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Abstract

Acute physical activity (PA) transiently enhances children’s cognition. However,
heterogeneous effect sizes necessitate investigating potential moderators that constrain PA
effects on cognition. Thus, the overall aim of the research project was to investigate dose-
response relationships between qualitative and quantitative task characteristics of acute
cognitively challenging bouts of PA as well as the influence of contextual factors such as the
delivery style to orient the design of school-based active breaks beneficial for cognition.

The present dissertation incorporates findings from three studies aimed at systematically
investigating: The influence of the cognitive challenge level on children’s cognition (study I);
the optimal duration of the identified cognitive challenge level to maximize benefits (study II);
the role of feedback and related affective states in the PA-cognition relationship (study I11).

Overall, the present findings were in line with theoretical assumptions. Compared to
less challenging bouts, acute PA with high-challenging content benefitted children’s executive
control the most (study I). Bout duration influenced information processing speed, with best
performances after a 15 min bout (study II). A delivery style combining music with positive
feedback created favorable conditions for improving executive control and inducing positive
affective states, even though affective states did not mediate feedback effects (study III).
Individual characteristics moderated the effects of cognitive challenge and duration.

Results emphasize the importance of considering the interplay of different task
characteristics and contextual factors to generate optimal, individualized stimulation for
children’s cognition. This is of great practical importance in educational settings to design
active breaks that enhance cognitive functions essential for learning and create enjoyable
experiences that lay the foundation for an active lifestyle. More research is needed to explore
how cognitively challenging active breaks can be designed and implemented in the school

context.



Content

A societal and scientific problem
Definition of terms
Physical activity and exercise
Cognitively challenging physical activity
Cognition, executive functions, and attention networks
Theoretical background and empirical evidence
The research project
1— Cognitive challenge level
11 — Bout duration
11l — Feedback form
Discussion
Physical activity task: Qualitative and quantitative characteristics
Physical activity context: Delivery style and environmental features
Individual characteristics: Biological sex and habitual physical activity
Task individualization and effectiveness of experimental manipulation
Cognitive outcomes not impacted by experimental manipulation
Limitations
Conclusion, prospects, and recommendations
Prospects for future research
Recommendations for practice
References
Acknowledgments

Supplementary material

N LW W NN e

13
14
15
17
18
19
20
21
22
22
23
25
25
26
29
38
39



A societal and scientific problem

The significance of movement for children’s healthy development is widely acknowledged in
the fields of science, education, and politics. Compelling evidence highlights that regular
physical activity (PA) improves children's physical (Poitras et al., 2016) and mental health
(Biddle et al., 2019; Lubans et al., 2016). Nonetheless, secular trends mostly point on a decline
in children’s PA levels associated with an increase in sedentariness (van Stralen et al., 2014).
The reduction of children’s PA levels is not only alarming in terms of their health but also in
terms of their cognitive development, knowing that both motor and cognitive abilities are
strongly interrelated (Diamond, 2000; Stodden et al., 2023), and together predict academic
achievement (Schmidt et al., 2017).

Schools are key settings to promote large-scale quality PA aimed to capitalize on its
enjoyable nature and beneficial effect on cognitive functions (Vazou & Smiley-Oyen, 2014).
Consequently, many school-based PA programs in form of PA breaks, consisting of short bouts
of PA between academic learning phases, or physically active learning, incorporating PA
during academic lessons, have been developed, implemented, and evaluated (e.g., Mavilidi et
al., 2022). While these programs are often designed based on practical considerations rather
than theoretical foundations, the advocacy for PA is increasingly supported by evidence-based
recommendations highlighting positive PA effects on cognitive functions relevant to learning
and academic achievement (Howie & Pate, 2012). However, time constraints and educational
priorities often hinder the implementation of additional PA opportunities during the school
routine (Leone & Pesce, 2017).

A scientific issue is intertwined with these societal and educational concerns. Even if
the developing body of evidence is strong enough to support the conclusion that PA does not
interfere with or take away time from learning (Singh et al., 2019), it is still debated how PA
interventions should be designed to reap the largest benefits on cognitive functions relevant to
learning and academic achievement (Diamond & Ling, 2016, 2019; Hillman et al., 2019).
Discrepancies in conclusions across evidence syntheses of both long-term (i.e., chronic PA)
and short-term effects (i.e., acute bouts of PA) are paralleled by considerable heterogeneity in
effect sizes across primary studies (Lubans et al., 2022). This heterogeneity implies the presence
of moderators that complexify the pattern of PA effects on cognitive performance and delimit
the generalizability of study results.

One moderator that has attracted increasing interest in recent years is the cognitive
challenge (demand) inherent in movement tasks. Cognitive challenge generates cognitive

engagement, which, in turn, appears to be beneficial for learning relevant functions such as
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executive functions (EFs; Best, 2010; Pesce, 2012; Tomporowski et al., 2015). Whereas chronic
cognitively challenging PA seems to benefit children’s EFs in the long-term (e.g., Alvarez-
Bueno et al., 2017; Vazou et al., 2019), as regards transient effects after a single cognitively
challenging bout of PA, results are inconsistent and general conclusions are limited by
differences across studies (Paschen et al., 2019; Schmidt et al., 2021).

As indicated by an expert panel, further experimental research into possible moderators
of the PA-cognition relationship also considering underlying mechanisms is needed (Singh et
al.,, 2019). Following this call, the overarching aim of the publications included in this
dissertation was to investigate dose-response relationships between task characteristics of acute
cognitively challenging bouts of PA, while also considering the influence of contextual factors,
to orient the design of school-based active breaks beneficial for cognitive functions.
Specifically, a series of three studies aimed to: Shed light on which cognitive challenge level
in acute PA impacts children’s cognitive performance (study I); investigate which bout duration
of the identified optimal cognitive challenge level is necessary to reap the largest benefits (study
1); and manipulate feedback forms during cognitively challenging bouts of PA to elucidate the
role of the delivery style and related affective states in the PA-cognition relationship (study I1I).

The umbrella paper presents key research concepts related to PA and cognition,
describes previous empirical evidence within theoretical frameworks, discusses the main
findings of the three studies, and offers insights for future research and recommendations for

implementation in school practice.

Definition of terms

Physical activity and exercise

The term “physical activity” (PA) is defined as any bodily movement that involves energy
expenditure through skeletal muscles (Caspersen et al., 1985). Within this broader term,
“exercise” is considered a subset of PA that is planned, structured, and repetitive, with the aim
of maintaining or improving outcomes in different domains, such as physical and cognitive
(Herold et al., 2021). In PA and cognition research, the prevalent use of the term “exercise”
was progressively extended toward the umbrella term “PA” to encompass a broader range of
PA spanning from highly structured to unstructured activities and provide a conceptually more
appropriate descriptor for the existing literature (Pontifex et al., 2019). PA interventions are
chronic when focusing on long-term effects elicited by continuative practice over a prolonged

time (weeks to years). They are acute when focusing on transient effects of a single bout of PA.



Cognitively challenging physical activity

A further distinction can be made between more energetically determined PA, such as aerobic
or strength-enhancing PA, and more information-oriented activities, such as coordinative or
dual-task PA. Energetically determined activities are characterized by high metabolic and low
cognitive demands, while more information-oriented activities combine both high
neuromuscular and cognitive demands (Ldmmle et al., 2010). Besides these aspects, the
described activities generally go along with a certain degree to which movements are
automatized. For example, whilst running on a treadmill can be performed highly automatically
for most healthy children, learning a dance sequence requires a higher level of cognitive control
processes. Moreover, as pointed out by Pesce (2012), the degree of automatization depends not
only on the metabolic or neuromuscular demands of an activity but also on its complexity. Task
complexity is interactively determined by task and task performer characteristics (Campbell,
1988). Thus, the performer’s prior knowledge, experience, developmental stage, and skill level
influence the difficulty of the task and the amount of cognitive control processes involved.
Building upon the definition of cognitive engagement proposed by Tomporowski and
colleagues (2015), cognitively challenging PA is any PA that generates cognitive engagement,
requiring individuals to allocate attentional resources and exhibit substantial cognitive effort to
master the task (e.g., coordinative PA, team-games, PA with dual-task demands). Cognitive
demands can be additional, where resolving a cognitive task is not necessary to successfully
complete the motor-cognitive task (e.g., stationary cycling while citing alternate letters), or
incorporated, where resolving a cognitive task is a prerequisite for successful completion of the

motor-cognitive task (e.g., dancing; Herold et al., 2018).

