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Abstract

Since the 1960'’s, hundreds of articles have beéilighed on the effects of exercise on cognition arue
recently on executive functions. A large variety effects have been observed: acute or long-lasting,
facilitating or debilitating. Several theoreticahineworks have been proposed to explain theseteffath
plausible mechanisms. However, as yet none of timeskels has succeeded in unifying all the obsemati

in a single framework that subsumes all effectse &m of the present review is to revisit the gten
model of self-control initiated by Baumeister anid$ lkolleagues in the 1990’s in order to extend its
assumptions to exercise psychology. This modelidesva heuristic framework that can explain andligte
the effects of acute and chronic exercise on éifotasks tapping self-regulation or executive fimgs. A
reconsideration of exercise as a self-control t&slults from this perspective. A new avenue fourit
research is delineated besides more traditionabappes.
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Adherence; Effort; Motivation; Pleasure; Positiveoad; Resource; Self-regulation; Training; Transfer;
Willpower



1. Introduction

Homo sapiens have always had to cope with stregsfuronmental and social events that require self-
regulation and executive functions, two intricatdligked mental functions. For instance, individuals
regularly have to change or stop behaviors thatidvplace them at risk for severe injury, healthigbemns,
death, group exclusion, or failure to reach a djmegoal. Self-regulation refers to psychophysiabad
processes that enable an individual to guide higjbal-directed activities over time and acrossngirzg
circumstances Executive functions are high-level cognitive ftions that subserve and are a prerequisite
for self-regulatiofr 3 According to a well-known and frequently usedotaomy’, at least three main and
elementary components of executive functions caidéetified: (1) maintenance and updating of reféva
information in working memory, (2) inhibition of @potent impulses, unwanted and intrusive thoughts,
embarrassing emotions, or automatized responses(3nmental set shifting also known as cognitive
flexibility. Other high-level cognitive processesch as volition and plannifgind sustained and selective
attentiofl have also been considered to be intrinsicallydihko executive functions. Self-regulation and
executive functions bring into play energetic rases, commonly named effort, in order to meet the
demands of a ta5k Cognitive neurosciences have shown that funaipwif self-regulation and executive
functions are both strongly but not exclusively elegent on the integrity of prefrontal regidns one of the
most extended but vulnerable parts of the Homoesmpibrain®>*3The well-functioning of executive
functions is generally measured with neuropsycholdgor cognitive tasks. In order to clarify the
terminology used in this article, we name “selftiegion task” an effortful task involving executive
functions and prefrontal brain regions.

Considering the prevalence and the salience ofutixeccontrol in human behavior, it seems important
study factors that impair or improve its functiogirConsistent findings have emerged from the séient
literature over the last 30 years: chronic exeriiggroves executive functions in childfényoung adults,

and older adulf§ and slows down the aging process in prefrontahbmgions’, whereas acute exercise
impairs or improves performance in tasks tappingcekve functions according to the conditions of
execution of the cognitive ta¥k (while exercising versus just after exercise). Mafsthese positive or
negative effects of exercise have been explainediffigrent theoretical models (e.g., neurotroplactérs
hypothesis for chronic exercfe hypofrontality hypothesis or catecholaminergicpbihesis for acute
exercisé). However, none of these current theories unifpfthe observations reported above in a single
framework that subsumes all effects. The main paepaf this article is to present a theoretical nholoiat
establishes a link between acute and chronic sffe€texercise on executive functions and proposes
alternative but plausible mechanisms to explain ¢daasal relationship between exercise and executive
functions. Formalizing heuristic models characedliby a limited number of inter-related variables a
high predictive value is the Holy Grail of empiriczience. The model of interest is a new applecatnd
extension of an already existing model rather thamompletely new model. We will present an argument
that Baumeister’s strength model of self-corftrdl revisited from the perspective of exercise psiaing
furnishes an adequate theoretical framework toampand predict effects of acute as well as chronic
exercise on self-regulation tasks.

This model, originating from social psychology, eadles classical resource models from cognitive
psychology because the main assumption considatsintividuals have a limited amount of energetic
resources to cope with self-regulation problemsweélieer, it differs from classical models becauss ihore
focused on the delayed consequences of resourdetidapon a subsequent self-regulation task than th
immediate consequences of dividing resources tlmpertwo tasks at once. We will see later in thiscée
that this specificity of the strength model of sa#htrol opens new perspectives in the compreharfithe
exercise-cognition relationship.

The article is divided into six sections includitigs introductive first section. In Section 2, weegent
Baumeister’s strength model of self-control andeitgensions and make a short comparative analf/¢gso
model with more classical cognitive-energetic meddh Section 3, we synthesize the main results
concerning the effects of self-control depletiorskea on exercise. In Section 4, we consider some
methodological issues related to the study of #ease—self-regulation relationship, distinguiglo ttypes

of exercises based upon requirements for self-cbndsources, summarize the existing data showing a
effect of exercise on self-regulation task, andsen¢ briefly both the current explanatory mechasism
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underlying these effects and the alternative exgtlans in the framework of the strength model df-se
control. In Section 5, we consider the possibility increase the capacity in self-control resourogs
exercising and cognitive training. Finally, in Seot 6, we present some arguments for the inte@st t
strengthen self-control resources in order to imseeshort-term and long-term adherence processes.

2. The strength model of self-control

Among existing models of self-regulatfi® the most currently adapted to health and exepsgehology

is Baumeister’s strength model of self-corfitoSelf-control is viewed as a limited resource isatepleted
when people engage in behaviors that require sglitatios® 2° Self-regulation refers to a psychological
function and is defined asafly efforts undertaken to alter one’s behatidr whereas self-control,
colloquially known as willpower, is related to a m& capacity (i.e., a cognitive resource) and raefias
“the exertion of control over the self by the selfy (wvhen a person attempts to change the way héeor s
would otherwise think, feel, or behd% As suggested by Baumeisterself-regulation is linked to
executive functions but would be only solicitedtasks which require overriding or inhibiting comipgt
behaviors, desires or emotions. Consequently, wecoasider that self-regulation and executive fiomst
share effort as a resource to consciously alteavieh (e.g., restraining impulses and resistingpttions)
or to successfully perform stressful and/or attenrtiemanding tasks. In other words, we can consiar
mental effort is to executive functions what sedfitrol is to self-regulation. Indeed, the effortahanism
that is a part of Sanders’ and Hockey's models gmsshigh similitudes with Baumeister’'s self-cohtro
mechanism.

Baumeister’s model conceives self-control as atéichand global resource and explains conditionvghich

it may fail. Depletion of self-control resources ame domain leads to self-regulatory failure ineosh
Indeed, the strength model of self-control considkiferent domains or spheres of self-regulattmeta-
analysis carried out by Hagger et*lreported seven domains in which consequences Ibtarol
depletion had been studied: control of thoughtsjtrob of emotions, control of attention, control of
impulses, cognitive performance, choice and valitiand social processing. A possible eighth spbére
self-regulation could be added to this list andiid in the field of exercise psychology: contrbledfort
during exercise.

