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Abstract

Recent evidence suggests that fitness and sport expertise jointly benefit cognition and that exper-
tise in cognitively demanding strategic sports enhances both domain-specific cognition and do-
main-general cognitive function, the executive. However, research focusing on whether physical
and motor fitness and sport skill are independent determinants of executive function efficiency, or
interact with each other is still lacking. The present study investigated this issue in adolescents.
Four hundred and eleven boys and girls aged 12 to 15 years were recruited from Italian schools.
They were tested for 1) physical fitness (cardiovascular fitness and muscle power); 2) motor con-
trol and perceptual-motor adaptation ability (kinaesthetic discrimination and response orienta-
tion ability); 3) core executive functions (inhibition and working memory updating); 4) game
skills in team sport (decision making and support). While working memory updating was pre-
dicted only by physical fitness, inhibition was predicted by game skill, physical fitness and re-
sponse orientation ability, and by the interaction of these latter ones. Fitness level significantly
moderated the prediction accrued by response orientation ability, with inhibition predicted only
in the presence of higher physical fitness. The present findings support the view that there are
other pathways through which sport practice influences executive function beside the well-known
physical fitness/executive function relationship. Alternatives include those linking executive
function to the ability to perform coordinated movements in response to environmental cues and
to the ability to perform cognitively challenging, strategic actions as needed in sport game situa-
tions. Also, the findings highlight that different executive functions are differently linked to physi-
cal fitness, motor fitness and sport proficiency.
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1. Introduction

Research on the cognitive benefits of physical activity (PA) and fitness underwent a huge growth in the last
decades (McMorris, in press; McMorris et al., 2009). As a consequence, the applied relevance of the exercise-
cognition interaction is entering official communications and recommendations of authoritative organizations
and institutions advocating for health-enhancing PA (Council of the European Union, 2013; Garber et al., 2011).
From a holistic perspective on health, it is indeed advocated that regular (i.e., chronic) physical exercise is effec-
tive not only for increasing or maintaining physical fitness (Garber et al., 2011), but also for promoting healthy
brain development and aging (e.g., Gomez-Pinilla & Hillman, 2013; Hillman et al., 2008; but see Young et al.,
2015 and Verburgh, Konigs et al., 2014 for a lack of meta-analytic confirmation calling for further research).
There is large consensus that particularly the cardiovascular component of physical fitness is a correlate and is a
determinant of the efficiency of higher-level cognitive function, the executive, involved in planning and control
goal-directed behavior, flexibility and adaptability in thought and action essential for successful daily life func-
tioning (Diamond, 2013).

Both behavioural and neuroscientific evidence supports this association (Khan & Hillman, 2014; Pesce &
Ben-Soussan, in press; Tomporowski et al., 2011) with a disproportionally larger attention for preadolescent
children (Chaddock, Pontifex et al., 2011) than for adolescents. High-fit children, as compared to low-fit ones,
have differences at brain structural and cognitive functional levels (Chaddock et al., 2010; Chaddock, Hillman et
al., 2011), higher efficiency in cognitive control and motor preparation, memory and learning (Berchicci et al.,
2015; Pontifex et al., 2011; Raine et al., 2013), and higher academic performances (Howie & Pate, 2012; Singh
etal., 2012).

The majority of the still scarce adolescent studies found a positive association between PA and cognitive per-
formance, most consistently when PA was of moderate-to-vigorous intensity as recommended to obtain physical
fitness outcomes (Esteban-Cornejo et al., 2015) and cognitive performance relied on executive function (Booth
et al., 2013). Nevertheless, the paucity of adolescent studies specifically focused on executive function may be
responsible for the failure to provide meta-analytic confirmation of their association with habitual PA (\Verburgh,
Konigs et al., 2014). Zooming into the neuroscientific approach to this issue, the few studies conducted with
adolescents showed—similar to what obtained with children—Dbrain structural and functional benefits of being
highly fit (Herting & Nagel, 2012, 2013; Herting et al., 2014; Stroth et al., 2009), but such positive association
was not always paralleled by cognitive benefits at behavioural level (Herting & Nagel, 2013). Behavioural evi-
dence is also inconsistent as to whether in adolescence, the chronic exercise-cognition interaction is better re-
flected in the association of cognitive efficiency with daily PA level or with physical fitness, with contrasting
evidence in favour of the first (Ruiz et al., 2010), or the latter (Pindus et al., 2015).

