to food-related stimuli when they are hungry [54,55].

Stimulus purity: the issue
The systematic review I published in June 2018 revealed a major issue. As yet, studies have focused on
specific exercise behaviors (e.g., running, dancing, or swimming) and/or sedentary behaviors (e.g., watching
television or reading). However, these specific behaviors can be positively valued due to the energy cost they
are associated with, but they can also be positively valued due to other factors. Therefore, it is difficult to infer
strong conclusions from studies using an approach based on stimuli related to specific exercise behaviors.
For example, the pleasure associated with a picture of an individual playing soccer may reflect the pleasure
felt when watching this sport on TV, not the energetic cost required to play soccer.
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OBJECTIVES

An automatic attraction to behaviors minimizing energetic cost may explain why individuals fail to reach the
recommended amount of physical activity despite conscious intentions to exercise. However, the value
assigned to this minimization has never been investigated.
The objective of this project is to examine whether and how energetic cost minimization triggers automatic
behaviors and brain processes counteracting our intention to exercise. This main objective will be addressed
in five work packages (WP).
In WP1, I will investigate whether stimuli associated with energetic cost minimization trigger automatic
regulatory processes, including attention capture, affective reactions, and approach tendencies. In WP2, I will
examine whether dispositional (e.g., cardiovascular fitness) and situational factors (e.g., level, variation, or
duration of energetic expenditure during the experiment) moderate the automatic attraction to energetic cost
minimization. In WP3, I will use transcranial magnetic stimulation (TMS) to test whether inhibition processes
in the primary motor cortex (M1) underlie the automatic reactions to energetic cost minimization when
individuals avoid stimuli associated with decreasing energetic cost and when they need to withhold their
movement towards these stimuli, as compared to neutral stimuli and stimuli associated with increasing costs.
In WP4, I will use functional magnetic resonance imaging (fMRI) to test whether brain regions related to
reward or emotional arousal are more activated when reacting to a conditioned stimulus associated with
decreasing versus constant and increasing energetic costs. I will also use structural MRI to test whether the
shape and volume of the regions of interest (ROIs) revealed by the fMRI studies predict which individuals are
successful at implementing their intention to be physically active. In WP5, I will investigate whether the
automatic attraction to energetic cost minimization can be reduced through a bias-based training using a
bimanual setup applying different physical resistance to the motor responses and whether this retraining
affects intracortical inhibition processes.
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METHODS

3.3.1. PARTICIPANTS
Participants aged 18-25 years will be recruited through a poster campaign. In the lifespan study (WP2, Study
2.3), children and older adults will also be recruited. To investigate the conflict between conscious intentions
to be physically active and the hypothesized automatic attraction to energetic cost minimization, a prerequisite
is that participants have the intention to be physically active. This intention will be tested using the state-ofchange questionnaire [56] to ensure that participants are in the preparation (i.e., low level of physical activity
with a strong intention to start) or maintenance stage of physical activity (i.e., high level of physical activity for
at least 6 months). Individuals with diabetes, a history of alcohol or drug abuse, or receiving treatment for
psychiatric disorder will be excluded from the study. Participants will be asked to refrain from consuming
psychostimulants, to have a normal sleep time (6-9h per night) and food intake, and to complete a diary on
the last two days preceding the experimental sessions to check for compliance with these constraints.
Sociodemographic information, reflective motivation to exercise regularly (scale of motivation for sports [57]),
personality (10-item personality inventory [58]), and impulsivity (brief self-control scale [59]) will also be
assessed. All studies will be conducted after agreement from the appropriate ethical committees. All
participants will sign an informed consent form after receiving a complete description of the study.
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3.3.2. PROCEDURES
To address the purity issue raised in the state-of-the-art section of this project and ensure that the constructs
under investigation are exclusively related to energetic cost variations, participants will be conditioned on a
stationary bicycle to systematically associate neutral geometrical figures with different energetic cost patterns:
increasing, decreasing, and constant (Figure 28). This conditioning procedure has already proven to be
efficient with other types of stimuli [60-63]. The resulting conditioned stimuli will be used in reaction-time tasks
to test the effect of energetic cost variations on automatic approach tendencies, automatic affective
associations, and attentional bias. To determine if the conditioning procedure was successful, participants
will complete a primed-lexical decision task to assess the degree of automatic association between each
conditioned stimulus and words related to energy expenditure (e.g., active, energetic) versus energy
conservation (e.g., inactive, rest) [33,64].