Cognition, executive functions, and attention networks

The term “cognition” encompasses mental processes involved in acquiring, storing, retrieving,
and processing information (Wessinger & Clapham, 2009). It includes both bottom-up (basic
information processing) and top-down cognitive processes (control of thoughts, emotions, or
behaviors). Among these top-down processes, executive functions (EFs) have gained increasing
research interest. EFs are higher-level functions, associated with frontoparietal brain areas
(especially prefrontal cortex) and the anterior cingulate, that are required for performing and
monitoring goal-oriented, adaptive, and flexible behavior, particularly in complex and changing
environments (Diamond, 2013, 2020; Miyake et al., 2000). As suggested by Miyake and
colleagues (2000), and widely established in cognitive neuroscience research (Diamond, 2013,
2020), EFs can be divided into three core dimensions: Inhibition, working memory and

cognitive flexibility. Inhibition involves avoiding dominant, automatic responses or resisting
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distractor interference. Working memory refers to the ability to hold and manipulate relevant
information in short-term memory. Cognitive flexibility denotes the ability to switch between
mental sets or tasks. While this three-factor structure has been repeatedly demonstrated in
adults, a complete separation is difficult due to the interplay of core EFs in guiding behavior
(Zink et al., 2021). In children, EFs emerge as a unitary process during infancy and gradually
differentiate into multiple factors with increasing age (Brydges et al., 2014; Karr et al., 2018).
As suggested by a recent re-analysis of latent variable studies (Karr et al., 2018), in school-aged
children a three-factor model seems appropriate. Thus, it is recommended to measure core EFs
separately to understand the developmental trajectories of each component (Roebers, 2017).

From an educational perspective, EFs are highly relevant due to their predictive validity
for learning-related behaviors (Neuenschwander et al., 2012) and academic achievement
(Viterbori et al., 2015). Inhibitory aspects of executive functioning play a crucial role in
learning competencies, such as self-regulation (Liew, 2012). Among core EFs, inhibition is a
multifaced component and its sub-dimension of interference control, also known executive
control (Diamond, 2013, 2020), lies at the intersection point between EFs and attention.

Indeed, executive control is also one of three independent yet interacting attention
networks, along with alerting and orienting (Petersen & Posner, 2012). Alerting ensures
sensitivity to incoming stimuli and readiness to react. Orienting enables the selection of
information by disengaging, shifting, and re-engaging attention in the visual space. Converging
evidence confirms this differentiation, with each network involving distinct brain functions:
Executive control has been associated with the activation in the anterior cingulate and lateral
prefrontal cortex, alerting involves thalamic, frontal and parietal regions, orienting engages the
parietal lobe, and frontal eye field (Fan et al., 2009; Petersen & Posner, 2012).

In PA and cognition research, executive control has predominantly been assessed using
a Flanker Task (Eriksen & Eriksen, 1974) which measures pure reaction times (RTs) and
response accuracy of interference effects. However, this task does not capture the interaction
between executive control and other cognitive processes. From an ecological perspective, the
interactive functioning of attention networks seems to better reflect cognitive and emotional
control processes relevant to academic learning (Posner & Rothbart, 2014). These nuances can
be addressed using the attention network paradigm (Petersen & Posner, 2012), which suggests
that attention network systems interact to adapt information processing to environmental
demands (Fan et al., 2009). Specifically, alerting improves the speed of executive control but
negatively affects its accuracy. Valid orienting facilitates executive control and invalid

orienting impairs it.



Theoretical background and empirical evidence

Over the last decade, a growing body of research has examined the link between PA and
cognitive performance (Erickson et al., 2019; Pesce et al., 2021). A recurrent issue was whether,
among cognitive functions, EFs are selectively more sensitive to PA interventions (e.g., Chang
et al., 2012; Ludyga et al., 2020). This issue is particularly relevant for PA interventions with
children and adolescents, due to the predictive validity of EFs for academic achievement
(Diamond, 2013, 2020). PA effects on children’s EFs have been synthesized by meta-analytical
evidence with small to medium effects both in the long- (Alvarez-Bueno et al., 2017; de Greeff
et al., 2018; Leahy et al., 2020; Li et al., 2020; Takacs & Kassai, 2019; Xue et al., 2019) and
short-term (Moreau & Chou, 2019 ; de Greeff et al., 2018; Leahy et al., 2020; Ludyga et al.,
2016; Verburgh et al., 2014). Among EFs sub-domains, chronic PA interventions seem to have
a more general effect (executive control: ES from 0.17 to 0.37; working memory: ES from 0.10
to 0.36; cognitive flexibility: ES from -0.07 to 0.66; Alvarez-Bueno et al., 2017; de Greeff et
al., 2018; Li et al., 2020; Takacs & Kassai, 2019; Xue et al., 2019), whereas acute PA shows
selectively greater effects for executive control (with ES =0.28 and 0.57; de Greeff et al., 2018;
Verburgh et al., 2014). However, the high heterogeneity in effect sizes and the inconclusive
pattern of long- (e.g., Singh et al., 2019) and short-term results (e.g., Hillman et al., 2019) have
raised fundamental questions about the effectiveness of PA in enhancing cognitive functions
(Ciria et al., 2023) and especially EFs (Furley et al., 2023).

Research increasingly considered possible moderators that constrain both long-term and
transient PA effects (Lubans et al., 2022; Pesce et al., 2021). Besides selected cognitive
outcomes (de Greeff et al., 2018; Pontifex et al., 2019) and comparison groups (Pontifex et al.,
2019; Vazou et al.,, 2019), important moderators refer broadly to quantitative task
characteristics (i.e., intensity, time, and frequency [the latter for chronic PA only]), qualitative
task characteristics (i.e, modality such as cognitive complexity of the task; Lubans et al., 2022;
Pesce, 2012), contextual factors (i.e., delivery style, delivery mode, and environment; Pesce et
al., 2021; Vella et al., 2023), and individual characteristics (i.e., biological, developmental,

physical and cognitive factors; Herold et al., 2021; Pesce, 2009; see Figure 1).



Figure 1. An integrated framework of moderators of PA effects on cognition and underlying
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Investigations into quantitative task characteristics tried to characterize dose-response
relationships among different PA parameters and cognition (Erickson et al., 2019; Herold et al.,
2019) and generally referred to neurobiological and physiological mechanisms contributing to
cellular-molecular and structural-functional changes in the brain underlying cognitive
performance (Stillman et al., 2016; Voss et al., 2013). Long-term cognitive benefits have been
associated with the upregulation of neurotrophins (e.g., brain-derived neurotrophic factor;
neurotrophic stimulation hypothesis) and enhanced processes of neuro-, angio- and
synaptogenesis (Erickson et al., 2019; Stillman et al., 2016). It has been suggested that increased
cardiovascular fitness caused by chronic PA mediates the relationship between PA and
cognitive performance (i.e., cardiovascular fitness hypothesis; Hillman et al., 2019), even
though meta-analytic syntheses lacked to confirm it (e.g., Etnier et al., 2006). Conversely,
transient cognitive benefits have been associated with enhanced cerebral blood flow and lactate
in the brain, enhanced levels of neurotrophic factors, release of catecholamine (e.g., dopamine,
noradrenaline), and increased cortisol levels (McMorris, 2016; Piepmeier & Etnier, 2014).
However, even though intriguing evidence suggests that some neurobiological changes
supporting long-term structural brain development may also underlie transient cognitive
benefits, the direct relationship between acute PA-induced brain changes and cognitive

performance is still limited (Pontifex et al., 2019).



This range of neurobiological and physiological changes is thought to lead to altered
states, such as increased arousal and activation, facilitating performance in subsequent
cognitive tasks (i.e., arousal theory; Audiffren et al., 2009). Arousal refers to the readiness to
process sensory and perceptual inputs, while activation is the motor readiness to respond.
Within this theory, an inverted U-shaped function between PA characteristics and cognition has
been hypothesized (Lambourne & Tomporowski, 2010), according to which cognitive
performance is predicted to improve and peak as physiological arousal increases and then
deteriorate as arousal levels approach maximal levels. Related to this issue, it is assumed that
attentional resources are limited (i.e., capacity theory of attention; Kahneman, 1973) and a
combination of arousal, activation, and cognitive effort (i.e., an evaluative component of
arousal and activation) is crucial for energizing separate cognitive processing stages (i.e.,
cognitive-energetic theory, Sanders, 1983). All these hypotheses of underlying mechanisms
have been proposed to explain dose-response relationships among quantitative task
characteristics and cognitive performance. Evidence syntheses over the lifespan resulted in
prescribing session durations of 60 min for long-term effects of chronic interventions of at least
22 weeks (Ludyga et al., 2020) and bouts of 11-20 min at moderate to vigorous intensity for
transient cognitive benefits (Chang et al., 2012; McMorris & Hale, 2012).

However, investigations focusing solely on quantitative task characteristics may not be
sufficient to characterize the complexity of the PA-cognition relationship. An interplay of
neurobiological and psychological mechanisms may better explain PA effects on cognition
(Pesce et al., 2021; Tomporowski & Pesce, 2019). Compelling evidence has shifted the focus
from quantitative to qualitative task characteristics to explore whether PA effects on cognition
may differ as a function of PA modality (i.e., cognitive complexity of the movement task; Pesce,
2012). As indicated by a recent comprehensive meta-regression of chronic PA studies over the
lifespan (Ludyga et al., 2020), one of the most influential moderators of the PA-cognition
relationship is PA modality, with coordinative, cognitively challenging, PA being most
effective for improving cognitive functions compared to aerobic or resistance PA.