In sum, cross-sectional exercise and cognition studies with adolescents mostly focus on physical fitness as the
only relevant outcome of habitual PA and sport practice that may be associated with efficient cognition. Other
outcomes of physical and sports activities potentially linked to cognitive functioning through different pathways,
such as motor fitness and skilled performance of strategic actions, are neglected. In fact, while quantitative pa-
rameters (intensity, duration, frequency) are responsible for the physical fitness outcomes of regular PA, qualita-
tive parameters (exercise type, movement complexity) are responsible for motor fitness outcomes, that is the
ability to perform coordinated movement actions.

Evidence that can help shed light on the latter issue emerges from research developed on a different track
from that of exercise and cognition research. This line of research explores the interrelation between motor co-
ordination and cognitive development at both the levels of behaviour and brain structure (Diamond, 2000).
Overall, findings provide support for an association between motor coordination and executive function both in
childhood (Niederer et al., 2011; Pangelinan et al., 2011; Roebers et al., 2014) and in adolescence (Rigoli et al.,
2012a,b) and suggest shared mechanisms underpinning such relationship. Additionally, the above studies show
differential associations between specific executive functions and aspects of physical or motor fitness. However,
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differences between executive function and physical/motor fitness measures employed in child and adolescent
studies do not allow drawing conclusions on age-related differences.

In recent years, some authors (Best, 2010; Diamond, 2015; Moreau & Conway, 2013; Pesce, 2012; Tom-
porowski et al., 2015) have proposed to go beyond the mere relationship between physical fitness and cognitive
function, suggesting that also the cognitive demands inherent in sensorimotor learning and performing complex
movement and sport tasks may be responsible for the observed positive association of PA and sports with
higher-level cognition and metacognition. This represents a novel development in research on applied sport
psychology, since studies on cognitive expertise in sport were mostly aimed at exploring cognitive predictors of
successful sport performance for talent identification and optimization of sport-specific cognitive skills through
training (Moran, 2009; Williams & Ericcson, 2005).

The interest for the association between sport expertise and domain-general cognition, as executive function,
that transfer to other life domains is recent (\Voss, Kramer, Basak, Prakash, & Roberts, 2010). Research on soc-
cer has demonstrated that executive function efficiency is predictive of successful sport performance and varies
as a function of the level of sport expertise in young adult athletes (\VVestberg et al., 2012), as well as in preado-
lescent and adolescent youth players (Verburgh, Scherder et al., 2014). These findings cannot be generalized to
all sport types, since different executive functions seem differentially modulated by different sporting expertise
(Jacobson & Matthaeus, 2014; Wang et al., 2013).

In the attempt to contribute unifying the views on the exercise and cognition interaction in adolescents that
emphasize the role played by either health-related physical fitness (Herting & Nagel, 2012; Pindus et al., 2015),
or development- and learning-related motor fitness (Rigoli et al., 2012a,b), or performance-related sport skills
(Verburgh, Scherder et al., 2014), the main aim of the present cross-sectional study was to evaluate whether
physical and motor fitness and sport game skills are predictive of executive function efficiency in adolescence.
Moreau (2015) has highlighted the bydirectionality of the relationship between motor experiences and higher-
level cognition and emphasized how the cognitive demands inherent in complex motor learning and sport tasks
that impact motor fitness and sport proficiency may also lead to physiological changes in the brain that posi-
tively influence executive function efficiency. Thus, we hypothesized that not only physical fitness, but also the
abilities and skills deriving from exercising goal-directed complex movements and strategic sport actions may
be predictors of executive function efficiency.