Baumeister and Vofsidentified four main requirements for effectivefsegulation: (1) standards, (2)
self-monitoring, (3) willpower, and (4) motivatiofirst, situations and tasks that require self-legon
must be determined by a clear and well-defineddsteth(i.e., goal, norm, or value). Second, self-itooimg
involves comparing the relevant aspect of the ¢el§., desire to regularly practice physical aufivi
although currently sedentary) to the standard ,(dajlowing the WHO recommendations concerning
physical activity). This ability requires evaluaiprogress toward achieving the standard. Thirdnging
the self is difficult and requires a capacity-liedtresource named self-control or willpower. Follugvthe
comparison with the standard, self-control capaeiads either to change the self in order to biing to
the standard or confirming that it has now beerugnd into line. Finally, motivation can be consieléras
the general drive or inclination to reach the g@alhere to a social norm, or move closer to petsona
values® Consequently, effective self-regulatory operati@me conscious, intentional, goal directed and
fueled by available self-control resources.

In order to test the predictions of the strengtldel@f self-control through an experimental apphyaocial
psychologists typically elaborate designs usinglxcontrol depletion protoctt ** *{Fig. 1A). According
to this protocol, the first act of self-controlgkal) will consume some quantity of this resousrgd so the
individual will face the second task with a dimimesl capacity to engage in self-control. The fiestktis
frequently named the depleting self-control taslerelas the second one is referred to as the depeswlen
control task. A control task, involving a smallezifsegulation component, is used as the first thsk
another group of participants, and performance aredsin the dependent self-control task subsequeent
the control task is considered as baseline perfocma

Predictions from the strength model of self-contelly on three main hypotheses: conservation, itrgjn
and recovery hypothes8s Concerning the conservation hypothesis, a deplstate does not reflect a
complete exhaustion of resources. In fact, indi@ldunaintain a minimal level of self-control restes in
order to complete eventual future tasks. We witheahis psychological limit the ‘conservation threk!'.
The training hypothesis suggests that people canowve their self-control capacity by engaging iregular
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program of practice or training on self-controlkgsThis hypothesis will be examined more carefutly
Section 5. The recovery hypothesis suggests thaereod of rest or recuperation will lead to the
replenishment of self-control resourtesThe time course of this recovery process is rery wvell
documented and needs further examination.

According to the conservation hypothesis, individussually tend to conserve resources and withéthtat
once they start feeling depleted. However, thengtte model of self-control considers that the degmtal
effect of self-control resource depletion can béuoed or annihilated by acute changes in individual
attitude or emotional state. According to their taéstate, individuals can resist the debilitateftects of
resource depletion by expending more of the remgirsielf-control resources. Several acute changes in
mental state can lead to improvement in self-costrength and allow individuals to go beyond thesual
limits*®**2 For instance, Tice et ¥.showed that, after an initial act of self-regudati participants who
experienced a positive mood by watching a comedgwior receiving a surprise gift self-regulated on
various tasks as well as non-depleted participamid were significantly better than participants who
experienced a sad mood induction, a neutral mdotlikts, or a brief rest periédi Other factors, such as
motivation and implementation of intentions, woulfluence self-control very similarly to positive
emotiort”*. We will be particularly interested by the effamft positive mood on self-control strength
because an abundant literature shows that acuteigxéncreases positive mdod™ In Section 4.2, we will
make a link between positive aftereffects of a@axercise on executive functions and the effectasitive
mood on self-control strength. It is time now te $®w the strength model of self-control has bgmlied

to the sphere of exercise psychology.

3. Self-control depletion and exer cise

Several studies based on the strength model ofceretfol examined the effects of an exhausting- self
regulation task on subsequent exercise. Table thegizes these studies conducted from 1998 to tddeey
majority of these studies used the handgrip taskhgsical exercise. Muraven et &.considered that
squeezing a handgrip require self-regulation to enakeself continue squeezing despite muscularuiatig
and to overcome the urge to release the grip. Aantbe seen in Table 1, the depleting self-corn#rsi
varied according to the aim of the study and isdesd in column 2, the dependent self-control @eke,

an exercise task) was always carried out immedgiateshortly after (less than 10 min) the depletsedf-
control task, the participants were systematicatlyng adults students, and their physical fitnesellwas
never controlled.

Martin Ginis et af® and Dorris et &f° were the first exercise psychologists to use oiyyees of exercise in
order to deplete self-control resources. Martin issiand collaborators used a high-intensity pedaling
exercise on a cycle ergometer whereas Dorris andig@rs used resistance exercises such as pressdps
sit-ups. Both studies confirmed that these categarf exercise also require self-regulation andeteself-
control. In 2012, Englert and Bertrathsised two motor skills (basketball free throws dadt throws) as
dependent self-control tasks. Their main hypothesissidered that anxiety has a detrimental effect o
selective attention, a cognitive function that rieggi executive control. Self-control would enabteathlete

to override the automatic tendency to pay attentmnhreatening stimuli and instead to focus oreoth
stimuli. Thus self-control should protect anxiomslividuals from performance decrements. In thewst fi
experiment, they showed that the effect of selftmdndepletion is more debilitating for shooting
performance in basketball players who were higstate anxiety. In their second experiment, theywsitba
detrimental effect of self-control depletion on tekssing performance only in the anxiogenous odnte
State anxiety was varied by manipulating participamstructions. In order to generate an anxiogesno
context, participants were informed that: (1) itsvextremely important to perform as well as possi®) it
should not be a problem for a normally gifted hurbaing to perform at a high level; (3) their penfiamnce
would be compared with other participants’ perfonees; and (4) they would receive personal facexte-f
feedback from the experimenter. More recently, MaBwet af*® also used a dart-throwing task in order to
examine whether depleted self-control strength inspen individual’s ability to perform subsequepbss
tasks that require self-regulation. In this studis iimportant to note that the dart-throwing taskolved a
clear executive component: participants were iestai to throw when they saw a green light flash raoid

to throw when they saw a red or yellow light flag{s expected, participants in the self-control d&ph
condition had poorer mean accuracy (the distanaeimimeters between where each toss landed and the
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center of the bulls-eye) than control conditiontiggzants. Future experiments on this topic wilvéao
examine the possibility of including an executivemponent in the exercise; for instance including
orienteering and planning during walking or joggi®ych an inclusion provides one way among others t
increase the amount of self-control required tdquer the exercise (Table 2).

Other experiments are now necessary to define prexsely how the characteristics of exercise irhfae
depletion of self-control resources. This is impattfor two main reasons: (1) to allow for a mocewaate
definition of the experimental conditions leadimydetrimental effects of exercise on executive fions
and self-regulation; (2) to better understand itpe tof exercise that can be used to train selfiatign,
strengthen self-control and increase adherencexdecise (Section 6). Table 2 includes several eserc
parameters that could be taken into account tce@s® or decrease the amount of self-control ressurc
required to exercise. All these parameters havbetananipulated as independent variables in pragocol
exploring the exercise — self-regulation relatiopstand the level of each variable has to be vated
explore the range of its propensity to deplete-cefitrol resources.