A

B

Figure 28. Associative conditioning. A. Procedure. Participants will be conditioned on a stationary bicycle to
systematically associate neutral geometrical figures with increasing, decreasing, or constant energetic cost. The
time of exposure to each conditioned stimulus will be identical and so will be the level of energy expenditure as
the area under the curve is equal across stimuli. Multiple patterns will be used with the order of presentation of
increasing and decreasing energetic costs being counterbalanced. B. Conditioned Stimuli. Each conditioned
stimulus will be associated with a single energetic cost pattern: decrease, increase, or constant. The color and
shape of these stimuli will be counterbalance across participants.

Physiological factors
As mentioned in the state-of-the-art section, the value assigned to a stimulus has been shown to depend on
the physiological state of an individual [50,51]. For example, thirsty individuals show higher perceptual
readiness to drinking-related stimuli [52] and hungry individuals show stronger automatic approach reactions
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towards food-related stimuli [53]. Therefore, the value assigned to energetic cost variations may depend on
the participant’s maximal exercise capacity and recent exercise history (e.g., did the participant come by bike
or bus). To test this effect and control for it, all participants will perform a maximal exercise test at baseline to
assess their peak O2 consumption (V̇O2 peak) and physical activity will be monitored using a pedometer
during the 24h preceding the experiment.

Maximal exercise test
At least 2 days before the other experimental sessions, participants will complete a graded maximal exercise
test [65-67] on a cycle ergometer associated with a metabolic cart. The test will begin with a power output of
100W for men and 50W for women and will increase by 30 W increments every 2 min until volitional
exhaustion. Participants will maintain a pedaling cadence of 70–90 rpm and remain seated throughout testing.
The following measurements will be monitored throughout exercise testing: Expired O2 and CO2
concentrations and airflow via a metabolic cart, hear-rate, and Borg’s 6–20 scale rating perceived exertion.
V̇O2 peak criteria will include at least one of the following: A plateau in O2 uptake and heartrate with further
increase in workload, perceived exertion greater than 17, an inability to maintain a cadence of 70 rpm, and
volitional exhaustion [65-67]. The peak power output determined by the exercise test will be used to
individualize the levels of wattage applied during the associative conditioning procedure.
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3.3.3. STATISTICS
Statistical analyses
All data will be analyzed using linear mixed models. In several research fields, the use of linear mixed models
is promoted as a better alternative than traditional statistical models [68]. Unlike traditional approaches (e.g.,
ANOVA), which requires averaging trials within each condition, linear mixed models preserve all the
information (i.e., for each participant, these models keep the variability of the responses within each
condition). Therefore, the number of data points in the model [69] and power increases [70]. Linear mixed
models also allow incomplete and unbalanced data to be used. These models will be built using the R
language. If necessary, the outcome will be normalized using the Box–Cox method [71,72]. The continuous
variables will be scaled and centered on zero. The trial number will be included in the models to investigate
the effect of time, which is only possible using linear mixed models, as traditional analyses of variance require
to average across trials. I am already very familiar with the implementation of this type of statistical model
[73-80].
The effect of age on performance in the reaction-time tasks testing automatic behaviors over the lifespan is
expected to be nonlinear. While this nonlinearity is often modeled with the inclusion of a quadratic or cubic
term in the equation, this approach presents several limitations [81], and nonparametric local smoothing has
been shown to be more robust [82]. The lifespan dataset (WP2, Study 2.3) will therefore be analyzed using
the spline smoothing method [83,84] that I have already apply in a previous study [75]. Using the R language
mgcv package, I will implement smoothing splines to define age ranges for which the age effect was linear
and apply linear mixed models on these age ranges.