Moreover, to our knowledge, no study in the exercise and cognition area has still evaluated whether physical
fitness, motor fitness and sport skills interactively contribute to executive function efficiency in adolescence.
Indeed from a sport psychological perspective, there is intriguing evidence that in adult athletes, physical fitness
and sport expertise may interactively benefit executive function. Chan et al. (2011) performed a cross-sectional
analysis of the inhibitory efficiency in open skill sports as a function of physical fitness level and sport-related
cognitive expertise. They found that highly fit and expert athletes were best in executive function; however,
when individuals were only averagely fit, cognitive expertise deriving from the extensive practice of a strategic
sport was not associated with more efficient inhibitory function. This means that physical fitness acted as a
moderator of the relationship between sport-related expertise and inhibitory efficiency. Thus, we tested a mod-
erated prediction model to verify whether an interaction pattern between physical fitness and sport-related motor
fitness and skills is predictive of executive function efficiency. This not limitedly to an athletes’ population, but
in the general population in the adolescent transition phase, when poor executive function may map onto health
risk behaviours. Among core executive functions, we tested not only inhibition previously found (Chan et al.
2011) jointly sensitive to fitness and sport skill, but also working memory, as different aspects of memory re-
sulted predicted by cardiovascular fitness in children and adolescents (Chaddock et al., 2010; Herting & Nagel,
2013) and motor fitness in children (Niederer et al., 2011).

2. Methods

The research programme was authorized by Committees of the school involved, by students’ parents, who gave
written informed consent and by the Ethical Committee of Policlinico “Umberto 1” of Sapienza University of
Rome.

2.1. Participants

Five hundred and twenty-seven junior and senior high school students aged 12 - 15 years (13.5 + 1.0 yrs), 340
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males and 187 females including 29 border-line students or students with intellective-relational disability volun-
teered. This sample was stratified by urban district and region, since it was composed by students belonging to
six schools (20 classes) in a Northern and a Central region of Italy, from different districts which were represen-
tative of the variety of socio-cultural characteristics of respective urban population. Figure 1 shows the study
flow diagram from the initial number of students involved to the actual number of data available for analysis
(i.e.,, n = 411, 257 male and 154 female students). As assessed by means of the IPAQ-A questionnaire
(Hagstrémer et al., 2008; Ottevaere et al., 2011, see below), 50% were highly active, 27.5% moderately active
and 22.5% lowly active.

2.2. Instruments and Procedures

Students were administered field-based tests assessing (1) physical fitness (cardiovascular fitness and muscular
power), (2) motor fitness (motor control and perceptual-motor adaptation ability), (3) game skills in team sport
(decision making and tactical cooperation); they were also tested on (4) executive cognitive function (inhibition
and working memory updating).

2.2.1. Physical Fitness Assessment

Participants were evaluated in (a) cardiorespiratory fitness, that is the ability of the circulatory and respiratory
systems to supply oxygen to skeletal muscles during sustained PA, and (b) muscular power, that is the capability
of the muscle to perform dynamic muscular contractions with maximal work output in shortest time. They are
two complementary, main components of physical fitness (Garber et al., 2011).

Cardiorespiratory fitness. Participants performed the 20m shuttle run test (Léger & Lambert, 1982). This
field test allows estimating the maximum cardiovascular performance. Following standard recommendations
(The Cooper Institute, 2010), participants were instructed to run a number of stages (levels), each lasting about 1
min and comprising a number of 20 m laps (shuttles), paced by auditory signals (beeps). At each stage, the re-
quired running speed increased, starting at a speed of 8.5 km/h and increasing by 0.5 km/h every minute. Maxi-
mal oxygen consumption (VO,n.,) Was estimated as: [31.025 + (3.238 x velocity) — (3.248 x age) + (0.1536 x
age x velocity)], where velocity (km/h) was inferred from the number of stages performed.

527 students aged
12-15 years recruited

Excluded because
of missing physical and
sport test performance data
(n=75)

Excluded because
of missing cognitive test
performance data
(n=43)

411 students’ data available for
analysis

Figure 1. Study flow diagram.
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Muscular power. Maximal ball forward throw test was used to assess upper limb power. Participants per-
formed three two-hand chest throw with a basketball as far as possible seated on a chair. The longest throw (in
cm) was selected.

2.2.2. Motor Fitness Assessment

Participants were evaluated in (a) kinaesthetic discrimination, that is needed to finely tune the force output to the
movement task demands, and (b) response orientation, that is the ability to quickly orient a movement action in
space and time according to environmental cues. Kinaesthetic discrimination and response orientation are repre-
sentative of the ability to finely control movements (motor control ability) and to appropriately adapt them in
response to perceived changes in the environment (perceptual-motor adaptation ability), respectively (Mechling,
1999).