4. Exercise and executive functions: existing data and explanatory mechanisms

The variety of exercise effects on executive fuordi depends on several protocol-related varialbias t
have been clearly identified by exercise psychslsti® One of the most important variables is the time
scale of the effect: acute effects of exerciseirmraediate and transient state changes induced digge
bout of exercise whereas chronic effects are cummaland durable dispositional changes inducedhiey t
repetition of bouts of acute exercise several timegeek over a period of weeks, months, or yeatserWw
applying this distinction to executive functionssute effects correspond to short-term and shoedliv
improvement or impairment of performance in cogmeitiasks tapping executive functions whereas cbroni
effects correspond to long-term and stable impramof performance in the same cognitive tasks.

The second variable concerns the type of protoseduo study acute effects of exercise on executive
functions and more particularly the temporal areangnt between exercising and performing a cognitive
task. In “concomitance protocols” (in-task exergiske cognitive task is performed during exerewereas

in “sequence protocols” (off-task exercise), thgrabve task is performed just after the end ofreise or
later (Fig. 1B and 1C). These two types of proteqmiovide contradictory results that can be explhin
within the framework of the strength model of sadfatrol.

The third variable that determines the directiod #re effect size of exercise on executive fundtimnthe
degree of effort or self-control resources needegbdrform the exercise .We consider a continuum of
exercise from exhausting exercise consuming a lamgeunt of self-control resources and requiring
sustained effort (e.g., ultra-marathon, ironmaatiifon) to low effort exercise performed at prederiand
comfortable intensity and duration (e.g., walkingagging at preferred speed). Table 2 presentsrihia
characteristics of effortful and low effort exerss Performing exercise can be a very pleasantvarya
hard experience dependent upon intensity, duratnmae, and past experiences of the exerciser. Gong

an exercise despite pains in some parts of the,houfpvorable conditions of practice (e.g., heatald)
and/or a lack of motivation to practice impliesnegsing the desire either to stop exercising doweer the
intensity of the exercise. Inhibition of intentiorsquires executive control and self-regulatiore Harder
the exercise, the more self-control resources eegled to complete it. The amount of available cefitrol
resources is limited and we will see later thatlelépy these resources during effortful exercisey ma
influence subsequent performance in a task alagrieq self-control.

In the following sub-sections we will present thets of data published in the literature: (1) tiggaand
positive effects of acute exercise on executivections when the cognitive task is performed during
exercise, (2) negative and positive effects of@exercise on executive functions when the cognitigk is
performed just after exercise, and (3) positive&# of chronic exercise on executive functionsrafeveral
weeks of training. We only examine studies publisive journals indexed by the Institute for Scientif
Information (I1SI) showing detrimental or facilitag effects of exercise on executive functions atiogrto
the three protocol-related variables presented@bte made the choice not to include “null effesttidies
because the sample size used in this type of swdpenerally low and consequently the likelihood of
accepting the null hypothesis is high. After a tarexamination of the methodology section of each
selected article, we only include studies using@yppate dependent variables to assess executngidns
and showing positive or negative effects of exerois these behavioral indices of performance.



4.1. Negative and positive effects of acute exercise in concomitance protocols

In this sub-section, we focus the review on stuthes showed detrimental and facilitating effedtacute
exercise on executive functions while exercisinge ¥so include studies that observed a shift tesa |
effortful strategy enabling performance of the dtige task during exercise. Hockeghowed that this type
of compensatory tradeoff reflects a latent breakdaw performance and the manifestation of a self-
regulation process. Few studies have used selfaggu tasks in concomitance exercise protocolse Th
majority of these studies showed a detrimentalcefé in-task exercise on executive functions aondyur
knowledge, only three showed a facilitating effeicacute exercise on executive functions (Table 3).

In contrast to the limited study of executive fuantduring exercise, studies reporting on the peesit
effects of acute exercise on speed of informatioocgssing measured through reaction time are very
common® 1 49 5% However, the data showing a positive effect ofaisk exercise on cognitive tasks
including only a small executive component (ewyq-thoice reaction time task with a compatible stins-
response mapping) will not be discussed in thigemev Measuring the well-functioning of executive
functions is a complex probléfn The “task impurity” problem is one of the mostpiontant obstacles that
psychologists have to address to obtain a satpfggsessment of executive functions. Tasks thabmap
executive functions generally stress practicallycagnitive systems in addition to the executivén order

to determine whether deterioration or improvemdrmiasformance strictly affects the executive systene
must be able to identify practically all other nexecutive contributions to the task and use perttiimalices

of performance specifically reflecting the funciimgp of executive control. For that reason, it igywe
important to analyze the scientific literature adog to the cognitive tasks and the indices ofgrenance
used by the researchers to examine the exerci@egalation relationship. Three main pieces of
information are displayed in Table 3: (1) the selfulation task used in the experiment, (2) thecetree
function(s) tapped by the self-regulation task, 48y the indices of performance selected to measure
executive functions. Four additional pieces of infation are also displayed in Table 3 because #ney
useful in the framework of the strength model df-sentrol: intensity and duration of exercise aagke and
physical fitness of participants. We can expect tha higher the intensity and duration of the eis#r, the
higher the amount of self-control required to parfdhe exercise. In the same way, we can also ¢xipat
high-fit individuals use less self-control resouthan low-fit participants for the same intensityeaercise.
Finally, because aging studies show that oldertadide more executive control to wilkwe can expect
that older participants will require higher selfatm| resources to perform a physical exercise lving
balance control.

Detrimental effects of in-task exercise on cogeitiunctions have been generally explained by coriret

of resources between performing the cognitive &gtk maintaining the exercise. According to cogaiiv
energetic modef§ we can consider that exercise and cognition sharemmon capacity-limited reservoir
of voluntary attention or mental effort. A more eet neurocognitive model (the reticular-activating
hypofrontality model) considers that in the caselagomotion, the brain must shift limited metabolic
resources (mainly glucose) to neural structuresghstain the movement, which leaves fewer ressuime
brain regions computing functions that are notiaaily needed at the time, for instance executive
functions’. Whatever the type of limited resources, in bdtese theoretical models, the core idea is the
same: performing a self-regulation task and maiimgi exercise simultaneously requires dividing kde
resources between the two tasks. The main differbetween cognitive-energetic models and the daticu
activating hypofrontality (RAH) model is the natuvéresources that have to be divided between &seerc
and the cognitive task: mental effort in the cakeagnitive-energetic models and brain glucosenandcase

of the RAH model. Another difference is the way albocate resources to executive functions and/or
exercise. In cognitive-energetic models, the atiocapolicy is under the control of an attentiosapervisor
that selects a mode of regulation among severalasia strategi€s either to stop or decrease intensity of
exercise in order to perform the cognitive taskhaitt any decrement of cognitive performance, t@ sto
performing the cognitive task in order to maintdie same intensity of exercise, or to maintain both
exercising and performing the cognitive task atribl of impairing both of theft *® In the RAH model,
the allocation of metabolic resources to brainaergiis not under the control of any attentionalesuigor,

but is conceived of as a basic tradeoff processntsliaing bodily motion requires, on the one haad,
substantial allocation of metabolic resources tbom@ensory, and autonomic brain regions thatroband
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underlie the movement and, on the other hand, alsineous down-regulation of other brain regioks li
the prefrontal cortex, which are not necessarytferexecution of automatized movements and caredser
their efficiency. The allocation of brain glucose dctive brain regions involved in maintaining eise
follows the biophysical principle of neurovascuksupling”. The neural activation of brain structures
involved in the execution of exercise leads torameéase of cerebral blood flow (CBF) in these negidy
contrast, a significant decrease in neural actwatn other brain regions not involved in the moesn
results in a decrease of CBF in these regionsthieravords, neural activation of brain structuresived in
the execution of exercise would be intrinsicalljupled to a deactivation of prefrontal cortex. ThaHR
model does not deny that each individual can dewidgop exercise and/or the cognitive task attang
he/she wants, but it assumes that the down-regulafi prefrontal areas during exercise is not ainvalry
process but an evolutionary pre-wired mechanism.