Power analysis and sample size
Using power analysis to gauge an appropriate sample size in a linear mixed model approach is not possible
here as variance at the level of the individuals and variance at the level of repeated trials is needed. Yet, this
information is not available in the literature. Since the effects that will be investigated in the TMS and MRI
studies have not been tested and because power analyses based on pilot data are biased [85], the
experiments will follow a sequential analysis [86] including two planned analyses. One interim analysis will
be performed after 50% data is collected and the other analysis after all data is collected. Based on the
Pocock boundary [87], the threshold for significant p-values will be .0294. If the effect is significant at the first
interim analysis the data collection will be terminated. The data collection will also be terminated if the
observed effect size is smaller than a predetermined d-value based on the maximum number of subjects I
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am willing to collect for each experiment (e.g., d = 0.44 for a maximum n = 40 in the TMS experiment, as
TMS experts agree that it is reasonable to set the maximal sample size to 40 participants [88]) and the fact
that with one interim analysis, this maximum n provides 0.8 power [89] to detect an effect at the predetermined
d-value. To secure the credibility of the results, the study designs will be pre-registered [90] when feasible,
which is hardly the case for the exploratory fMRI studies (Study 4.1 and 4.2). To accelerate and facilitate
knowledge dissemination, all articles will be pre-printed, and data and code shared on public repositories.
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PACKAGES

Five Work Package (WP) will be implemented to examine
whether and how energetic cost minimization triggers automatic
behaviors and brain processes counteracting the intention to be
physically active.
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3.4.1. DO STIMULI ASSOCIATED WITH ENERGETIC COST MINIMIZATION TRIGGER
AUTOMATIC REGULATORY PROCESSES?
Objectives and hypotheses
In WP1, I will test whether stimuli that solely vary with
respect to the energetic cost pattern they have been
associated with (decrease, increase, constant) trigger
automatic reactions. I hypothesize that due to the positive
value the brain assigns to energetic cost minimization,
stimuli associated with decreasing energetic costs will
attract attention, produce automatic positive affective
reactions, and trigger automatic approach tendencies (i.e.,
faster reactions to stimuli associated with decreasing
compared to increasing energetic costs; Figure 29), to a
greater extent than stimuli associated with constant and

Figure 29. Expected results on the manikin task.

increasing energetic costs. I also hypothesize that withholding actions towards stimuli associated with
decreasing energetic costs will require higher levels of inhibition than withholding actions towards increasing
energetic costs.

Behavioral assessment of automatic regulation processes
Attentional bias will be assessed using the spatial cuing task [91] (Figure 30A) to determine the initial
attentional attraction to the conditioned stimulus and the difficulty in disengaging attention to reallocate it to
another target. Automatic affective reactions will be assessed using the evaluative priming task [92,93]
(Figure 30B) to determine the negative and positive affects automatically associated with each conditioned
stimulus. Automatic approach tendencies will be assessed using the manikin task [94-96] (Figure 30C) to
determine the tendency to approach rather than avoid each conditioned stimulus. Inhibition will be assessed
using the go/no-go task [97] (Figure 30D) to determine the level of inhibition required to withhold actions
towards each conditioned stimulus.
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Figure 30. Reaction-time tasks used to investigate automatic regulatory processes. Panel A. Spatial
cuing task. Panel B. Evaluative priming task. Panel C. Manikin task. Panel D. Go/no-go task.

Experiments
In WP1 (Study 1; n = 50), I will test whether stimuli associated with different pattern of energetic cost variations
trigger different automatic reactions. All the tasks will use the conditioned stimuli. In the valid trials of the
spatial cuing task, the target will appear in the same location as the stimulus. In the invalid trial, the target will
appear in the opposite location to the stimulus. In the evaluative priming task, one of the three conditioned
stimuli will briefly appear on the screen. Then, participants will determine whether the target word is related
to a positive (e.g., pleasure) or a negative (e.g. displeasure) affect. In the manikin task, participants will take
control of an on-screen avatar. In the approach trials, the stimuli will be presented in portrait format and
participants will be asked to move the manikin towards the stimuli. In the avoidance trials, the stimuli will be
presented in landscape format and participants will be asked to move the manikin away from the stimuli. This
rule will be counterbalanced across participants. In the no-go trials of the go/no-go task, the stimuli will be
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presented in portrait format and participants will have to withhold any response. In the go trials, the stimuli
will be presented in landscape format and participants will have to respond. The format of the go and no-go
trials will be counterbalanced across participants and stimuli will be presented using an 80/20% go/no-go
ratio. These tasks will be completed before and after the conditioning procedure, in a standing position on a
force platform to control for physical activity over time using the displacements of the center-of-pressure under
their feet.