According to the cognitive stimulation hypothesis, cognitively challenging PA generates
cognitive engagement. This latter is supposed to lead to better EF performance by pre-activating
both transiently and in the long-term same brain regions that are used to control higher-order
cognitive processes (Best, 2010; Pesce, 2012; Tomporowski et al., 2015), which are needed for
performing subsequent EF tasks (Budde et al., 2008). This mechanism is further supported by
the idea of common neural substrates in both complex cognitive and movement tasks:

Combining cognitive and physical demands may produce synergistic effects due to co-
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activation and inter-connectedness of prefrontal cortex and cerebellum areas (Serrien et al.,
2007). This neural co-activation is likely strongest when the task is novel, complex, and variable
(Moreau & Conway, 2014). Combining the cognitive stimulation and cardiovascular fitness
perspectives, it has also been suggested that cognitive enhancement following chronic PA is
linked, independently from or interactively with the level of PA metabolic demands, to skill
acquisition processes elicited by learning experiences in environments that are inherently rich
in or purposefully enriched with cognitive challenges (i.e., skill acquisition hypothesis;
Tomporowski & Pesce, 2019).

The above mentioned meta-analytical evidence over the lifespan (Ludyga et al., 2020)
aligns with evidence syntheses of developmental studies suggesting that chronic cognitively
challenging PA interventions have positive long-term effects on children’s EFs (e.g., Alvarez-
Bueno et al., 2017; Vazou et al., 2019). Instead, as regards transient effects after a single
cognitively challenging bout of PA, results are inconsistent (Paschen et al., 2019; Schmidt et
al., 2021; see Table 1). A closer examination of these studies reveals that inconsistencies could
be explained by different combinations of quantitative and qualitative PA characteristics that
interact with individual characteristics, as well as contextual factors such as delivery style,
delivery mode and environment. Compared to less cognitively challenging bouts, some studies
revealed positive effects in favor of more challenging conditions (see studies highlighted in
green in Table 1), while others found no differences (see studies highlighted in yellow in Table

1), lower improvement or even detrimental effects (see studies highlighted in red in Table 1).

Table 1. Overview of acute cognitively challenging PA studies on EFs, differing in task
characteristics, contextual factors, and individual characteristics

Authors | Sample | Age Modality Intensity Time | Contextual | Affective | EF Results
size [years [HR M (SD)] | [min] | factors states outcomes
M
(SD)]
Benzing | 65 14.5 Sedentary C: 15 Unused Covariat | Inhibition, | Fluency:
et al., (1.1) | control (C) 82.4 (19.2); classroom es flexibility | ExH >
2016 vs. exergame | ExL: during ExL & C;
with low CE | 152.1 (27.1); school; ExL =C.
(ExL) ExH: virtual; Inhibition,
vs. exergame | 141.5 (23.3) individual shifting: no
with high differences
CE (ExH) .
Buddeet | 115 15.0 | Normal NSL: 10 PE during - Inhibition | COR >
al., 2008 (1.2) | sportlesson | 122.0 (27.1); school; face- NSL
(NSL) COR: to-face;
VS. 122.3 (21.9) group
coordinative
PA (COR)




Flynn & | 147 9.1 Non-playing | C: 20 n.a.; virtual; | - Inhibition, | Inhibition,
Richert, (1.5) | control (C) 49.9 (40.6); individual flexibility | shifting:
2018 Vvs. aerobic AER: ExH &
PA with low | 140.7 (53.3); VID >
CE (AER) VID: AER & C
vs. sedentary | 49.5 (53.0);
video game | ExH:
(VID) vs. 116.3 (72.9)
exergame
with high
CE (ExH)
Jager et 104 7.9 Sedentary C: 20 PE during Covariat | Inhibition, | Inhibition:
al., 2014 (0.4) | control (C) 89.7 (9.3); school; face- | es flexibility, | PG> C.
vs. Physical | PG: to-face; team working Updating,
games with 156.8 (14.1) games memory shifting: no
high CE differences
(PG) .
Schmidt | 92 11.8 Sedentary C: 10 Own Mediatin | Inhibition | COMB &
etal., (0.4) | control (C) 87.9 (9.8); classroom g COG >
2016 vs. aerobic AER: during variables AER & C
PA with low | 144.6 (35.4); school; face-
CE (AER) COG: to-face;
vs. sedentary | 102.9 (21.1); group
with high COMB:
CE (COG) 154.1(25.7)
Vvs. aerobic
PA with
high CE
(COMB)
Bedard et | 48 7.0 Sedentary C: 20 Unused Covariat | Inhibition, | COMBO =
al., 2021 (1.4) | control (C) 88.4 (9.8); classroom es flexibility | AER=C
vs. aerobic AER: after school,
PA with low | 164.7 (22.1); face-to-face;
CE (AER) COMB: pairs
vs. aerobic 159.9(11.0)
PA with
high CE
(COMB)
Best, 33 8.1 Sedentary C: 20 Unused Covariat | Inhibition | ExH=
2012 (1.3) | video 93.1 (2.5); classroom es ExL;
watching (C) | VID: after school; ExH &
vs. sedentary | 94.2 (2.2); virtual; ExL > VID
video game | ExL: individual & C
(VID) 154.8 (3.8);
vs. exergame | ExH:
with low CE | 157.9 (2.9)
(ExL)
vs. exergame
with high
CE (ExH)
Bulten et | 38 11.9 Sedentary C: 20 Unused Mediatin | Inhibition, | COMBO =
al., 2022 (0.5) | control (C) 94.0 (8.0); classroom g flexibility, | AER=C
vs. aerobic AER: after school; | variables | working
PA with low | 150.0 (5.0); face-to-face; memory
CE (AER) COMB: pairs
vs. aerobic 147.0 (6.0)
PA with
high CE
(COMB)




Jager et 219 11.4 Control (C) | C: 20 PE during Covariat | Inhibition, | PG = AER
al., 2015 (0.5) | vs. cognitive | 81.9 (10.1); school; face- | es flexibility, | = COG =

games COG: to-face; team working C

(COG) 94.5 (8.7); games memory

vs. aerobic AER:

PA (AER) 150.8 (15.1);

vs. physical | PG:

games with 147.8 (17.6)

high CE

(PG)
Vanden | 194 11.8 Aerobic PA | AER: 12 Own Covariat | Inhibition | COR =
Berg et (0.7) | (AER) 127.0 (12.6); classroom es STR =
al., 2016 vs. strength STR: during AER
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that found no differences among PA conditions with different cognitive challenge levels. Red
color: Studies that found detrimental effects or lower improvement after cognitively more
challenging PA conditions.

A univocal synthesis is further limited by differences in employed bout durations. In the
duration range most frequently used (10-20 min), acute cognitively challenging bouts at
moderate to vigorous intensity resulted in facilitation (Benzing et al., 2016; Budde et al., 2008;
Flynn & Richert, 2018; Jager et al., 2014; Schmidt et al., 2016), no effects (Bedard et al., 2021;
Bulten et al., 2022; Best, 2012; Jéger et al., 2015; van den Berg et al., 2016) or even detrimental
effects on EFs (Egger et al., 2018). Conversely, longer PA durations (40 and 50 min) elicited
both in children and adolescents either no effects (Wen et al., 2021) or lower improvements
after cognitively more challenging PA conditions (Gallotta et al., 2012; 2015).

Inconsistences also arise when examining acute cognitively challenging PA studies with
similar PA modalities (exergames) and durations (15-20 min; Benzing et al., 2016; Best, 2012;
Flynn & Richert, 2018). These inconsistencies could be attributed to differences in the selected
sample and the content of control conditions used to manipulate the cognitive challenge level.
While Best (2012) and Flynn & Richert (2018) considered younger samples and compared
exergaming conditions to completely different PA modalities, Benzing and colleagues (2016)
focused on adolescent males and compared various exergames with differing cognitive
challenge levels. Consequently, it is likely that experimental conditions not only differed in
cognitive challenge but also in physical task demands, not allowing to disentangle individual
and combined effects of physical and cognitive challenges on EFs. Additionally, the three
studies did not adapt the dosage of cognitive challenge to the responsiveness of participants
with different individual characteristics.

Analogously to what has been proposed for the individualization of quantitative task
characteristics (Herold et al., 2021), it may be crucial to also individualize the cognitive
demands of PA to the individual performance that varies as a function of a broad range of
individual biological, developmental, physical, and cognitive characteristics (Herold et al.,
2021; Ishihara et al., 2021; Lubans et al., 2022; Pesce, 2009). Notably, the potential moderating
role of individual characteristics is rarely considered in acute cognitively challenging PA
studies (Schmidt et al., 2021) with diverging preliminary evidence (e.g., Hwang et al., 2021;
Jager et al., 2015). It is still debated, for example, if individuals with poorer baseline
performance (cognitive, physical) benefit the most due to greater room for improvement

(Drollette et al., 2014; Hwang et al., 2021; Ishihara et al., 2021) or if cognitively challenging
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bouts of PA are more beneficial for those who are cognitively and physically better equipped
to capitalize on it (Herold et al., 2021; Jager et al., 2015).