The strength model of self-control was not direétigused on dual-task resource conflicts and triisldnt
rather on the postponed consequences of depleétigcantrol resources. However, it would be very
interesting to extend the strength model to makking and dividing attention situations becausewa
mentioned above, cognitive-energetic models andsttength model share very similar theoretical base
We can add an additional assumption to the stremgitiel: when an individual has to perform two oreno
self-regulation tasks at the same time, he/shechdside his/her self-control resources betweengéveral
tasks considering the limited capacity of thesecifigeresources. Consequently, the more an exercise
session requires self-control resources, the maedfaegulation task that is simultaneously perfed will

be impaired as long as available self-control resgail at that time are exceeded by task demands. As
expected a majority of nine studies out of 12 shbweleterious effects of in-task exercise on exeeut
functions. Only three studies showed positive @ffe€he results of these three studies can be iarpldy

a facilitating effect of catecholamines on exeaatiunctions combined with a probable too short toal
light exercise to produce negative effects.

4.2. Negative and positive effects of acute exercise in sequence protocols

Contrary to the negative effects observed in contzomoe protocols, there is currently no plausibhel a
satisfying rationale explaining both negative anditive effects of acute exercise on a subsequagttittve
task tapping executive functions. Cognitive-eneecgeiodels can predict positive effects when thendoge
task is performed immediately after exercise. Thprovement of performance is generally explaineciby
increase of arousal and activation induced by éser¢iowever, according to Sanders’ médiéiese two
energetic mechanisms facilitate sensory and motocegsses but not executive functions. Cognitive
energetic models can also predict negative efigben a sub-optimal state is induced by too intemseo
long exercise that depletes effort. In that cased8rs’ model predicts a detrimental effect of eseron
decision-making processes, a stage of processatgeahuires executive functions. This predictiamnirthe
Sanders’ model is very similar to the predictioattwill be made from the Baumeister's model. Howete
our knowledge, this prediction from the Sandersdeichas never been tested and the time coursesof th
exhaustion of effort when continually loaded neyeoperly examined. Table 4 presents studies that
reported a positive effect of acute exercise orcetkee functions in sequence protocols with the esam
pieces of information than inTable 3.

By contrast to in-task exercise protocols, posit¥iects of acute exercise are commonly observeaffin
task exercise protocols. As we will see further,faend only two studies showing a detrimental effefc
off-task exercise on tasks clearly involving exaaufunctions (see further in this section). Weodisund
two studies showing a detrimental effect of acutereise on cognitive tasks tapping more indirectly
executive functions. The first study showed a cttrimental effect of a marathon race on expiemory
processe¥. The second study showed that pedaling on a ®rglemeter at a maximal level of effort for 6
min impaired performance of the divergent thinkiagk (i.e., alternate uses task) in both athletesnmn-
athletes and impaired performance of the convergenking task (i.e., remote association task) anly
non-athlete¥.

The strength model of self-control has been spe=difi conceived to predict sequential effects. Tingt
variable that must be taken into account in comsidethe effects is the level of self-control resms
required to maintain exercise. If the exercise imegua high level of self-control resources (eaglpng
vigorous and uncomfortable exercise), the strengpdel predicts that a subsequent task also taygalig
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regulation functions will be impaired, while a safgent cognitive task that does not involve seifitation
will not be impaired. Conversely, if the exercigguires a low level of self-control resources (eagshort
jogging bout at a freely chosen speed), the strengidel predicts that a subsequent cognitive tadkat

be impaired.

As yet and to our knowledge, exercise has beenpukmted in order to purposefully induce a depletibn
self-control resources and test the effect of aewtrcise on a subsequent self-regulation taskiy two
experiments. The first study was published by Grapel. in 201%°. In their first pilot experiment, these
authors used 15 min of strenuous resistance egsratsmaximal intensity as the depleting self-cariisk
and the d2 te%t as the dependent self-control task in semi-pradass athletes. They considered the
hypothesis that people differently allocate selfitcol resources once they start feeling depleteraing

to their personality profile. According to the acticontrol theor§?, action-oriented individuals respond to
increase in demands with decisiveness and inigatikiereas state-oriented individuals sustain aadepve
their current mental and behavioral states in #messituation. The detrimental effect of the depteself-
control task was only observed in state-orientedigipants but not in their action-oriented couptat
meaning that action-oriented athletes continuedhtest self-control resources when they felt deguet
whereas state-oriented athletes did not. Thusiemwstus exercise can lead to detrimental effectsedin
regulation tasks in state-oriented people. Thersgstudy was conducted in our laboratory and isecly
unpublished. An incremental maximal running tasks waed as the depleting self-control task, a saieg
jogging task was used as the control condition,antbdified version of the Stroop task was the ddpat
self-control task. The dependent self-regulatiosk téapped two executive functions: inhibition of a
prepotent response and cognitive flexibility. Wesetved a significant increase of errors for incaegt
and switching trials (tasks expected to requiréaahtrol) in the depleting condition by comparisianthe
control condition, but no change in mean reactioret This last result means that the increaseror eate
observed immediately after an incremental runnixgr@se was not a strategy used by the particip@ants
react more rapidly. The results of these two expenits validate predictions of the strength modeseif-
control and show that negative aftereffects of eigsercan be obtained with highly depleting selftoain
exercises. These two studies open a new reseamhu@vin exercise psychology concerning possible
negative effects of acute exercise on cognitionvéieer the results need to be replicated with otyyees of
depleting self-control exercises and miscellanesuissequent self-regulation tasks in order to detretes
their generalization to all the spheres of seliutagon.

As it was suggested previously in this paper, agermay have a detrimental or a facilitating inflae on
self-regulation tasks according to its charactesstOn the one hand, effortful exercises (Tablée2)l to
self-control depletion and have a detrimental iffice on a subsequent self-regulation task. On tther o
hand, we suggested in Section 2 that a state ofiy@snood allows individuals to resist the detrimed
effect of resource depletion by expending morehef temaining self-control resources. Considerirag th
larger effect size on positive mood is consistemtbserved immediately after acute exercise for slose
ranging from 10-30 min low intensity exercise to-20 min high intensiftf, we can make here the
hypothesis that if exercise increases positivecsfié can have a facilitating effect of self-canitstrength
and help individuals to go beyond their usual lenFig. 2 illustrates these two opposite influenéég. 2A
shows how the comparison of the depleting selfrobrtondition and the control condition can leadato
decrease in performance of the dependent selfalot@sk. Fig. 2B shows how the decrease of thelusua
conservation threshold induced by a shift to pesithood can lead to cancellation of the detrimeeti@ict

of self-control depletion.