63

TITRE PARTIE

SOLVING

THE

EXERCISE

PARADOX

3.4.2. WHICH FACTORS MODIFY THE AUTOMATIC ATTRACTION TO ENERGETIC COST
MINIMIZATION?
Objectives and hypotheses
WP1 should have demonstrated that stimuli associated with energetic cost decreases trigger multiple
automatic regulatory processes (i.e., attention capture, affective reactions, approach tendencies, and
inhibition). In WP2, I will examine factors that can affect these reactions, such as time, age, cardiovascular
fitness (V̇O2 peak), and the level or variation of energetic expenditure. As stressed in the state-of-the-art
section, as yet, no study has controlled or manipulated the physiological state of the individual (e.g., energy
previously consumed during the day, V̇O2 peak, age) or during the experiment (e.g., increasing or decreasing
energetic costs, time), which is an important issue. WP2 will extend previous literature that has tested the
effect of dispositional and situational factors on the value assigned to stimuli [50-55] and integrate this new
knowledge in exercise psychology. I hypothesize that physical fitness (V̇O2 peak), the short-term history of
energetic expenditure (number of steps 1h and 24h before the experiment), the level of energy expenditure
associated with the task (sitting position, standing position, or cycling), the time spent on the task (Figure 31),
and age modify the automatic attraction to the stimuli related to energetic costs.

Figure 31. Expected effects of time and the level of energy expenditure on the automatic
evaluation of the conditioned stimuli.
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Experiments
The extent to which time and physical fitness modify automatic reactions in a standing position can already
be investigated based on the WP1 dataset (n = 50) by including these factors as independent variables in the
equations (Study 2.1). While I expect time to increase the positive value of the conditioned stimuli associated
with energetic cost decreases in a standing position, this effect of time can also depend on the difference
between recent energetic expenditure history and current energetic cost. To test this hypothesis, the effect
of time will be investigated in the tasks described in WP1 while the participant is seated or cycling at different
percentages of V̇O2 peak (Study 2.2; n = 50). The study will be composed of two counterbalanced
experimental sessions differing in the order of the sitting and cycling position (sitting-cycling-sitting vs. cyclingsitting-cycling). Each session will be scheduled at the same hour of the day. I hypothesize that the automatic
attraction to stimuli associated with decreasing energetic cost increases over the course of an active task
(e.g., standing, cycling) and is more pronounced when the energetic cost of this task is higher (i.e., lower vs.
higher percentage of V̇O2 peak). To investigate whether the positive value assigned to energetic cost
minimization depends on age, I will test automatic reactions to the conditioned stimuli in a sample of 105
participants aged 10 to 80 years with 15 subjects per 10-year slot (Study 2.3). Since my theory is based on
evolution, I expect the attraction to decreasing energetic costs to be true irrespective of age.
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3.4.3. WHICH BRAIN PROCESSES UNDERLIE THE AUTOMATIC REACTIONS TO
ENERGETIC COST MINIMIZATION?
Objectives and hypotheses
WP1 and WP2 should have provided behavioral evidence supporting the positive value assigned to energetic
cost decreases and its dependence on dispositional (i.e., different cardiovascular fitness) and situational
factors (i.e., different level or duration of energetic expenditure). The results of the proof-of-concept study
showed higher inhibition (larger N200 amplitude) when avoiding stimuli depicting inactive avatars (e.g.,
watching TV, lying on the sofa, or in a hammock) compared to avoiding physically active avatars (e.g.,
running, playing soccer, or swimming). These results suggested that avoiding the automatic attraction to
lower energetic cost required higher levels of inhibition. In WP3, I will, for the first time, use TMS in a withinsubjects design to investigate whether inhibition processes in the brain support an automatic attraction to
energetic cost minimization. Based on the neurophysiological results of the EEG study, I hypothesize that
inhibition processes will be higher when participants avoid stimuli associated with energetic cost decreases
(compared to increases) in the manikin task (Figure 19) and when they withhold actions towards these stimuli
in the go/no-go task. In addition, I hypothesize that this inhibition will be higher in participants with higher V̇O2
peak and higher usual level of physical activity as measured by the pedometer, i.e., participants who managed
to implement their intention to be physically active.