Kinaesthetic discrimination ability. Participants performed three ball forward throws at 50% of individual
maximum power output. The task conditions are the same as in the previous test, with the only difference that
the participants were instructed to perform not at their maximum, but at 50% of their potential maximum. The
average value of the three throws (in cm) was computed. Before the first throw, participants were informed re-
garding the distance covered with their best maximal throw and after each 50%-power throw, they received a
feedback regarding the deviation from the maximum.

Response orientation ability. Participants performed the orientation shuttle run test belonging to a test bat-
tery for field evaluation of coordinative abilities validated by Hirtz and colleagues (1985) for children and ado-
lescents and used also for Italian research in school settings (Gallotta et al., 2009). The participant was requested
to run three times consecutively, as quickly as possible, from a start marker toward one of five numbered goal
markers located behind them. The goal markers were 3 m apart from participant and 1.5 m apart from one an-
other on an hypothetical circumference arc. The sequence of goal markings to be reached was not known in ad-
vance and the next marking number was announced when the participant returned to the start marker and
touched it for the next run to begin without pausing. After demonstration, participants performed the test that
was scored in seconds.

The rationale of choosing the above physical fitness and motor fitness measures is that they allowed us to
disentangle fitness and coordination components. In fact, both Léger and Lambert’s (1982) and Hirtz et al.’s
(1985) shuttle run tests involve the same need to coordinate running forth and back, their difference being the
aerobic and orientation requirements. Analogously, both ball forward throw tests involve the same technical
skill, their difference being the muscular power and kinaesthetic discrimination requirements.

2.2.3. Assessment of Decision Making and Tactical Cooperation SKills in Sport Games

Participants were evaluated in game skills in team sport by means of the Game Performance Assessment In-
strument for Invasion Games (GPAI, Mitchell et al., 2013). This is a tool to assess the capability to make appro-
priate strategic decisions (Decision Making) and to realize tactical cooperation (Support) under variable situ-
ational conditions and time pressure that characterize strategic team sports. Participants were observed during
two halves of a handball game and evaluated on a five-point likert scale. Judgement criteria were: Appropriate
choice when passing, as passing to unguarded teammates to set up a scoring opportunity (for Decision Making),
and efficient off-the-ball movements to a position to receive a pass (or throw) from teammates, as when freeing
oneself from the opponents and proceeding forwards toward the goal (for Support). On a subsample, two inde-
pendent observers scored participants’ decision making and support performance to evaluate the high in-
ter-observer reliability (level of agreement: r > .80).

2.2.4. Executive Function Assessment

Participants performed the Random Number Generation (RNG) task (Towse & Neil, 1998), a multidimensional
test allowing to obtain differentiated indices of core executive functions involved in the generation of random
sequences. They were instructed to verbally generate a random sequence of numbers between 1 and 9 to each
beat of a 100-beat sequence with an inter-beat interval of 1 second. Prior to data collection by tape recording,
participants performed a familiarization trial of 100 numbers. Both the omission of a number generation in cor-
respondence of one tone and the production of numbers lower than 1 (0) or higher than 9 (10, 11 etc.) were con-
sidered errors and discarded. If errors exceeded a predefined maximum threshold of five, the entire block was
repeated. The randomness of the sequence of humbers was measured by means of 18 different indices described
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by Towse and Neil (1998). Among those, six indices were selected as they reflect two components of executive
function: inhibition of mental routines (turning point index [TPI], adjacency score [Adj], and runs score [Runs])
and working memory updating (redundancy score [Red], coupon score [Coupon], and mean repetition gap
[MeanRG]).

The TPI is a ratio between the real frequency of turning points between ascending and descending series of
numbers (e.g., the response change between the digits “2” and “5” in a hypothetical sequence “9, 7, 2, 5, 6, 8”)
generated by the participant and their theoretical frequency in random responses. The Adj measures the relative
frequency of pairs of adjacent ascending or descending numbers (e.g., 7 - 8 or 4 - 3) as compared to the total
number of response pairs produced by the participant. The Runs score is an index of variability of the number of
digits in successive ascending or descending runs.