Fig. 2 also demonstrates that this change in ceasen threshold level cannot explain a real imgroent

of performance in self-regulation tasks. The féatiling effect described by Baumeister and his bolators
must be only viewed as a compensatory mechanisowialy to restore a baseline level of performance.
However, several studies conducted by Isen anddiborators clearly showed that positive affeetds to
real improvement of performance in creati%t§ and decision-makifg two cognitive functions involving
executive control. In addition, studies reported able 4 show clear improvements of performancseif
regulation tasks induced by acute exercise. Prigsemt valuable explanation can account for thesstwye
aftereffects of acute exercise on self-regulatiasks. In order to explain these improvements of
performance in self-regulation task we need torektihe strength model of self-control by addingeavn
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hypothesis that we name the overcompensation hgpsthAs muscular strength can be increased daring
isometric contraction by recruiting more motor sr(principle of spatial recruitmefi), self-control strength
could be increased by recruiting more neuronalsuinitolved in pre-frontal areas. Such a mechanias1 h
already been observed in several occasions, foarios when older adults show greater extent ofbrai
activation than younger adults for similar objeetievels of difficulty’®® Moreover, some studies showed
that older adults had better performance than yahdgts in sustained attention tasks involving etiee
functions associated with more extended activatioprefrontal areds. This extension of activation to
additional neuronal units involved in self-reguativould be possible under certain circumstancebk as

an increase in positive emotion or an increase iotivation. We named this mechanism
“overcompensation” to underline the fact that tmechanism allows to go beyond a simple compensation
such as a decrease of the conservation threshsddilbed in Fig. 2B.

Another mechanism can also explain a positive effé@cute exercise and positive emotion on exeeuti
functions: the dopaminergic hypothesis. We do reetbp this hypothesis here because it is notaeltd
the strength model of self-control but shortlyansiders that the increase in brain dopamine fatigvacute
exercise or positive emotion modulates prefront&ivorks involved in self-regulation and enhancesrth
processing effectiveness. The overcompensation thgps and the dopaminergic hypothesis are not
antagonistic and may act in convergence. Thesehiypotheses could be tested with mediational ansalyse
and brain imagery.

According to cognitive energetic models, the intignsf the arousing stimulation induced by acutereise

is the most important dimension that must be taknaccount in order to facilitate information pessing

or compensate for a sub-optimal state of energgpdufition, as mentioned above, only sensory, péueép
and motor processes could benefit from an incréms&ousal or activatiél By contrast, the strength
model of self-control considers the positive vakenof emotions as the most important stimulation
dimension that must be taken into account to erdaedf-control and effort and consequently improve
executive functions. The two explanations of theifpee effects of acute exercise on cognitive pentance

in tasks carried out immediately after exerciser@ase in arousal/activatims. increase in positive mood)
could be synergistic rather than in opposition.cymtive task generally involves several componemis
taps several cognitive and sensori-motor procesgés.can thus hypothesize that sensory and motor
components of the task can be facilitated by area®e in arousal and activation induced by exewigk
executive components of the task can be facilitdgdhe positive emotions induced by exercise. Two
different experimental approaches could test tlygothesis: (1) using a hierarchical regression @
determining the percentage of variance in selfd@@n performance explained by each of the two
mechanisms; (2) using a cognitive task that alltawvghe distinction between the different task comgnts
with different indices of performance (e.g., a fracated choice reaction time task including thetred and
the incongruent conditions of the Stroop Task).

4.3. Positive effects of chronic exercise

Positive effects of chronic exercise or regulargitgl activity on executive processes are certaimybest
documented phenomena of exercise psychology cangethe exercise-cognition relationship. Several
narrative and meta-analytic reviews have beenezhoiit on this topf€ > >"* Two populations have been
the preferential targets of most of the studiesregted in the prophylactic effects of chronic eser on
cognition: children with reference to the improvernef academic achievement and older adults inrdale
slow-down the aging process or compensate for tiwgrdeclines due to normal or pathological agifige
moderating effect of physical activity on cognitieed brain health has been studied with the help of
epidemiological, longitudinal, cross-sectional, ameérventional protocols.

Because of the limitations inherent in cross-seeticand epidemiological studies, we made the chtuice
focus this review on interventional studies that agandomized control trial (RCT) to test a cae$i@ct of
chronic exercise on executive functions. The nundféntervention studies showing a positive effeta
physical activity program on executive functionsdslarge (more than 20) that we will not repognthin a
table as in previous sections. We invite the redadeconsult recent reviews and meta-analyses an thi
topic® "#"3 Globally, the size of the effect is small to mae and can be influenced by several moderators
such as the duration of the program (number of wjpeke frequency of physical activity sessionstbhar

of sessions per week), the duration of the sesgimmsber of minutes from the warming-up to the capl
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down phases), the intensity of exercise duringrtfeen part of each session, and the characterisfics
participants (gender, age, level of frailty, geag@iolymorphisms).

Since the beginning of the 21st century, the neopbic hypothesis has been commonly proposed to
explain the positive effects of chronic exerciseearcutive functions and other cognitive functisnsh as
episodic memory. This hypothesis considers thabrobr exercise leads to a cascade of biological
mechanisms such as increasing brain availabilitgesferal classes of growth factors (e.g., brainvddr
neurotrophic factor; BDNF), enhancing brain plagticand vascular function (e.g., angiogenesis,
neurogenesis, and synaptogenesis), and improvaig imtegrity and efficiency of neural networks ahved

in executive functiorfs. However, a series of alternative more psychokddigpotheses can also explain, at
least in part, the positive effects of chronic eier on self-regulation and executive functiongs Beries of
three hypotheses is in line with the strength maodiedelf-control and all three have been alreadidated.
The first hypothesis is that exercising requiref-gentrol resources to manage the discomfort and
sometimes the pain that people experience durimgcese and that this requirement is greater fopjgeo
with a low physical fitness. The second hypothésaining hypothesis already discussed in Sectipis 2
that training the self-regulation function will do an increase of self-control capacity (i.e.oant of
available resources). The third hypothesis is that benefit in self-control resources obtained ugto
physical exercise can be transferred into the d¢ngndomain by facilitating self-regulation. We dot
pretend that this series of self-control hypothesgsains the majority of the variance of executiask
performance due to chronic exercise. Our view & thcan explain a significant part of the variario
addition to the neurotrophic hypothesis. The irderef these three hypotheses is supported by their
extension in the domain of exercise adherence asaweee in Section 6.

5. Exercising self-control

Baumeister and co-workers have often comparedcseifrol to a muscfé. This analogy comes from the
observation that self-control performance decliadé®r an initial utilization that depleted self-¢on
resources (Fig. 2A), just as a muscle gets tirechfexhausting exercise that depletes phosphageuoroes.

In addition, just as exercise training can make alass stronger, there are several arguments for an
improvement of self-control strength following réguself-control exertiorfs.