Transcranial magnetic stimulation
TMS is a technique inducing a localized electrical current in the brain through electromagnetism [98]. This
induced current is sufficient to depolarize neuronal membranes, to trans-synaptically activate corticospinal
output neurons, and to generate motor evoked potentials (MEPs) [99]. MEPs elicited using TMS over M1 are
used to assess corticospinal excitability. In WP3, I will be particularly interested in the inhibition processes
underlying this excitability during the avoidance of stimuli associated with energetic cost decreases in the
manikin task [94-96] and when withholding actions towards these stimuli in a go/no-go task [97]. Therefore,
short- (SICI) and long-interval intracortical inhibition (LICI) will be tested through paired-pulse paradigms [100]
in these two tasks.
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Experiments
To decrease intra- and inter-tester variability and
measurement error [101,102], TMS coil location
and stimulation trajectory will be recorded and
monitored in real-time through MRI-guided TMS
neuronavigation (BrainSight) based on individual
T1-weighted anatomical images. In WP3 (Study
3; n = 40), TMS-elicited MEPs will be recorded
using surface electromyography (EMG) from
participants’ right first dorsal interosseous (FDI)
muscle because MEPs are larger when the TMS
probe is applied over the left M1 than over the
right M1 [88]. The hotspot for eliciting MEPs in the
FDI will be found by positioning the coil over the

Figure 32. Expected results of the transcranial magnetic
stimulation experiment testing intracortical inhibition in the
manikin task.

scalp region overlying the hand M1 representation [103]. FDI is chosen because the reaction-time tasks
require index abduction to press the keys. The resting motor threshold will be defined as the lowest stimulus
intensity that will elicit 5 out of 10 MEPs greater than or equal to a peak-to-peak amplitude of 50 μV [104].
SICI (2.5 ms inter-stimuli interval) and LICI (100-ms inter-stimuli interval) will be measured with a subthreshold
(80% of the resting motor threshold) conditioning stimulus (CS) followed by a 120% suprathreshold (to
produce a ~1 mV MEP) test stimulus (TS) and will be expressed and analyzed as a ratio of the MEP amplitude
measured with paired stimuli (CS + TS) over the MEP measured with a single pulse stimuli (TS), where lower
values represent more inhibition. The test stimulus will be at ~200 ms after presentation of the visual stimulus
because our EEG proof-of-concept study and previous results [105] showed the highest inhibition present at
~200 ms. A pilot study will be performed to confirm this approach. The motor response for a typical twochoice reaction time is ~250 ms [106]. I will monitor EMG activity before and after the TMS stimulus to ensure
no pre-stimulus muscle activity contaminates the recording of MEPs. In the first session, I will normalize the
variations of excitability by expressing the amplitude of the MEPs measured after a single pulse under the
experimental conditions (increasing cost, decreasing cost, constant cost) as a function of MEP baseline
measured through 20 MEPs at a 120% suprathreshold intensity between each experimental block while
participants are at rest. In the second session, I will test whether this altered corticospinal excitability is
supported by processes of intracortical inhibition that have been related to GABAA and GABAB-receptor using
SICI [107] and LICI paired-pulse paradigm [108], respectively [109] (Figure 32).
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3.4.4. WHICH BRAIN REGIONS UNDERLIE THE AUTOMATIC REACTIONS TO ENERGETIC
COST MINIMIZATION?
Objectives and hypotheses
WP3 should have demonstrated that inhibitory brain processes support the automatic attraction to energetic
cost minimization. In WP4, I will investigate which brain regions underlie this attraction. The key brain regions
of reward and emotional arousal have been widely investigated in animals and humans [110-120]. Here, I will
use fMRI to test whether these brain regions, such as the amygdala, nucleus accumbens, or the ventral
striatum [110-120], are more activated when reacting to stimuli associated with decreasing versus constant
of increasing energetic costs. Since the results of the proof-of-concept study showed higher inhibition when
avoiding physically inactive compare to active avatars, I will also test whether brain regions involved in action
inhibition, such as the right inferior frontal cortex, presupplementary motor area, and basal ganglia (striatum
and subthalamic nucleus) (Figure 33) [121-123], are more activated when participants avoid stimuli
associated with decreasing energetic cost than when they avoid stimuli associated with increasing energetic
cost. I hypothesize that brain regions related to reward and emotional arousal are more activated when
reacting to stimuli associated with decreasing than constant and increasing energetic cost. In addition, I
hypothesize that these brain activations are higher in individuals with lower V̇O2 peak and lower usual level
of physical activity as measured by the pedometer and the IPAQ, i.e., participants who failed to implement
their intention to be physically active. To further test my hypotheses, structural MRI analyses will be performed
to test whether the shape and volume of the significant regions revealed by the fMRI experiments explain the
automatic reaction to the conditioned stimuli and whether they can predict which people are successful at
implementing their intention to be physically active.