Lastly, the inconsistent pattern of results of acute cognitively challenging PA studies
might be further explained by differences in contextual factors (see Table 1). These factors refer
to PA external and situational conditions, including the delivery style (i.e., the instructional
style), the delivery mode (i.e., the way it is delivered, such as face-to-face or virtual reality),
and the social and physical environment (i.e., where and with whom the exercise is performed,
Pesce et al., 2021, Vella et al., 2023). As suggested for chronic PA effects, more consistent and
stronger positive evidence for cognitive improvements emerges for delivery styles in which
educators generate engagement and positive affective states (Diamond & Ling, 2016; Pesce et
al., 2021). To effectively enhance positive affective states, various delivery styles have been
proposed, ranging from evidence-based styles such as music (Terry et al., 2020) to theory-
driven styles such as positive feedback that fulfills basic psychological needs (Fransen et al.,
2018). In particular, the macro theory of positive functioning, which combines elements of self-
determination (Ryan & Deci, 2000) and broaden and build theories (Fredrickson, 2004),
suggests that higher levels of basic need satisfaction lead to increased positive affect. This, in
turn, promotes cognitive functions by broadening perspectives and fostering engagement
(Stanley & Schutte, 2023). In acute PA-cognition research, specifically, it has been
hypothesized that the increase in affective states during PA may transiently benefit subsequent
cognitive performance by compensating the depletion of limited self-regulation resources
consumed by the PA task itself (i.e., overcompensation hypothesis of the self-control model,
Audiffren & Andr¢, 2015; Baumeister et al., 2007; Tice et al., 2007). However, this issue is still
debated (e.g., Carter & McCullough, 2014).

To date, the influence of the affect-eliciting properties of different delivery styles in the
relationship between acute cognitively challenging bouts of PA and children’s EFs remains
largely unexplored. No studies manipulated this contextual factor, and only two studies
considered the mediational role of affective states, yielding inconsistent results (Bulten et al.,
2022; Schmidet et al., 2016). Most studies either did not measure affective states at all or merely
controlled for them as potential covariates (see Table 1). Inconsistent evidence might also be
explained by differences in employed environments ranging from individual to group or team,
and delivery modes spanning from face-to-face to virtual reality (see Table 1). This assumption
is based on evidence suggesting that environmental settings and delivery modes might act as

facilitators or constraints of PA effects (Pesce et al., 2021) and trigger differential underlying



mechanisms such as for example immersion and presence for virtual reality contexts of PA
(Sweetser & Wyeth, 2005).

Taken together, transient EFs benefits are largely influenced by the interaction of
different qualitative and quantitative PA task characteristics, contextual factors, and individual
characteristics (see Figure 1). Task characteristics may be qualitative as cognitive complexity
(or challenge) and quantitative as duration (Lubans et al., 2022; Pesce, 2012). Contextual
factors range from the delivery style to the delivery mode and features of the environment in
which the PA takes place (Pesce et al., 2021; Vella et al., 2023). Individual characteristics that
influence children’s responsiveness to PA encompass a broad range of biological,
developmental, physical, and cognitive factors (Herold et al., 2021; Ishihara et al., 2021; Lubans
et al., 2022; Pesce, 2009).

To address this research gap, it is crucial to systematically investigate dose-response
relationships within the frame of qualitative and quantitative PA characteristics, while also
considering contextual factors and related affective states, and finely tuning task demands to
the individual performance. From an education perspective, these insights have the potential to

inform the design of active breaks beneficial for children’s cognitive functions.

The research project

The studies included in this dissertation are part of the research project “School-based physical
activity and children’s cognitive functioning: The quest for theory-driven interventions”,
founded by the Swiss National Science Foundation (Eccellenza Grant: 181074). The
overarching aim of the project was to (a) investigate the effects of designed bouts of PA on
children’s cognition, and (b) transfer the insights into chronic PA interventions for the school
setting. Within the overall aim (a), the included within-subject crossover studies with post-test
comparisons focused on different PA characteristics: Cognitive challenge level (study I), bout
duration (study II), and feedback form (study III).

In all studies, we used a specifically developed exergame (Martin-Niedecken et al., 2020)
as an intervention in the school setting. Exergaming, also known as active video gaming, is an
enjoyable form of PA that combines physical and cognitive challenges and integrates visual
and auditory immediate feedback systems in a virtual reality scenario (Benzing & Schmidt,
2018; Davis et al., 2022). It seems a promising tool to effectively manipulate and individualize
both physical and cognitive challenges of the bout and induce affective states in a highly

controlled and yet ecologically valid fashion (Benzing & Schmidt, 2018).
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Exergame sessions were performed individually. Children completed different movements
while being immersed in an underwater race-game scenario with different colored gates. Each
gate provided information regarding specific movements and cognitive tasks. Jumps, squats,
skipping, and deep lunges (50% of total movements) were used to maintain HR constant at
approximately 65% HRmax, monitored through HR sensors. To manipulate the cognitive
challenge, punches and catching sideway points (50% of total movements) were designed to
mirror attentional allocation processes involved in the attention network paradigm (Fan et al.,
2009), including anticipatory cues that alerted and oriented attention and targets that required
interference control. The level of cognitive challenge was manipulated through an ascending
number of distracting stimuli and misleading cues. Exergaming task examples can be found

here: https://vimeo.com/759054046.

Study I — Cognitive challenge level
Study I, “Acute exercise and children’s cognitive functioning: What is the optimal dose of
cognitive challenge?” (Anzeneder et al., 2023a), aimed to: (1) Shed light on which cognitive
challenge level in acute exergame-based PA benefits children’s executive control the most; (2)
extend the focus beyond the most studied executive control to include alerting and orienting
network performances and interactions; and (3) explore whether individual characteristics
moderate cognitive challenge effects.

The rationale for this study was twofold. First, previous acute cognitively challenging
PA studies with children and adolescents investigated cognitive challenge effects but
quantitative PA characteristics covaried with experimental conditions (Benzing et al., 2016;
Best, 2012; Flynn & Richert, 2018). Second, none of these studies individualized the cognitive
demands through adaptation to the ongoing individual performance. According to the cognitive
stimulation hypothesis (Best, 2010; Pesce, 2012; Tomporowski et al., 2015), we hypothesized
that a higher cognitive challenge level would elicit larger executive control gains. Concerning
the second and third aim, no a-priori hypothesis was formulated due to limited evidence base.

A total of 103 children (Mage = 11.1, SD = 0.9, 48% female) participated weekly in one
of three 15-min exergame conditions, followed by an Attention Network test (Fan et al., 2009).
Exergame sessions were designed to have different cognitive challenge levels (low, mid, high
in a counterbalanced order), continuously adapted to the ongoing individual performance.
During exergame sessions, perceived cognitive engagement and physical exertion, objective
HR, valence, arousal, and stress were assessed.

Results showed that the high-challenging condition was perceived as more cognitively

and physically demanding, less pleasant and arousing, and more stressful compared to the other


https://vimeo.com/759054046

two conditions that, in turn, did not differ from each other. Objective HR confirmed the intended
similarity of physical demands among conditions. As concerns cognitive outcomes, the
cognitively high-challenging bout benefitted children’s executive control the most with faster
RTs and no speed-accuracy trade-off. The efficiency of alerting and orienting networks was
unaffected by the cognitive challenge level. Among individual characteristics, biological sex
moderated cognitive challenge effects. In males only, the benefit of executive control seemed
to be due to an interaction of executive control and orienting. Specifically, males exhibited an
increased ability to maintain executive control efficiency also when spatial attentional resources
could not be allocated in advance to support conflict resolution.

Consistent with our hypothesis, the beneficial effects of a high cognitive challenge level
on executive control support the assumptions of the cognitive stimulation hypothesis (Best,
2010; Pesce, 2012; Tomporowski et al., 2015). Results align with those of previous acute
cognitively challenging PA studies (Benzing et al., 2016; Budde et al., 2008; Flynn & Richert,
2018; Jager et al., 2014; Schmidt et al., 2016) and neuroimaging studies suggesting larger
cognitive-challenge dependent changes in cortical activity (Becker et al., 2023). The main effect
on executive control and the moderating role of individual characteristics, along with the
absence of effects for alerting and orienting, as well as the results of manipulation checks are
addressed in the general discussion with a comparative lens across the three studies.

Study I has extended existing evidence by manipulating the cognitive challenge level in
acute bouts of PA in an individualized manner. Results underline the relevance of the cognitive
challenge “dose” in acute PA to increase children’s EFs and inform the choice of the optimal

cognitive challenge level for study I1.

Study Il — Bout duration
Study 11, “Dose-response relation between the duration of a cognitively challenging bout of
physical exercise and children’s cognition” (Anzeneder et al., 2023b), aimed to: (1) Investigate
which bout duration of the identified optimal cognitive challenge level benefits children’s
executive control most; (2) extend the focus to alerting and orienting network performances
and interactions; and (3) explore whether individual characteristics moderate duration effects.
The rationale for this study was threefold. First, although a curvilinear relationship
between duration and children’s EFs has been hypothesized (Schmidt et al., 2021), none of the
previous acute cognitively challenging PA studies with children manipulated bout duration.
Second, in previous PA studies without cognitive challenge, dose-response relationships have
been mostly investigated by manipulating PA intensity and less frequently duration (Lubans et

al., 2022). Third, the few studies with children that have manipulated the duration of an acute
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bout are hardly comparable due to differences in PA intensity and modality (Graham et al.,
2021; Hatch etal.,2021; Howie et al., 2015; van den Berg et al., 2018). According to the arousal
theory (Audiffren et al., 2009; Lambourne & Tomporowski, 2010), we hypothesized an
inverted U-shaped function between bout duration and children’s executive control, with
intermediate durations eliciting larger gains compared to shorter and longer durations.
Concerning the second and third aim, no a-priori hypothesis was formulated due to limited
evidence base.