According to Oaten and Chefigchronic effects of self-regulation training pragrs designed to increase
regulatory strength lead to improvement in seliatatpry capacity, i.e., the amount of availabld-sehtrol
resources (capacity hypothesis). This change iaures availability can be conceived of as beingemor
durable and similar to a change in muscular phagpiaeserve after strength training. Baumeistercand
workers proposed an alternative explanation: a hderand dispositional change in the participant’s
personality enabling him/her to go beyond his/heual limit$® (persistence hypothesis). These two
hypotheses are derived from the strength modekelifcentrol and come in addition to the three aliti
hypotheses presented in Section 2. The persisteyathesis is very similar to the transitory chamge
conservation threshold induced by a shift to atp@smood or an increase in motivation (see Sestiand
4.2). However, after self-control training prograhe change in conservation threshold would be derab
instead to be transient. The capacity hypothesisetffcontrol strength improvement after self-cohtr
training is illustrated on Fig. 3. It would be diffilt to test between the capacity and the persiste
hypotheses because they both predict the same ehamdpehavioral performance. A first step couldde
formalize these two hypotheses at the neurophygicdblevel but that challenge is beyond the sauffthis
paper.

As yet, few studies have demonstrated that progiasslf-regulatory exercises over several weeéd te

a decrease of the self-control depletion effedbne of these studies is particularly interestiog the
purpose of the present article because the resmarcised a 2-month physical activity program ag sel
control training®. Tailored programs included weightlifting, resiste training, and aerobics exercises. At
the pre-intervention session, most participantsastibthe self-control depletion effect quite clearhut
after 2 months of adhering to the exercise regintlem,effect was substantially reduced. More crlgial
adherence to the exercise program was also bealdficself-control in other spheres; for instamestucing
participants’ cigarette smoking, alcohol use, amadfeine consumption. The results of the intervamtio
studies listed by Baumeister and collabordfasggest that training self-regulation operatesnoyeiasing a
general core capacity and that improving self-ragoih in one sphere enables an individual to become
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better at self-regulating in other spheres. Moremndy, a review conducted by Berkman and colleague
examined the possible neurophysiological mechanisnuerlying these training effels They presented
several empirical arguments showing that the rigietrior frontal gyrus is a key component in théwark
that ultimately inhibits behavior in the servicetop-down goals, making this region an excellemodate
target for self-control training interventions. Twportant ideas emerge from Baumeister’s reVfed)
self-regulation is trainable, and particularly thgh physical exercise programs; (2) gains in sefftiol
strength acquired in one sphere of self-regulai@ntransferable to other spheres.

These two ideas strongly resemble isomorphic hygssth made in cognitive psychology concerning
executive functions. There has recently been aifgignt interest in whether executive functions damn
improved via cognitive training and mental stimidatin different populatiori$®. Several narrative and
meta-analytic reviews have assessed the effectgeokthese training methods with a specific irgene
executive functiorf§®% Although there is no doubt that executive funuicsuch as attentional control,
cognitive flexibility or working memory capacity mabe improved through training, the extent to which
these improvements generalize and show positivesfges to everyday life activities is still strongl
debated. Concerning the effectiveness of exercanrinng on the improvement of executive functiowg,
invite the reader to return to Section 4.3.

6. Strengthening self-control: away to improve adherence to exercise

As defined earlier, self-control is the self’'s caipa for altering its own behaviors, i.e., duratagjusting
oneself to desirable outcomes. For instance, ierotal become a healthy person, | can decide tocciseer
regularly, to eat more vegetables and fruits, amdstop smoking. All these target behaviors need
modification of the self and are effort consumirg.first difficulty is to engage oneself in thesewne
behaviors. A second difficulty is to durably maintéghese behavior adjustments and make them haiits.
the first case, an abundant literature has beefisped in psychosocial reseafef® For instance, the
transtheoretical model of behavior change demaestrénat the decision to engage in exercise ischase
cognitive factors like weighing pros and cons, appng personal capabilities, or evaluating souraes
supporf>® Another, still-under-appreciated possibility Fat these decisions are influenced by affective
variables such as whether previous exercise exmasewere associated with pleasure or disple&sure
However, interventions based on the transtheotetiezdel and similar models aiming to increase the
maintenance of the new healthy behavior (i.e.,eimain physically active) failed to effectively clgen
behaviors in the long tefh® Adherence to new behaviors requires the use wbua effort consuming
self-regulatory strategies (e.g., inhibiting a prgent unhealthy habit or planning actions). Couosetly,
both adoption and maintenance of a new behaviow dna self-control resources. Because adherence to
healthy behaviors is an important health-relatedds research programs are designed in order tmvap
adherence to these behaviors. Specifically, inteirwr-based programs related to the strength mafdsg|f-
control propose some interesting directions in yihgl the adherence procés¥ Among the main self-
regulation-based intervention programs, the usevaditional components through goal setting, self-
monitoring, formation of action plans, and recdlipositive experiences has been shown to be eftetti
strengthen self-regulatidfi®>. Despite interesting results concerning the eftéctuch interventions on the
adoption of health behavidfs® very little information is given concerning théfeetiveness of these
interventions on long-term changes; in other woods, we hypothesize a chronic effect of exercisial
control on adherence behaviors?

As demonstrated earlier, self-regulation and exeeuunctions are closely related and share efisrta
resource to alter behavior. As suggested by MuravehBaumeistéf, who often restricted self-regulation
to its inhibitory component, refraining from a belw requires the expenditure of resources that are
depleted afterward. For instance, inactive indimiduwho begin a physical activity program must
continually reinitiate the new behavior of beingie and may be helped by continuing to think aktbet
benefits of exercising and inhibiting the comfotéalproject to stay inactive on the sofa. However,
behavioral change cannot be restricted to refrgirfnom a behavior, but as a complete reframing of
behavior that requires other higher-level cognifivections such as planning and retrospective mgnkar
instance, becoming active requires planning tintelaoation of physical activity sessions and remerinigy
when and where to practice. All these cognitivections solicit self-control resources. Consequertily
trying to maintain their exercise adherence, irtirails deplete their resources in self-control. Hmveas
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reported in Section 4.3, positive effects of chcoeixercise or regular physical activity on exeautiv
processes are now well-established, and we caresuguat by strengthening the self-control resaitne

the means of exercise, individuals are more willingexert effort in order to maintain their exeecis
adherence.

No study has examined the effects of training setftrol on adherence process except indirectlyutino
correlational studies. For instance, in an exeraistherence study, McAuley et %Al.examined the
relationship between self-regulation, executivections and adherence calculated by the percenthge o
attendance at exercise sessions. They reportedntiattory processes and information processingeslp
were more important for adherence than cognitiggilfility and concluded that individuals who ardeato
inhibit habitual responses are more likely to adh®er an exercise program. Similar results wereiobta
with medication adherence with authors reportirag tnpairment in executive functions was relate@dor
adherenc®® To sum up, it will be appropriate to progressjviritroduce exercises requiring more and
more self-control resources but never at the cbstapping the activity. In other words, it is owork to
help individuals to adhere to exercise that dewlself-control resources. This process may become a
virtuous circle, self-control exercises leading nwore self-control resources and consequently more
adherence and so forth.