Magnetic resonance imaging
MRI is a non-invasive technique imaging technique that can be used to study both brain structure (T1 image)
and brain function (T2 image) through the application of a magnetic field and a radio frequency pulse. fMRI
is used to study brain activity. The most common fMRI approach uses the Blood Oxygenation Level
Dependent (BOLD) contrast. BOLD fMRI measures the metabolic demands (i.e., oxygen consumption) of
active neurons as an indicator of their activity. The spatial resolution of structural MRI images is higher than
the T2 images and allows distinguishing different types of tissues (e.g., grey vs. white matter).
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Figure 33. Expected results of WP4 testing brain activity that explains automatic reactions to
stimuli related to energetic variations using functional magnetic resonance imaging.

Experiments
To investigate which brain regions underlie the automatic reactions to energetic cost minimization, I will use
MRI to test whether activity and structure of reward-related brain regions explain behavioral reaction
differences between conditioned stimuli associated with decreasing versus constant and increasing energetic
cost. First, I will use a reactivity task [124] adapted to the conditioned stimuli to define ROIs among the key
brain regions of reward and emotional arousal (Study 4.1; n = 20). Participants will be asked to look separately
at each conditioned stimulus. The ROIs evidenced in this first fMRI experiment will be used in a second
experiment (n = 40) based on the manikin task. To ensure that the regions involved in the attraction to
energetic minimization are activated during scanning, participants will stand on a force plate for 3 × 5 min
before being tested in the scanner. This second experiment (Study 4.2) will be based on 4 conditions: 1)
approaching stimuli associated with increasing costs and avoiding stimuli associated with decreasing costs,
2) the opposite, 3) approaching stimuli associated with constant costs and avoiding stimuli associated
decreasing costs, and 4) the opposite. Each condition will be tested in a run where each stimulus is presented
12 times and each run is repeated three times. Trials and runs will be randomly ordered. Each run will start
with a cueing phase informing the nature of the run. Each trial will start a fixation cross, after 750 ms the
stimulus and manikin will be presented concurrently, and the following trial will randomly start 4, 6, or 8 s after
the presentation of the stimulus [124]. Because it is hardly possible to predict the setting that will be used
during the analysis of the fMRI results, a third study (Study 4.3; n = 40) will be performed using identical
analysis settings and published as a registered report to demonstrate their replicability. Functional images
will be acquired using a research-devoted 3-Tesla MRI machine with a 32-channel head coil.
The volume of the ROIs explaining automatic behavioral reaction in the fMRI experiments will be included in
linear mixed models to investigated whether the structure [73-75] of these ROIs explains automatic reactions
to the conditioned stimuli and whether the structure of these ROIs predicts which people are successful at
implementing their intention to be physically active. T1 images collected during study 3 (n = 40) and 4.1, 4.2,
4.3 (total n = 100) will be analyzed in Study 4.4.
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fMRI analysis
After standard preprocessing (correction for slice acquisition, motion realignment, and co-registration to the
individual anatomical image), I will use a first-level linear model implemented in SPM12 to estimate the
activation for each type of the run. The design matrix will consist of a regressor for each condition and an
intercept for each run. The regressor will be modelled as a boxcar function beginning with the first stimulus
of the run, which will be convolved with a standard hemodynamic response function. From the estimated
regression weights, I will compute the percentage signal change compared with the neutral condition. The
cluster probability threshold will be set at p < 0.05 and familywise error will be controlled by calculating the
critical size of the largest suprathreshold cluster that would be expected by chance using Gaussian field
theory as implemented in the fmristat package. I have already performed such fMRI studies [125-126]. Based
on my hypotheses, I will also conduct a ROI analysis. Additional ROIs may be added based on the results
from the exploratory analysis (reactivity task). The average activity in these ROIs will be submitted to a linear
mixed model to calculate differences between the 3 conditions.

Figure 34. Expected results of analyses using the FMRIB's Integrated Registration
Segmentation Toolkit (FSL FIRST) testing which brain structure can predict the
automatic attraction to energetic cost minimization.