A total of 104 children (Mage = 11.5, SD = 0.8, 51% female) participated weekly in one
of four exergame conditions, followed by an Attention Network test (Fan et al., 2009).
Exergame sessions were designed to have a high cognitive challenge level (individually adapted
within a fixed range) but differing bout durations (5 [C5], 10 [C10], 15 [C15], 20 min [C20] in
a counterbalanced order). During exergame sessions, perceived cognitive engagement and
physical exertion, objective HR, valence, arousal, and stress were assessed.

Results showed that C5 was perceived as less cognitively and physically demanding
than C15 and C20, whereas the shortest (C5 vs. C10) and longest conditions (C15 vs. C20)
were perceived as equally demanding. Objective HR confirmed the intended similarity of
physical demands among conditions. No differences among conditions emerged for valence
and arousal. Only C20 was perceived as more stressful than C5. As concerns cognitive
outcomes, C15 benefitted children’s overall information processing speed the most with faster
overall RTs and no speed-accuracy trade-off. The efficiency of executive control, alerting, and
orienting was unaffected by bout duration. Among individual characteristics, habitual PA level
moderated the duration effect on the interactive functioning of executive control and orienting.
Specifically, more active children seemed better able to capitalize on an optimal (15 min) acute
PA duration for maintaining executive control efficiency also under disadvantageous spatial
attention conditions.

An intermediate duration (15 min) benefitted children’s information processing speed
the most, in line with assumptions of cognitive-energetic theories (Audiffren & André, 2015;
Baumeister et al., 2007; Sanders, 1983), but did not affect executive control as hypothesized.
Selective duration effects on lower-order processes are consistent with evidence of aerobic PA
studies with adolescents (Hatch et al., 2021) and adults (Chang, Chu, et al., 2015). However, a
thorough comparison is hindered by differences in task characteristics, contextual factors, and
individual characteristics. The main effect found on information processing speed but not on

any attention network, the moderating role of individual characteristics, as well as the results



of manipulation checks are addressed in the general discussion with a comparative lens across
the three studies.

Study Il has extended existing evidence by manipulating the duration of acute
cognitively challenging bouts of PA. Results support a dose-response relationship between PA
duration and children’s information processing speed and inform the choice of the optimal

duration for study I11.

Study Il — Feedback form

Study 111, “Acute cognitively challenging exercise as “cognitive booster” for children: Positive
feedback matters!” (Anzeneder et al., 2024), aimed to: (1) Investigate the effect of different
feedback forms (no feedback [NO-FB], standard acoustic environment [ST-FB], standard
acoustic environment combined with positive feedback [PO-FB]) during an acute, 15 min,
cognitively high-challenging exergaming bout on children’s executive control, as well as
alerting and orienting performances and interactions; (2) test whether affective states (valence
and arousal) also differ between feedback forms; and (3) examine whether affective valence
and arousal mediate the effect of feedback on cognitive performance. The rationale for this
study was twofold. First, although the relevance of the delivery style has been confirmed in
chronic PA studies (Diamond & Ling, 2016; Pesce et al., 2021), this issue remains largely
unexplored in acute cognitively challenging PA studies. Second, only two acute studies
considered the mediational role of affective states, yielding inconsistent results (Bulten et al.,
2022; Schmidt et al., 2016). Based on piecemeal evidence of enhanced positive affective states
after positive feedback (Fransen et al., 2018) and exposure to music (Terry et al., 2020), we
hypothesized that feedback conditions would differentially impact affective states (PO-FB >
ST-FB > NO-FB). Based on the overcompensation hypothesis of the self-control model
(Audiffren & André, 2015), according to which cognitive resources are less depleted in
presence of positive affective states, we hypothesized that feedback forms would differentially
impact cognitive performance, mediated by affective states (PO-FB > ST-FB > NO-FB).

A total of 100 children (Mage = 11.0, SD = 0.8, 49% female) participated weekly in one
of three exergame conditions lasting 15 min, followed by an Attention Network test (Fan et al.,
2009). Exergame sessions were designed to have a high cognitive challenge level (individually
adapted within a fixed range) but differing feedback forms (NO-FB, ST-FB, PO-FB in a
counterbalanced order). During NO-FB, children played the exergame without any auditory
signal and received visual feedback within the exergame regarding the correctness and accuracy
of their movements and the progression of the difficulty levels. During ST-FB, visual feedback

was accompanied by motivating music that increased in tempo with the difficulty level, along
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with sound effects integrated into the standard version of the exergame. During PO-FB, children
played the exergame in the standard acoustic environment, and researchers provided positive
standardized verbal feedback (15 feedback every 5 min). During exergame sessions, valence,
arousal, objective HR, perceived cognitive engagement and physical exertion, and flow were
assessed.

Results showed that PO-FB was perceived as more pleasant compared to the other two
conditions, while ST-FB and NO-FB did not differ from each other. In PO-FB, flow experience
was also significantly higher compared to the other two conditions. All conditions were
perceived as equally cognitively and physically demanding. Objective HR confirmed the
intended similarity of physical demands among conditions. As concerns cognitive outcomes,
PO-FB benefitted children’s executive control most, with faster RTs and no speed-accuracy
trade-off. The efficiency of alerting and orienting networks was unaffected by feedback form.
Individual characteristics did not moderate feedback effects. The increment in affective valence
elicited by PO-FB was associated with subsequent executive control performance; however,
affective states did not mediate feedback effects on executive control.

Consistent with our hypothesis, positive feedback enhanced children’s affective states
the most and benefitted executive control more than other feedback forms. Results are in line
with “capacity boosting” emotional-energetic mechanisms proposed for chronic PA effects
(Pesce et al., 2021) and support the assumptions of the overcompensation hypothesis of the self-
control model (Audiffren & André, 2015). The absence of mediational effects is in contrast
with previous studies (Schmidt et al., 2016) and suggests the presence of further possible
underlying mechanisms such as feedback-elicited increments in perceived competence
(Fransen et al., 2018). The main effect found on executive control but not on any attention
network, the absence of moderating effects of individual characteristics, the role of positive
affective states, as well as the results of manipulation checks are addressed in the general
discussion with a comparative lens across the three studies.

Study III has shown that positive feedback during an acute cognitively challenging PA
creates favorable conditions for the promotion of children’s affective states and executive
control performance. Results highlight the importance of considering the interplay of task

characteristics and contextual factors.

Discussion

The overarching aim of the research project was to identify task characteristics and contextual

factors of acute bouts of PA for informing the design of school-based PA breaks beneficial for



children’s cognition. Given the inconclusive pattern of results of acute cognitively challenging
PA studies with children, an integrative framework that encompasses complementary effects of
task characteristics, contextual factors, and individual characteristics was adopted (Figure 1).
Task characteristics and contextual factors were manipulated systematically, while also
controlling for individual differences in responsiveness to the bout of PA. Results provided
evidence of dose-response relationships of both qualitative and quantitative PA task
characteristics with cognitive outcomes, further modulated by contextual factors and individual
differences, suggesting a nuanced pattern of moderators that complexify and differentiate the

acute PA-cognition relationship.

Physical activity task: Qualitative and quantitative characteristics

As concerns qualitative characteristics, study I showed that the cognitive challenge level
matters. Children exhibited largest benefits in executive control after playing the exergame with
the highest cognitive challenge level. This result supports the cognitive stimulation hypothesis,
assuming that cognitive demands inherent in movement actions that are novel and performed
under variable situational conditions, rather than being fully automatized and repetitively
performed in a constant environment, may foster EFs both transiently and in the long-term
(Best, 2010; Pesce, 2012; Tomporowski et al., 2015). Interestingly, recent neuroimaging
evidence suggested that beneficial effects on EFs of complex motor tasks with high cognitive
demands are paralleled by more efficient cortical processes, as reflected, for example, in
enhanced power of theta frequency in the prefrontal cluster (Becker et al., 2023). Our study
represents a step forward compared to the only study that manipulated the cognitive demands
within the same (exergaming) modality (Benzing et al., 2016). While extending to children
Benzing and colleagues’ (2016) findings that a cognitively high-challenging condition
benefitted adolescents’ EFs most, our study allowed overcoming the limitation of a fixed
external load by adjusting the cognitive demands individually to ensure a more homogeneous
level of internal load.