7. Conclusion

The aim of this review was to propose a new apftinaof the well-known and often-used “strength mlod
of self-control” initiated by Baumeister and hislleagues in the end of the 20th century in order to
reexamine a large corpus of data from exercise @ghitive psychology. The main ideas are that
detrimental effects of acute exercise can be expthiby the limited capacity of self-control res@sc
improvements of performance in self-regulation saskserved after acute exercise by an increase in
positive mood that extend the prefrontal areavaisd to succeed in self-regulation, and positieces of
chronic exercise by a strengthening of self-contagacity. This approach leads us to reconsiderceses
not only as a physiological stimulation that enablereases in cardiovascular fithess or muscilength,

but also as a psychological stimulation that all@trengthening self-control ability and improvemeit
executive functions. A new avenue of research 8 apened to exercise psychologists in order toaepl
all the dimensions of exercise that must be takémaccount to vary the amount of self-control iegplito
perform the exercise. It will be interesting to exae the time course of the restoration curve tfcmntrol
resources once they were depleted, test the effeetss of physical activity programs combining both
exercises that elicit positive emotions and setftam training exercises to increase exercise adies and
the core ability to self-regulate.
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Table 1: Studies showing a detrimental effect of self-cdndepletion task on subsequent physical exercise

Time after the first se-  Characteristics ¢

Reference Self-control depletion task Physical @ger : e
regulation task participants

Controlling emotional respon:
while watching an upsetting
movie

Ignoring (silence condition) a

Muraven et al.

Maintaining handgrip asTime to complete theYoung adults, psychology
(1998§* — Exp. 1

long as possible BMIS students

Young adults,

Ciarocc et al. Maintaining handgrip asTime to complete eight

(2001} — Exp. 2 fellow participant and refusing a”long as possible items of the PANAS undergraduate psychology

conversation students
Vohs et al. Presenting oneself contrary tdlaintaining handgrip as| - mediatel Young adults,
(2005Y°*— Exp. 2  social norms long as possible y undergraduate students
Muraven anc Overriding an urge to drin o . , .
Shmueli (200672 produced by exposure to a neutrT13\‘/|Ia|nta|n|ng . handgrip asTime to cc_)mplete threeY(_)ung adults,  social

. ong as possible guestionnaires drinkers
Exp. 1 or tempting cue
Tice et al (2007)°*¢ Suppressing the thought of Maintaining handgrip a Time to complete th Young adults, psycholoc
—Exp. 3 white bear long as possible BMIS students
Time to complete the

Alberts et al. Solving as many easy or difficultMaintaining handgrip asBMIS and to read 25Young adults,
(2007¥"— Exp. 1 labyrinths as possible long as possible sentences primingundergraduate students

persistence or not
. . Maintaining handgrip as
Calculating and naming the SurPong as possible whileTime to complete theYoung adults,

o_f two—d|g|t§ num_bers , Wh.”e submitted to a persistence dBMIS undergraduate students
distracted by interfering stimuli :
neutral prime

Alberts et al.
(2007¥" — Exp. 2

Time to complete

Martijn et al. Solving as many easy or difficultMaintaining handgrip asP'ming text-reading task

03 : . . including detection of
(2007 labyrinths as possible long as possible five words that did not fit

in the context

Young adults,
undergraduate students

Maintaining an isometric .
Bray et al. Modified Stroop Task handgrip contraction of 50%Tlme to complete theYo_ung _ adults, sedentary
BMIS university students

04
(2008§ of MVC

Alberts et al Lifting a 1.5-kg weight as long & Lifting a 1.5-kg weight as Time to complete Young adults, psycholoc
(2008)® possible long as possiblefatigue scale and thestudents
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simultaneously or not with aBMIS
counting task
Young adults engaged in

. : Time to complete threeno more than two sessions
10 min pedaling on a cycle

Martin Ginis and Modified Stroop task ergometer at  a Self_manlpulatlon check of exercise per week for 30

5 . .
Bray (2010 determined RPE of 5 items, the BM_IS and anmin or more at moderate
exercise planning task intensity over the past 6
months
Dorris et al Co_untlng back _from 1000 NS Series of press-ups as long 3 mi Young adults, competitive
6 whilst performing a balancing . min
(2012¥°— Exp. 1 task possible rowers
Dorris et al Cogntlng back .from 1000 in .7'SSeries of sit-ups as long ag i Young adults, rugby and
6 whilst performing a balancing . min

(2012¥°— Exp. 2 task possible hockey players
Englert and -~ . o s . :

Omitting letters “e” and “n” while Performing 10 basket-ballTime to complete a 3-Young adults, amateur
Bertrams (2012 9 . . .
_Exp. 1 transcribing a neutral text throws item manipulation check male basketball players
Englert and L . ey . . Time to complete &3- . .
e (012 e e e e 1o maniulton check 0070, U1, Uriersy
_Exp. 2 9 9 and the PANAS

Time to complete three

McEwan et al. - : manipulation check
(2013)® Modified Stroop Task Dart-tossing task items, the BMIS and anYoung adults

exercise planning task

Maintaining an isometric

Goto and Kusumi Young adults, university

) , 0 ,
(2013° Stroop Task g?nMci%lp contraction of 50%lmmediately students

Chow et al Emotion suppression task Maintainng handgrip a Immediatel Young adults
(2013)%° PP long as possible y undergraduate students

Abbreviations:MVC = maximum voluntary contractioBMIS = brief mood introspection scafé PANAS = positive and negative affect
schedulé®”; RPE = rate of perceived exertih
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Table 2: Main characteristics of effortful and low effortercises

Exercise parameters Effortful exercise Low effortreise
Intensity Vigorous to maximal Light to moderate
Duration Long to very long Short to moderate
Comfort Uncomfortable Comfortable

Pair Painfu Painles

Pleasur Unpleasar Pleasar

Intrinsic  motivation tc Forcec Freely chose

exert

Load of the executiveHeavy Light

control component




Table 3: Studies showing a negative or a positive effechaite exercise on performance of cognitive tasgpitg executive functions in

concomitance protocols.
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Reference Direction Task Executive functions Indices oExercise parameters  Characteristics
of the performance participants
effect
Dietrich and Negative  Wisconsin CardSwitching Error rate 45 min pedaling on ¥oung adults regularly

Sparling (2004Y°
—Exp. 1

Dietrich and
Sparling (2004Y°
— Exp. 2

Pontifex anc

Hillman (2007}

Audiffren et al.
(2009)*

Davranche anc
McMorris
(20092

Del Giorno et al.

(2010)*3

Labelle et al.