The Red index reflects the unbalance of response alternative frequencies in a sequence that derives from a
more frequent usage of given numbers than expected based on the theoretical frequency of each digit in random
responses. The Coupon score measures the mean number of digits generated until the entire set of alternatives
has been used. The MeanRG is the mean number of responses given until each digit reoccurs calculated for all
digits throughout the whole sequence (e.g., in the sequence “2, 8, 4, 6, 2, 9, 7, 8”, the digits “2” and “8” reoccur
with a mean gap equal to 4).

2.2.5. Assessment of Potential Covariates

Self-reported PA level, emotional and social self-efficacy were obtained with questionnaires. The rationale for
including these variables as covariates was that we aimed at disentangling the role played by age-related
changes in PA level (Dumith et al., 2012), affective and social processing (Crone & Dahl, 2012; Steinberg, 2005)
that characterize adolescence from the relationship of interest linking fitness and sport skill factors to executive
function.

Physical activity level. Participants were administered the International Physical Activity Questionnaire for
Adolescents (IPAQ-A), a modified and slightly shortened (29 items) version of the long form (31 items) for
adults that has been translated and validated in several languages including Italian for a multi-country adolescent
study (Hagstromer et al., 2008; Ottevaere et al., 2011). PAQ questionnaires in general show an acceptable reli-
ability, but a moderate at best validity due to overestimation and particularly unsatisfactory correlation with ob-
jective PA measures in children and younger adolescents (Helmerhorst et al., 2012). Nevertheless, the IPAQ-A
was considered suitable for the purpose of the present study, as it has been proven able to detect, also at young
adolescent age, those youths with highest PA level (Ottevaere et al., 2011), which might act as an age-related
confounder.

Emotional and social self-efficacy. To evaluate participants’ emotional and social skills, we used two uni-
factorial scales from the test battery developed by Pastorelli, Caprara, and Bandura (1998; Caprara, 2001) com-
posed of 8 and 13 items assessing, on a seven-point likert scale, the perceived self-efficacy as regards the man-
agement of negative emotions and social skills, respectively.

2.3. Statistical Analysis

2.3.1. Preliminary Computations

Average indices of physical fitness, sport game skills, and core executive function (inhibition, working memory
updating) were computed to limit the number of potential predictors and interaction terms between predictors
and dependent variables to be introduced into regression models for main analysis.

Physical fitness. The number of stages performed in the shuttle run test and the length of the best maximal
ball forward throw were standardized and averaged.

Motor fitness. To obtain an index of kinaesthetic discrimination ability, the absolute value of the difference
between the mean of the three performed ball forward throws at 50% of individually maximum power output
and the real 50% of the best maximal forward throw was computed. To obtain an index of response orientation
ability that—similar to all other physical and cognitive performance indices—increases with increasing per-
formance level, the seconds needed to perform the orientation shuttle run were standardized and reversed.

Inhibition and working memory updating. TPI, Adj and Runs were merged into an average index of inhi-
bition and Red, Coupon and MeanRG into an average index of memory updating. Before averaging, all indices
were standardized and Adj, Runs, Red and Coupon were reversed, since high levels of TPI, but low levels of
Adj and Runs correspond to a high ability to inhibit and high levels of MeanRG, but low levels of Red and
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Coupon correspond to a high ability to update working memory.

Sport game skill. To obtain a summary index of strategic-tactical skills in sport game, we standardized and
averaged Decision Making and Support scores.

Physical activity level. Data were cleaned, truncated and scored following standard recommendations and
reference values (Ainsworth et al., 2000; The IPAQ group, 2015). The number of days per week and time peri-
ods per day spent walking, in moderate and vigorous activity recorded in each of the four domains of the ques-
tionnaire (school-related physical activity, transportation, housework and leisure time) were used for computing
total PA. To eliminate outliers, minutes exceeding 180 per day were truncated to 180. Data were then scored
transforming them into energy expenditure estimates (METS). To calculate daily PA (MET-minutes per day),
minutes reported in each activity level were multiplied by the given MET score for that activity. The overall
Total PA MET-minutes/week score was computed as the sum of Total (Walking + Moderate + Vigorous)
MET-minutes/week scores.