As regards quantitative characteristics, study Il did not support the hypothesis of
differential effects of bout duration on executive control. Instead, it showed that the duration of
a cognitively high-challenging bout benefitted only lower-order cognitive processes, with faster
information processing speed after a 15 min bout. Results likely reflect altered psychological
states, such as increased arousal and activation, which facilitate performance in subsequent
cognitive tasks (i.e., arousal theory; Audiffren et al., 2009). Concerning intensity, in all studies
the exergame was performed at approximately 65% HRmax. The intensity was chosen according

to meta-analytic evidence showing more consistent beneficial effects of moderate to vigorous
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intensities (Chang et al., 2012; Ludyga et al., 2016; McMorris & Hale, 2012; Moreau & Chou,
2019; Pontifex et al., 2019). Within this range, a moderate intensity was used to prevent
overload due to possible additive effects of physical exertion and cognitive engagement.
Indeed, cognitive-energetic models (Baumeister et al., 2007; Sanders, 1983), applied to the
relationship between acute PA and following cognitive performance (Audiffren & André,
2015), predict negative effects when a too intense or too long PA induces a sub-optimal state
that depletes effort. Moreover, it has been argued that in dual-task paradigms, moderate
intensities combined with cognitive load effectively increase prefrontal cortex activity that, in

turn, is related to EF performance (Kimura et al., 2022).

Physical activity context: Delivery style and environmental features

Extending the focus to contextual factors, study Il showed that a delivery style combining
music with positive feedback during a 15 min, cognitively high-challenging acute bout created
favorable conditions for the joint promotion of children’s executive control performance and
affective states. Moreover, the extent to which positive feedback increased affective valence
was associated with executive control performance. These findings support the assumptions of
the overcompensation hypothesis of the self-control model (Audiffren & André, 2015). As
hypothesized, the combination of motivating music and positive feedback may have generated
optimal affective states, which overcompensated the depletion of self-control strength due to
physical effort. Indeed, the strength model of self-control (Baumeister et al., 2007; Tice et al.,
2007) considers positive affective states as crucial to enhance self-control and effort that in turn
improve EFs (Audiffren & André, 2015). However, even if associated with executive control,
affective states did not mediate feedback effects. The absence of a mediation of valence and
arousal adds evidence to previous acute cognitively challenging PA studies testing a potential
mediation of affective states, but leading to inconsistent conclusions (Bulten et al., 2022;
Schmidt et al., 2016). Schmidt et al. (2016) found evidence for mediation, whereas Bulten et
al. (2022) did not, suggesting that the absence of mediation might be due to a ceiling effect in
affective responses to the experimental manipulation. Our study, instead, did not exhibit this
limitation, since manipulation check variables, along with affective states and the executive
control performance of interest, seemed to be differentially sensitive to the positive feedback
condition compared to the other feedback forms. Nevertheless, our results cannot support the
notion that affective states are psychological mechanisms underlying the transient effect of a
cognitively challenging bout of exercise on children’s executive control. Speculatively, the
provision of positive feedback, encouragement, and optimal challenges combined with the

creation of a structured environment might not only have elicited positive affective states but



also enhanced perceived competence that, in turn, might have mediated feedback effects on
executive control (Fransen et al., 2018; Hohnemann et al., 2022; Peifer et al., 2020).

As concerns the delivery mode of exergaming, in all three studies children perceived all
experimental conditions as highly enjoyable and arousing. This confirms that exergame-based
interventions offer engaging and pleasant forms of PA (Lee et al., 2017). Indeed, it has been
suggested that enjoyment is directly linked to the extent to which exergames integrate
multimodal feedback, physical and cognitive challenges, and rewards (Lyons, 2015) and, thus,
elicit an optimal flow experience (i.e., a positive experience of being fully absorbed in an
optimally challenging task; Csikszentmihalyi, 1990). In study III, affective measures were
complemented by the assessment of flow. As expected, children reached the highest flow state
in the feedback form combining music with positive feedback. Indeed, it seems that positive
feedback enhances the likelihood of flow because it reinforces individuals’ feeling of
confidence in task completion (Peifer et al., 2020). Instead, the standard acoustic environment
was perceived as equally flow—eliciting as the no feedback condition. These effects may be
attributed to the unique exergaming environment, rich in visual animation and immersive
elements (Martin—Niedecken et al., 2020). This environment has been shown to induce positive
affective responses by shifting attention from interoceptive to visual-acoustic exteroceptive
stimuli (Jones & Ekkekakis, 2019). The immersion may have captured children's attention to a
point that adding music and sound effects as in the standard acoustic environment condition

was not effective in further enhancing the experience of flow (Cummings & Bailenson, 2016).

Individual characteristics: Biological sex and habitual physical activity

As concerns individual characteristics that might moderate PA effects (Herold et al., 2021;
Pesce, 2009), among biological, developmental, physical, and cognitive factors tested, only
biological sex and habitual PA moderated cognitive challenge and duration effects on the
interactive functioning of executive control and orienting (study I & 1I, respectively). Instead,
feedback effects were generalizable with respect to the considered individual characteristics
(study III). Sex differences moderated the effect of cognitive challenge on the interactive
functioning of executive control and orienting networks (study I). Intriguingly, when engaging
in exergaming with the highest cognitive challenge, males were not only most efficient in
executive control but maintained this efficiency also when spatial attention could not be
allocated in advance. In other words, they were able to buffer the negative effects of lacking
spatial valid information. Results are consistent with an adult study without PA (Li et al., 2021)
showing different hemispheric lateralization of attentional networks, with males being less

influenced by cue validity.
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Beyond biological interindividual differences as sex, the only further individual
characteristic that influenced the acute PA-cognition relationship was behavioral and physical
in nature. In study II, habitual PA level moderated the effect of bout duration on the interactive
functioning of executive control with spatial disengaging. Interestingly, children with higher
habitual PA levels were seemingly better able to exploit the optimally arousing effect of a 15
min bout for maintaining executive control efficiency, also under disadvantageous spatial
attention conditions. In other words, they were able to buffer the negative effects of misleading
spatial information that did not affect their executive control efficiency. Results are in line with
previous acute cognitively challenging PA studies showing beneficial effects on EFs only in

children who are physically better equipped to capitalize on it (Jager et al., 2015).

Task individualization and effectiveness of experimental manipulation

In all studies, physical and cognitive task demands were continuously adapted to children’s
ongoing individual performance, ensuring that the task was not under- or overloading (optimal
challenge point paradigm; Guadagnoli & Lee, 2004). Indeed, considering that overall
stimulation is determined by the interaction of physical and cognitive task demands, contextual
factors, and individual resources and abilities (DiDomenico & Nussbaum, 2008), it is crucial
to finely tune the overall stimulation of the bout by tailoring and individualizing both
quantitative and qualitative PA task demands to match with individual abilities and skills. From
a cognitive perspective, this ensures that the mental load matches individual available resources
allocated to perform the task (Paas et al., 2003), resulting in greater enjoyment (Abuhamdeh &
Csikszentmihalyi, 2012). Several manipulation check variables were collected. Interestingly, in
all studies, children did not discriminate cognitive engagement from physical exertion.
Developmental studies have shown that children as young as 8 years can successfully complete
tasks that involve introspection (Roebers et al., 2009). Nevertheless, the current findings rather
align with evidence syntheses of neurophysiological studies, which suggest that multimodal
loads might converge into a more undifferentiated perception of overall load (e.g., Charles &
Nixon, 2019). One possible explanation for the limited differentiation in load perception
between cognitive and physical domains is that cognitive engagement and physical exertion

rely on similar cortical brain areas (Lopez-Gamundi et al., 2021; Westbrook et al., 2019).

Cognitive outcomes not impacted by experimental manipulation
In all studies, alerting and orienting performances were not differentially affected by any
experimental condition. The manipulation of PA duration seems not to influence any attention

network, while the manipulation of cognitive challenge and feedback influenced only executive



control. Speculatively, the fact that only executive control but no other attention networks were
sensible to cognitive challenge and feedback might be interpreted according to evidence
suggesting selectively larger effects in performance for tasks requiring greater executive control
(Lubans et al., 2022). The absence of effects on alerting and orienting performances is in line
with available evidence that neither an acute demanding and varied spinning task (Chang,
Pesce, et al., 2015) nor routine aerobic PA (van den Berg et al., 2018) seems to influence these
networks and might depend on ANT-R indices reliability: The higher within—subject variance
found for alerting and orienting compared to executive control indices suggests that in the
context of within—subjects designs, the first probably have lower statistical power than the latter
(MacLeod et al., 2010).

Lastly, effects on executive control (study I & I1I) and information processing (study II)
were limited to RTs, while accuracy of performance indices was unaffected by experimental
manipulation. The fact that accuracy was not sensitive to PA task- and context-related factors
also emerges from evidence syntheses (e.g., Paschen et al., 2019) and previous acute cognitively
challenging PA studies with children that showed intervention effects on RTs only (Best, 2012;
Flynn & Richert, 2018; Gallotta et al., 2012; Jager et al., 2014; Schmidt et al., 2016). It has
been claimed that selective effects might be due to different task parameters, such as long
stimulus duration and inter-stimulus intervals, which may bias results in favor of RTs (Pontifex
et al., 2019). Furthermore, instructions with reaction speed prioritization may lead participants
to trade accuracy for speed (Themanson et al., 2008). However, both interpretations are less
likely to apply to our studies in which inter-stimulus intervals validated for children were used

and standardized test instructions were closely followed.
Limitations

The research project has limitations that should be noted. Considering the overall aim to identify
optimal PA task characteristics (study [ & II) or contextual factors (study I1I), we did not include
a sedentary control group. This hindered disentangling physical exertion, and PA task- and
context-related effects. Moreover, due to time constraints imposed by schools, we did not
include a pre-test assessment for cognitive functions. Future studies should include a sedentary
control group and utilize a within-subject crossover pre- and post-test design. In this design, all
participants engage in PA and sedentary control conditions in a counterbalanced order and
individual differences and learning effects can be controlled (Pontifex et al., 2019).