(2013)

Negative

Negative

Negative

Negative

Negative

Negative

Sorting Task

Paced auditory seridhhibition  of
addition task verbal response and
updating of WM
Inhibition  of

prepotent response

Ericksen flanker tas

Random numbeitnhibition
generation task counting
SimonTask Inhibition  of

prepotent response

Contingent continuougnhibition  of

performance task—prepotent responsetotal errors,
Wisconsin Card — Switching Perseverative
Sorting Task errors, Unique
errors
Modified Stroop Task  Switching Error rate

a Error rate

a Error rate

of TPI, run

a Interference co

a False alarm rate

cycle ergometer orengaged in endurance

running on a training
treadmill at 75%
HRmax

65 min running on aroung adults,
treadmill at 75% endurance runners
HRmax
6.5 min pedaling o Young adults, 35.

a cycle ergometer atmL/min/kg for females
60%HRnax and 42.7 mL/min/kg
for males

35 min pedaling on aroung adults, 31.39
cycle ergometer atmL/min/kg for females
90%VT and 38.67 mL/min/kg

for males
30 min pedaling on Young adults 42
cycle ergometer atmL/min/kg for females
50% MAP and 48 mL/min/kg for
males
25 min pedaling on aYoung adults, 41.6
cycle ergometer atmL/min/kg for females
75%VT or 100% VT and 50.3 mL/min/kg
for males

6.5 min pedaling on Two groups of older
a cycle ergometer atadults, 50.62 and 38.33
80%PPO mL/min/kg

of
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Wang et al. Negative Wisconsin card sortingswitching Number of 40 min pedaling on aFour groups of young
(2013)*° test conceptual-level cycle ergometer atadults, 5521.29
responses, 80%HRR METs/week in average
number of
categories
completed,
number of
perseverative
errors
Labelle et al Negative Modified Stroop tas  Switching Error ratt 6.5 min pedaling o Two groups of youn
(2014)*° a cycle ergometer atadults, 50.62 and 38.33

60% and 80%PPO mL/min/kg, and two
groups of older adults,
33.42 and 23.67

mL/min/kg
Pesce and Positive Global / Local task Switching Specific twhi 8-12 min pedaling Two groups of young
Audiffren cost on a cycle ergometeradults (elite
(2011} at 60% HRR competitivevs. club-

standard athletes),and
two groups of older
adults (same

subdivision)
Lucas et al. Positive Modified Stroop task  Inhibition of &@eaction time 8 min pedaling on &oung adults, 32
(2012)8 prepotent response cycle ergometer atmL/min/kg and older
30% and 70%HRR adults, 24 mL/min/kg
Martins and Positive Paced auditory serialnhibition of a Correct response8 min pedaling on aTwo groups of young
Kavussanu addition task verbal response andate cycle ergometer atadults regularly
(20139~ Exp. 1 updating of WM moderate intensityengaged in exercise
(60-180 W) training

Abbreviations: MAP = maximum aerobic power; FR= maximum heart rate; HRR = heart rate reseri?®) B peak power output; Run = run
score; TPI = turning point index; VT = ventilatdtyreshold; WM = working memory.
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Table 4: Studies showing a positive effect of acute exerarsperformance of cognitive tasks tapping exeeutimctions in sequence protocols

Executive Indices of . Time after Characteristics ¢
Reference Task . Exercise parameters . .
functions performance exercise participants
I . 60 min pedédng on a Young adults
:Io%leé‘é%"}% et Stroop Task Ir:f;lbcl)t;ggt()rl;? onse ;I;:?Sa;c:(complete cycle ergometer at Immediately  triathletes and
' prep P 40%MWC competitive cyclists
20 min self-paced Youna adults
Sibley et al. Inhibition of a Time to complete jogging and/or , : 9 ’
21 Stroop Task , Immediately  fitness level not
(2006} prepotent response the task walking on a reported
treadmill P
. I 26 min pedaling on a , Young adults, 43
fggggﬁ% al. _?;()S?(-Slgnal Inrglbcl)ttl(e)rr:t(?gg onse SSRT cycle ergometer at ;mnggglﬁr:y mL/kg/min for male
brep P 40% MAP and 37 for female
Yanagisawa et Inhibition of a 10 min pedéng on a Young adults
al (2810}23 Stroop Task repotent response Interference cost cycle ergometer at 15 min fitness level not
' prep P 50%VOppeal reported
Total correct score Two sets 10
Chang et al. Tower of Plannin and total move repetitions at 40% Immediatel Young old adults,
(20112 London Task 9 Score and 70% 10-RM for Y 889.94 METs/week
nine muscles
20 min, two sets of
Chang et al. Tower of Plannin Total move score 10 repetitions at 70%3 min Young old Adults,
(2012)2° London Task 9 10-RM for seven 857 METs/week
muscles
Hyodo et al. Inhibition of a 10 min pedaling on : Older adults, fitness
26 Stroop Task Interference cost cycle ergometer at 15 min
(2012} prepotent response VT level not reported
30 min walking at
. . 50%—-60% HR or Young old adults,
Alves eZtYaI. Stroop Task Inhibitign,gta Time to complete two sets of 15 Immediately fitness level not
(2012} prepotent response the task ) .
maximal repetitions reported
for six muscles
Hunc et al Tower of Planning Total move scoi 20 min pedaling on Immediately,  Two groups of



(2013)*

Tam (2013}

Byun et al.
(2014)3°

Chang, et al.
(2014)3*

London Task

Stroop Task

Stroop Task

Stroop Task

Inhibition of a
prepotent response

Inhibition of a
prepotent response

Inhibition of a
prepotent response

Time to complete
the task and error
rate

Interference cost

Incongruent RT

cycle ergometer at
60%-70% HRR

15-30 min stairs
climbing at 50%-—
70% of HRyay

10 min pedaling on
cycle ergometer at
30% of VQypeal

20 min pedaling on a

cycle ergometer at
65% VOomax

30 min and 60
min

Immediately

5 min

5 min

young adults,
1205.00
METs/week for
control group and
1134.50 for
exercise group
Young adults,
fitness level not
reported

Young adults
fitness level not
reported

Three groups of
young adults,
35.25, 45.52, and
56.21 mL/min/kg

Abbreviations: HRax = maximal heart rate; HRR = heart rate reserve PMAmaximum aerobic power; MWC = maximal work capadRT =

reaction time; SSRT = stop-signal reaction time;¥/Wentilator threshold.
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Group A

Group B

Self-control depletion protocol

Depleting Dependent
Group A
self-control task self-control task
Dependent
Group B Control task P
self-control task

» Time

Sequence protocol (off-task exercise)

Self-regulation
task

Exercise

Self-regulation
task

Self-regulation
task

Rest

Self-regulation
task

» Time

Concomitance protocol (in-task exercise)

Group A Self-regulation task
Session J while exercising
Group A Self-regulation task

Session K while resting
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Fig. 1 Time course of three protocols used in exerciselpdpgy to study the effect of acute
exercise on self-regulation and executive functiéis the three panels, a grey box indicates
baseline or the reference condition. In panel Bp tesigns can be used for sequence
protocols, a between-subjects design (two groupsadicipants, one for each condition) as
shown in the figure or a within-subjects desigre (dame group performing two different
sessions, one session for each condition).
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Fig. 2 Detrimental effect of self-control depletion (A)dfacilitating effect of positive mood
(B) on performance level of dependent self-regatatask according to Baumeister’'s strength
model of self-control.



After self-control
training

m—)

Fig. 3 lllustration of the capacity hypothesis
control depletion after self-control training.
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dependable task dependable task
after control after depletion

dependable task dependable task
after control after depletion

explainiagower detrimental effect of self-