Structural MRI analysis
To support the fMRI results, complementary structural imaging techniques will be selected to address specific
research questions as I already did in previous articles [73-75]. As a first step, the FreeSurfer automated
segmentation [128] will be used to extract the volumetric measurement from cortical and subcortical
structures identified with the fMRI analysis. The extracted volumes will be included as predictors of approachavoidance tendencies in linear mixed models. Based on the results of the linear mixed models, I will perform
additional imaging analysis to strengthen the fMRI results and refine spatial accuracy. To further investigate
sub-regions of the basal ganglia, I will use the FMRIB's Integrated Registration Segmentation Toolkit (FSL
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FIRST; Figure 34), which was specifically designed to provide accurate and robust segmentation of
subcortical structures such as the basal ganglia [130]. To further investigate cortical ROIs, I will use the VoxelBased Morphometry protocol (FSL VBM) [131] with registration to the MNI152 standard space because it has
been demonstrated accurate for local cortical grey matter volume analysis.
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3.4.5. CAN THE AUTOMATIC ATTRACTION TO ENERGETIC COST MINIMIZATION BE
RETRAINED?
Objectives and hypotheses
Perceptual decisions have been shown to be biased by the physical resistance applied to the response [127].
In WP4 (Study 5.1; n = 50), I will use this bias to retrain participants’ automatic attraction to stimuli associated
with lower level of energetic costs by making their approach more effortful (i.e., increased resistance)
compared to stimuli associated with higher level of energetic costs. In addition to allow the application of
different resistive forces to movement, the KINARM Bilateral End-Point Lab (BKIN Technologies) will
contribute to make the training task more entertaining as it allows the presentation of the stimuli in all
directions on either the right or left hand. I hypothesize that, through a bias that has been evidenced in the
literature [127], the automatic attraction to energetic cost minimization can be reduced (Study 5.1) and that
this reduction is associated with increased inhibition (Study 5.2).

A

B

Figure 35. Bias-based training task. Panel A. KINARM Bilateral End-Point Lab set up. Panel B.
Superior view of the hand and manipulanda. The participants will be instructed to approach or avoid
stimuli associated with low and high energetic costs. A subliminal resistive force will be applied
when participants will approach stimuli associated with lower energetic cost or avoid stimuli
associated with higher energetic costs.

Experiments
This interventional study will consist of three phases. At pre-test (day 1), I will test baseline and GABAA and
GABAB receptor related inhibition using SICI and LICI paired-pulse paradigms in a manikin task using the
conditioned stimuli. From day 2 to day 4, participants will be trained on the approach-avoidance task in six
10-min blocks per day with 5-min rest between blocks. In a within design study, participants will be trained on
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the KINARM Bilateral End-Point Lab (Figure 35A), to approach the stimuli related to increasing energetic cost
and avoid stimuli associated with decreasing energetic cost (Figure 35B). The posttest (day 5) will be identical
to the pre-test. Feedback about reaction time performance and error rates will be provided.

Stimuli
To test the effect of training, the pre and post-test will use the conditioned stimuli. However, during the training,
the objective is not to investigate the mechanisms underlying the automatic attraction to energetic cost
minimization but to modifies this attraction. Therefore, the purity of the stimuli is not critical during the training
sessions and may be inefficient due to a potential fading of the conditioned association across trials.
Therefore, I will use actual pictures associated with low and high energetic costs. I will use a multitude of
different pictures to prevent any bias due to information carried by pictures that is not relevant to energetic
costs. In a pilot study, I will identify the pictures to be included in the approach-avoidance task. Thirty
participants will be asked to rate the extent to which 250 pictures express “high energetic cost an active
lifestyle” and “low energetic cost and sedentary lifestyle” (1 = not at all, 7 = a lot). For each stimulus, the “rest
and sedentary lifestyle” score will be subtracted from the “movement and active lifestyle” score. The 100
stimuli with the largest positive and negative differences will be chosen as the stimuli depicting high energetic
costs and low energetic cost in the training session, respectively.
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CONCLUSION

The continuous approach to automatic exercise behavior introduced by this project will refine the theoretical
framework of exercise psychology. The implementation of this approach through associative conditioning will
provide results purely related to the construct of interest: energetic costs. This construct will allow to discover
whether our behavior is attracted to energetic cost minimization, irrespective of age and of the reference level
of energetic expenditure. The brain processes responsible for this behavior and underlying our inability to
implement our intention to exercise will be identified and individuals will be trained to overcome this automatic
attraction. In addition to providing new fundamental knowledge, the applied interest of the topic is evident as
it taps into a global health problem: The pandemic of physical inactivity.
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