Second, according to the cognitive stimulation hypothesis, PA demands were

specifically designed to mirror the ANT paradigm and, thus, might have primed attention

23



effects (Moriarty et al., 2019). Previous evidence suggests that several distinct neural
mechanisms are involved in attention priming and that priming occurs at multiple stages of
perceptual processing (Kristjansson & Asgeirsson, 2019). These underlying mechanisms
resemble those of the cognitive stimulation hypothesis (Best, 2010; Pesce, 2012; Tomporowski
et al., 2015). However, there are notable differences between the computerized, seated ANT
task and the whole-body engagement in the exergame, which requires gross-motor control
(Koziol et al., 2014). Additionally, priming effects are typically of shorter duration (Kruijne &
Meeter, 2015), making it less likely to interpret our results solely in terms of overall priming
effects. However, it remains unclear if, besides near transfer effects of the motor and cognitive
demands of the exergaming on ANT performances, far transfer effects on other EFs can also be
elicited (Smid et al., 2020). Future studies should investigate PA effects on a variety of more
and less distant cognitive measures and complement these by multiple levels of analysis, such
as neuroimaging, to understand the neurobiological mechanisms that drive the changes in
behavioral performance.

Third, we used the Borg rating scale of perceived exertion and its adapted version for
cognitive engagement to assess children’s perceived load. In study I, exergaming demands were
manipulated to generate three cognitive challenge levels with comparable physical intensity.
However, children perceived the low and mid conditions as equally demanding, and the high
challenge condition as more cognitively and physically demanding. Future studies should
determine the threshold needed by children to discriminate different challenge levels; validate
existing subjective cognitive engagement measures (e.g., NASA Task Load Index); and
complement them with objective assessments such as brain activity or HR variability
(Brockhoff et al., 2022).

Fourth, in all studies the sample size was powered for the main analyses on the primary
outcome (i.e., executive control); the additional exploratory analyses considering background
characteristics as covariates may have been underpowered to detect their influence and ensure
generalizability to children differing in those characteristics. Future studies should address this
issue by selecting an appropriate sample size for these types of analyses.

Fifth, in all studies the exergaming was played individually, thus not allowing to
capitalize on the beneficial effects elicited by social interaction (i.e., less psychological stress,
higher well-being, enhanced immersion of players; Lee et al., 2017). However, the individual
play was chosen for the present project to prioritize the manipulation and ongoing

individualization of physical and cognitive challenges. Further studies should explore different



social interaction modes (cooperative vs. competitive) in exergaming, also considering

individual characteristics such as age, preferences, and motivation (Pesce et al., 2021).
Conclusion, prospects, and recommendations

The integrated framework (Figure 1) and systematic investigation adopted in the current
research project provide useful information on what works (i.e., qualitative PA modality and
quantitative dose), for whom (i.e., individual differences), under which circumstances (i.e.,
contextual factors) and why (i.e., underlying mechanisms). A single cognitively high-
challenging bout of PA, with challenges adapted to the ongoing individual performance, lasting
15 min, and combining music with positive feedback seems to optimally foster children’s
cognitive functions. These features that have collectively emerged from the present research
project as optimal to reap largest effects from a single bout of PA largely overlap, in general
terms, with the recommendations provided regarding chronic PA. Indeed, Diamond and Ling
(2020, p. 501) highlighted the following key characteristics to design interventions that
favorably impact EFs in the long-term: “practice conditions that continuously challenge EF
processes; learning tasks that elicit commitment and emotional investment; delivery styles that
include supportive instructors; and performance that leads to feelings of competence and self-
confidence”. In sum, the findings of this research project extend evidence on the
complementary role of task, contextual and individual characteristics in explaining the
effectiveness of acute PA in transiently enhancing children’s cognitive functions relevant to

learning and academic achievement.

Prospect for future research

Prospects for further research to bring this line of research closer to the school context are at
least twofold. First, future studies should complement the search for a cognitively optimal
challenge point with the investigation of additive or interactive effects of social interaction
(Best, 2012) that is a key feature of school learning (de Felice et al., 2023). The role of social
interaction in enhancing cognitive functioning relies on theories that link it to the development
and maintenance of EFs (Perry et al., 2019). To capitalize on social interaction, future
exergame-based interventions should be designed trading technology and related ongoing
individualization of cognitive demands for group-delivery. In a 3 x 2 design, the effects on EFs
could be tested contrasting acute bouts of PA with similar dose (15 min, moderate intensity)
delivered individually or in a group to a sedentary control group, with all three groups targeted

to have different levels of cognitive demands (low vs. high). This would allow a theory-based,

25



individual and combined investigation of physical exertion, cognitive challenge, and social
interaction effects. In a second step, a similar study design (individual PA vs. group PA vs.
sedentary control, all with low vs. high cognitive demands) should be investigated with a
chronic intervention design. It has been hypothesized that self-control capacity that transiently
decreases after a single bout of PA should increase in the long-term after repeated bouts of PA
(i.e., chronic PA; Audiffren & André, 2015). Replicating the 3 x 2 design in a chronic study
design would allow to bridge the gap between acute and chronic research and investigate their
differential effects on cognitive performance.

Second, considering the time constraints faced by teachers because of physically non-
active educational priorities (e.g., STEM goals), one viable solution to also prioritize PA might
be to integrate physically active learning of main school subjects into exergaming to test long-
term effects on EFs and academic achievement. Future studies might capitalize on the highly
individualizable and scalable features of learning tasks offered by closed-loop processes of
virtual reality technology. Relying on the theoretical framework of embodied cognition
(Barsalou, 2008; Wilson, 2002), a virtual reality environment might be a motivating way for
children to successfully learn by engaging in physically active learning. Indeed, PA and
movement skills may be “carriers” of subject matters, acting with lower load on working
memory compared to abstract learning without movement (evolutionary upgrade of cognitive
load theory; Paas & Sweller, 2012). It has been suggested that the relevance of physical
movements for learning tasks (i.e., whether bodily movement is related to subject matters) and
the integration of physical movements with learning tasks (i.e., whether bodily movement is
connected temporally with subject matters) are critical factors in determining the effectiveness
of movement-based learning (Mavilidi et al., 2022). In a 2 x 2 design, the individual and
combined effects of physical exertion and relevance-integration dyads on EFs and academic
achievement could be tested in a chronic exergame-based intervention contrasting: sedentary
control condition unrelated to subject matters performed during recess between academic
learning phases vs. active breaks unrelated to subject matters performed during recess between
academic learning phases (low relevance, low integration) vs. sedentary control condition
learning subject matters during academic learning phases vs. physically active learning of

subject matters during academic learning phases (high relevance, high integration).

Recommendations for practice
The current research project has meaningful implications for school practice. Single cognitively
challenging bouts of PA can be used in learning contexts to elicit transient cognitive and

positive affect enhancements that might help children concentrate optimally and stay on-task in



a following academic learning phase. The evidence that emerged from the present research
project may be transitioned into practical recommendations to design “cognitively boosting”
PA breaks for schools. To this aim, it is essential to consider the following three aspects.

First, the cognitive challenge matters. Beyond exergaming, cognitive challenge can also
be effectively incorporated into PA games. Indeed, it has been proposed to apply principles of
contextual interference, mental control, and discovery (Tomporowski et al., 2015). Specifically,
contextual interference refers to varying PA game conditions that require children to make
unpredictable sequences of actions. Mental control refers to the features of stopping games
(requiring withholding prepotent responses), updating games (requiring playing with
information held in mind), and switching games (requiring changing action rules and stimulus-
response associations within the game). Discovery refers to open-ended PA tasks, in which the
start and the goal are defined but not the process to pursue the goal (requiring searching for
multiple solutions to a motor problem). Furthermore, novelty, diversity, individualization, and
effort seem essential ingredients to render active breaks meaningful for cognitive enhancement
(Moreau & Conway, 2014; Pesce et al., 2016). Indeed, varying and individualizing the demands
of a PA task allows for keeping children on the “learning curve”, which is the stage of learning
with major cognitive engagement (Tomporowski et al., 2015).

Second, the duration matters. While in the literature short active breaks (< 20 min) with
at least moderate intensity are recommended and used (Masini et al., 2022), our research
suggests that the duration within this range to elicit cognitive benefits and enhance affective
states is 15 min. This duration is relatively long and cannot be interspersed among academic
learning phases in a random and unplanned fashion. School principals, made aware of the
cognitive benefits of active breaks, should formally plan the systematic inclusion of 15 min
active breaks during school time and monitor with teachers their feasibility, implementation,
and adaptation to school needs.