2.3.2. Preliminary Analyses

First, all physical fitness, motor fitness, sport game skill and executive function measures were submitted to
correlational analysis (Pearson’s r) to look for potential multicollinearities among PA-related factors and their
association with executive function. To reduce the number of predictors of inhibition and working memory up-
dating, a preliminary regression analysis model was run with all predictors entered simultaneously; in a second
step, only those showing a standardised R coefficient > .1 were entered. Thus, two multivariate regression
analyses were initially performed with physical fitness, kinaesthetic discrimination, response orientation, deci-
sion making and support entered simultaneously as potential predictors of inhibition and working memory up-
dating, respectively. In the case of inhibition, all predictors except kinaesthetic discrimination met the selection
criterion. In the case of working memory updating, only physical fitness did.

2.3.3. Main Analysis: Moderated Prediction Model
The main question of the study regarded the individual and joint prediction of executive function accrued by
PA-related factors. To address this issue, hierarchical regression analyses were run.

The analyses used to test moderated prediction (in the case of inhibition which was predicted by multiple fac-
tors in the preliminary multiple regression analysis) entailed the following steps.

1) Interaction variables were computed multiplying the predictors that met the selection criteria (i.e., physical
fitness, response orientation and sport game skill) pairwise, thus obtaining three interaction terms: Physical Fit-
ness x Response Orientation, Physical Fitness x Sport Game Skill and Response Orientation x Sport Game
Skill.

2) Two separate hierarchical multiple regression analyses with forced entry method were run for the predic-
tion of inhibition and working memory updating. Potential covariates (PA level, emotional and social self-effi-
cacy) were statistically controlled for by entering them in a first block, while the individual predictors (physical
fitness, response orientation, sport game skill) were entered in a second block and the interaction terms (Physical
Fitness x Response Orientation, Physical Fitness x Sport Game Skill and Response Orientation x Sport Game
Skill) in a third block.

3) If the regression results showed that the third block including the interaction terms added to the model a
significant percentage of variance explained, post-hoc analyses of significant interactions were performed using
simple slope testing (Aiken & West, 1991).

3. Results

The preliminary correlation analysis showed that inhibition was weakly, but significantly correlated with re-
sponse orientation (r = .23, p < .001) and sport game skill (r = .20, p < .001), while working memory updating
with physical fitness (r = .21, p < .001). No collinearities (r > .80) emerged between physical fitness, kinaes-
thetic discrimination, response orientation, and sport game skills (.41 < r <.63).

Table 1 shows significant results of individual hierarchical regression analyses for the two executive func-
tions. With regard to the variance explained, the selected predictors contributed similarly to the prediction of
executive function with 7% and 6% variance explanation for inhibition and working memory updating, respec-
tively. The introduction of the interaction terms to the model applied to the inhibition variable added a small, but
significant percentage of variance explained (4%).
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Table 1. Hierarchical multiple regression analysis to predict inhibition and working memory updating performance. Tested
predictors: physical fitness (cardiovascular fitness and muscle power), perceptual-motor adaptation ability (response orienta-
tion) and sport game skill (decision making and tactical cooperation) and their interaction after accounting for potential co-
variates (PA level, emotional and social self-efficacy).

Inhibition Memory Updating
Predictors
Beta (std.) t p Beta (std.) t p
Block 1
PA total n.s n.s. n.s. n.s. n.s. n.s.
Emotional self-efficacy n.s. n.s. n.s. n.s. n.s. n.s.
Social self-efficacy n.s. n.s. n.s. n.s. n.s. n.s.
R? .02 .02
Block 2
Physical fitness .20 2.90 .004 21 4.33 <.001
Response orientation .30 4.96. <.001 n.s. n.s. n.s.
Sport game skill 14 2.00 046 n.s. n.s. n.s.
R? .07 .06
Block 3
Responee rienation 2 323 001
Physical fitness_ X ns. ns. ns.
Sport game skill
Response Orientat_ion X ns. ns. ns.
Sport game skill
R? .04 <.01
Total R? = .13 Total R? = .08
Adjusted R? = .11 Adjusted R? = .07

Notes: VIF statistics ranged between 1.0 and 1.4, thus allowing to exclude problems of multicollinearity.

Working memory updating was predicted only by physical fitness (Figure 2), while inhibition was positively
predicted by all three predictors. However, only sport game skills was an individual predictor of inhibition
(Figure 3), while physical fitness and response orientation interactively predicted it (Figure 4).

The prediction accrued by the Physical Fitness x Response Orientation interaction term in the second block
indicates the presence of a moderated prediction. Since the results in the first regression block showed a stronger
prediction of inhibition being accrued by response orientation than by physical fitness, post-hoc analyses were
performed using response orientation as predictor of inhibition and physical fitness level (lower vs. higher) as a
moderator of the response orientation-inhibition relationship. Figure 4 describes how the prediction of inhibi-
tion accrued by response orientation was moderated physical fitness. Inhibition was predicted by response ori-
entation ability only in the presence of higher physical fitness, whereas no significant relationship between re-
sponse orientation and inhibition emerged in the lower-fit group.

4. Discussion

It is surprising that although adolescence represents a critical period for brain development in which poor execu-
tive functioning—particularly low inhibitory efficiency—is associated with heightened risk behaviour (Pharo et
al., 2011; Steinberg, 2005), exercise and cognition research has devoted least attention to the positive association
between fitness or sport-related skills and executive function in this transition phase of life. The present study
aimed at evaluating whether PA- and sport-related factors as physical and motor fitness and sport game skills are
individual or joint predictors of adolescents’ higher-level cognitive function, the executive.
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Figure 3. Inhibitory ability as a function of sport game skill (decision making and
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According to recent claims, there may be different pathways through which the outcomes of PA and sport
practice are associated with executive function. One is the well-known linkage between physical fitness and ex-
ecutive function; other putative pathways seem to be those linking executive function to the ability to perform
well coordinated and adaptable movement actions (motor fitness) and to the ability to perform cognitively chal-
lenging, strategic game actions (Best, 2010; Diamond, 2015; Moreau & Convay, 2013; Pesce, 2012; Tom-
porowski et al., 2015). Thus, we hypothesized that apart from the more commonly studied relationship between
physical fitness and cognition in children (Chaddock, Pontifex et al., 2011; Khan & Hillman, 2014 for reviews),
with fewer evidence also in adolescents (Pesce & Ben-Soussan, in press for a review), there might be further
paths that link executive function with motor fitness and sport game skills. In sum, the results are consistent with
this hypothesis and reveal that different executive functions are differently linked to physical and motor fitness
and sport-related skills.

First, we found an association between physical fitness and the efficiency in manipulating and updating in-
formation in working memory (Figure 2). This finding seems to be consistent with the robust evidence obtained
with preadolescent children that physical fitness benefits several aspects of memory (Raine et al., 2013 for a re-
view). The behavioural advantage in memory tasks by high-fit children as compared to low-fit ones is explained
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Figure 4. Inhibitory ability (std score) as a function of perceptual-motor adaptation
ability (Response Orientation) in lower-fit and higher-fit adolescents: a moderated
prediction.

by structural differences in the brain regions involved in memory processes, as a larger hippocampal volume
(Chaddock et al., 2010; Chaddock, Hillman et al., 2011). Instead, research on chronic exercise effects on mem-
ory at adolescent age is less frequent and behavioural results are inconclusive, showing an association of car-
diovascular fitness with some brain functions as visuospatial working memory (Herting & Nagel, 2012), but an
absence of correlation with other functions as memory control (e.g., Stroth, et al., 2009) or verbal associative
memory (Herting & Nagel, 2013). Also, there seem to be age-related differences. Niederer et al. (2011) found
neither spatial, nor verbal working memory being predicted by cardiovascular fitness in pre-schoolers. Memory
is an umbrella term involving several aspects and modalities of retention and recall of information. Specifically
working memory, that is investigated in the present study, has a multifaceted nature, as it consists of three main
components: the phonological loop, the visuospatial sketch pad, and the central executive. The three indices of
working memory updating of the RNG task employed in the present study mainly tap the central executive
component of updating (Towse & Cheshire, 2007). This supports the hypothesis of the selective nature of the
fitness-memory relationship at least during adolescence.

Moreover, it seems that working memory updating and inhibition are differently associated with different
outcomes of PA and sport practice. While working memory efficiency was predicted by physical fitness (Figure
2), inhibitory efficiency was predicted by how adolescents were able to perform strategic actions in an interac-
tive game situation (sport game skill, Figure 3) and to adapt their motor coordination in response to the percep-
tion of environmental cues (response orientation, Figure 4).

The association of perceptual-motor adaptation ability and strategic game skill with the efficiency of inhibi-
tory function might reflect the cognitive advantage deriving from practicing movement and sport activities that
have the characteristics of an enriched environment as it is conceived within an embodied framework of cogni-
tion (Moreau, 2015). This supports the suggestion that the cognitive effort required to coordinate complex
movements and to cope with the cognitive demands of strategic sports might foster the development of do-
main-general inhibitory ability that is not only useful for the sport domain. Indeed, with only one exception (Ja-
cobson & Matthaus, 2014), studies performed with athletes practicing strategic sports showed that different fac-
ets of inhibition (interference control, inhibition of prepotent motor responses) are more efficient in experienced
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athletes (Verburgh, Scherder et al., 2014; Vestberg et al., 2012; Wang et al., 2013). From an applied psychology
perspective, the aim can be either to identify cognitive factors that predict future successful sport performance
(Vestberg et al., 2012), or to obtain information for designing sports training which may provide a potential
clinical intervention for those who have difficulties in inhibitory control (Wang et al., 2013). Intriguing research
has shown that executive function is sensitive to cognitive training at adolescent age independently of the pres-
ence of physical effort (Zinke et al., 2012). This supports the hypothesis that higher ability to suppress mental
routines found in adolescents who were skilled in strategic and tactical sport game behaviour regardless of their
physical fitness level (Figure 3) may result from the cognitive engagement inherent in PA and sport practice.

The major novelty of the present study is the moderated prediction model that emerged from the analysis of
inhibition data (Figure 4). To our knowledge, studies that have addressed the association of motor fitness (i.e.,
motor coordination abilities and skills) with working memory or inhibition have done it without considering the
role played by physical (cardiovascular or muscular) fitness (Rigoli et al., 2012a,h), or only examining the inde-
pendent contribution of physical and motor fitness (Niederer et al., 2011). As Figure 4 shows, the relationship
linking perceptual-motor adaptation ability and inhibitory efficiency is moderated by physical fitness: only
higher-fit adolescents showed such a relationship. This result extends also to the adolescent population the find-
ings by Chan and colleagues (2011) that sport-related cognitive expertise of athletes was a determinant of their
inhibitory efficiency only when it was associated with a high level of physical fitness. When individuals were
only averagely fit, cognitive expertise due to the extensive practice of a strategic sport requiring percep-
tual-motor adaptation ability and cognitive skills was no longer associated with inhibitory efficiency. Taken to-
gether, the present and Chan et al.’s (2011) findings are in line with the suggestion that a threshold level of fit-
ness, contributing to the integrity of the neural “hardware”, is necessary for exploiting the benefits deriving from
exposure of the brain “software” to stimulation by the coordinative and cognitive complexity of the movement
tasks (Pesce, 2012).

The present study has limitations that must be addressed. Primarily, the cross-sectional nature of the study
does not allow to make conclusive inference of a causal relationship between PA- and sport-related factors
(physical and motor fitness, sport game skills) and executive function efficiency. We cannot completely exclude
that the found relationships are covariational in nature or mediated and moderated by factors that were not tested
in the present research. Indeed, the limited amount of explained variance suggests that this may be the case and
calls for caution when interpreting the data. Finally, we used only one multidimensional cognitive test tapping
core executive functions. Given the emerging interest for metacognition in the study of the exercise-cognition
interaction (Tomporowski et al., 2015), the future use of multiple tests extending from executive functions to
metacognition assessment may further our understanding of this interaction in adolescents.

The present evidence, though cross-sectional in nature, has relevant applied implications. While the lifelong
benefits of adolescent PA on health have been unequivocally proven (Hallal et al., 2006), the relatively low at-
tention devoted to the association between physical/motor fitness and executive function at adolescent age calls
for further research. Executive functions and their brain substrates experience a long maturation that extends un-
til late adolescence (Blakemore & Choudhury, 2006) and poor executive function may map onto health risk be-
haviours commonly associated with adolescence (Hall et al., 2006). Particularly, inhibition is a key element of
self-regulation that can be critical in numerous aspects of daily life especially in adolescence. Thus, its unique
relatedness to sport-related skills and to joint physical and motor fitness calls for intervention studies that capi-
talize on sport education to train inhibition within broader life skills programmes (Pesce et al., in press).
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