Third, the delivery style matters. The delivery style is a relevant feature of the PA
context which sets the stage for learning. The present research project has shown that a delivery
style characterized by positive feedback coupled with music can amplify the beneficial effects
of PA breaks on EFs. Teachers should provide children with enjoyable and playful breaks,
combined with supportive and encouraging feedback that can ensure emotional energy
necessary to increase intrinsic motivation (Tomporowski et al., 2015) and support basic
psychological needs satisfaction (Fransen et al., 2018). Moreover, feedback is relevant not only
for its immediate and transient effects on affect and cognitive performance but also for its long-

term effects on learning processes. In the long-term, feedback can be used to optimize skill
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acquisition in motor learning. According to the OPTMAL theory (optimizing performance
through intrinsic motivation and attention for learning) that focuses on the interrelation of
cognitive and affective processes (Simpson et al., 2021; Wulf & Lewthwaite, 2016), teachers
should provide feedback, particularly on successful trials, to emphasize good performances.

In sum, the effectiveness of active breaks is a matter of good design. Optimal features
of active breaks tailor-made to transiently enhance cognitive functions relevant to academic
learning should integrate individualized cognitive challenges that are incremental and close to
children’s upper action capability boundaries, be of sufficient intensity and duration, and —

foremost — include positive feedback to elicit positive affective states.
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ARTICLE INFO ABSTRACT

Keywords: Acute bouts of exercise have the potential to benefit children’s cognition. Inconsistent evidence on the role of
Physical activity qualitative exercise task characteristics calls for further investigation of the cognitive challenge level in exercise.
Exergaming

Thus, the study aim was to investigate which “dose” of cognitive challenge in acute exercise benefits children’s
cognition, also exploring the moderating role of individual characteristics. In a within-subject experimental
design, 103 children (Mage = 11.1, SD = 0.9, 48% female) participated weekly in one of three 15-min exergames
followed by an Attention Network task. Exergame sessions were designed to keep physical intensity constant
(65% HRmax) and to have different cognitive challenge levels (low, mid, high; adapted to the ongoing individual
performance). ANOVAs performed on variables that reflect the individual functioning of attention networks
revealed a significant effect of cognitive challenge on executive control efficiency (reaction time performances; p
= .014, rZ = .08), with better performances after the high-challenge condition compared to lower ones (ps <
.015), whereas alerting and orienting were unaffected by cognitive challenge (ps > .05). ANOVAs performed on
variables that reflect the interactive functioning of attention networks revealed that biological sex moderated
cognitive challenge effects. For males only, the cognitive challenge level influenced the interactive functioning of
executive control and orienting networks (p = .004; nﬁ = .07). Results suggest that an individualized and
adaptive cognitively high-challenging bout of exercise is more beneficial to children’s executive control than less
challenging ones. For males, the cognitive challenge in an acute bout seems beneficial to maintain executive
control efficiency also when spatial attention resources cannot be validly allocated in advance. Results are
interpreted referring to the cognitive stimulation hypothesis and arousal theory.

Cognitive engagement
Executive function
Attention network task

1. Introduction

A wide evidence base supports the transient effects of acute exercise
(i.e., a single bout of exercisel) on children and adolescents’ executive
functions (EFs; Chang et al., 2012; de Greeff, Bosker, Oosterlaan,
Visscher, & Hartman, 2018; Donnelly et al., 2016). EFs are a set of
higher-level cognitive processes underlying the organization and control
of adaptive and goal-directed behavior (Diamond, 2013). Among core
EFs, inhibition includes the ability to suppress or resist automatic re-
sponses (response inhibition), suppress thoughts and memories (cogni-
tive inhibition), and exert control over interference (executive

* Mirko Schmidt and Valentin Benzing share senior authorship.
* Corresponding author. Bremgartenstrasse 145, 3012, Bern, Switzerland.
E-mail address: sofia.anzeneder@unibe.ch (S. Anzeneder).

interference control; Diamond, 2013). The latter is conceptually placed
at the intersection between the broad constructs of EFs and attention.
Executive control is one of three independent yet interacting attention
networks, along with alerting (achieving and maintaining an alert state)
and orienting (selecting information from sensory input; Petersen &
Posner, 2012).

Regarding after-effects of acute exercise on executive control in
children and adolescents, meta-analytic findings show positive effects,
with ES ranging from 0.28 to 0.57 (de Greeff et al., 2018; Ludyga,
Gerber, Brand, Holsboer-Trachsler, & Puhse, 2016; Verburgh, Konigs,
Scherder, & Oosterlaan, 2014). To better understand the underlying

1 In ‘exercise and cognition’ research, the meaning of the term ‘exercise’ has been expanded to encompass any specific form of physical activity that is planned,
structured, and purposive to maintain or improve outcomes in different domains (e.g., physical, cognitive; Herold et al., 2021).
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mechanisms of these effects, it is important to consider how executive
control interacts with other attention networks (alerting and orienting).
However, the available evidence of acute exercise effects on alerting and
orienting networks is limited, with studies investigating only the indi-
vidual functioning of these networks in children (van den Berg et al.,
2018) and adults (Chang, Pesce, Chiang, Kuo, & Fong, 2015), without
considering their interactive functioning with executive control.
Although positive results on EFs generally seem consistent, there is
considerable heterogeneity in the magnitude of effects (Lubans, Leahy,
Mavilidi, & Valkenborghs, 2022). As a result, research increasingly
focused on a variety of quantitative and qualitative exercise task char-
acteristics that may moderate effects on EFs.

One of the qualitative characteristics of exercise most widely dis-
cussed in recent years as having an impact on children’s EFs is cognitive
challenge (or demand) inherent in motor tasks (Best, 2010; Pesce, 2012;
Tomporowski, McCullick, Pendleton, & Pesce, 2015). Cognitive chal-
lenge is thought to induce cognitive engagement, which is defined as the
degree to which the allocation of attentional resources and cognitive
effort is needed to master complex tasks (Pesce, 2012). The empirical
evidence concerning the beneficial effects of cognitive challenge in
acute exercise on children’s EFs is, however, limited and inconsistent
(Paschen, Lehmann, Kehne, & Baumeister, 2019). Compared to less
cognitively challenging acute bouts of exercise, some studies revealed
positive effects in favor of the more challenging conditions (Benzing,
Heinks, Eggenberger, & Schmidt, 2016; Budde, Voelcker-Rehage, Pie-
traByk-Kendziorra, Ribeiro, & Tidow, 2008; Flynn & Richert, 2018;
Jager, Schmidt, Conzelmann, & Roebers, 2014; Schmidt, Benzing, &
Kamer, 2016), while others found no difference (Bedard, Bremer, Gra-
ham, Chirico, & Cairney, 2021; Best, 2012; Jager, Schmidt, Conzelmann,
& Roebers, 2015; van den Berg et al., 2016; Wen, Yang, & Wang, 2021),
or even detrimental effects (Egger, Conzelmann, & Schmidt, 2018;
Gallotta et al., 2012, 2015). Inconsistent findings may be due to differ-
ences in exercise characteristics (e.g., applied durations, intensities,
modalities), interacting with individual characteristics (e.g., develop-
mental stage, biological sex, skill level, previous experience; Schmidt,
Egger, Anzeneder, & Benzing, 2021). Therefore, systematic in-
vestigations of dose-response relations among cognitive challenge levels
and children’s EFs are needed (Schmidt et al., 2021).

Thus, the rationale behind the present study has both practical and
theoretical relevance. From a practical point of view, cognitively chal-
lenging bouts of exercise are inherently varying and therefore more
suitable for children’s preferences than bouts with low cognitive de-
mands (Paschen et al., 2019). Most importantly, from a theoretical point
of view, the assumptions of the cognitive stimulation hypothesis on the
effect of cognitive engagement on EFs can be investigated. According to
this hypothesis, a cognitively challenging and physically active task
performance activates similar frontal-dependent circuitries as sedentary
EFs tasks (Best, 2010; Tomporowski et al., 2015), resulting in more
efficient executive functioning that continues after the cessation of the
activity (Budde et al., 2008; Pesce, 2012). The activation is expected to
be strongest when the task is novel, requires concentration, and the
response is unpredictable and fast (Best, 2010). However, only studies in
which the cognitive challenge level is systematically manipulated and
individually adapted to match children’s skill level, while exercise mo-
dality and physical exercise intensity are held constant, can provide
insights on the assumptions of the cognitive stimulation hypothesis.

One tool that allows for the controlled manipulation and individu-
alization of both physical and cognitive challenges of exercise is exer-
gaming. Exergaming (or active video gaming) is a portmanteau of
“exercising” and “gaming” (Benzing & Schmidt, 2018). It has been
shown that exergaming can be a motivating, physically and cognitively
challenging form of acute exercise for children and adolescents (Benzing
et al., 2016; Best, 2012; Ketelhut, Roglin, Martin-Niedecken, Nigg, &
Ketelhut, 2022). To date, only a few studies have investigated the effect
of cognitive challenge in acute exergaming on children’s and adoles-
cents’ EFs (Benzing et al., 2016; Best, 2012; Flynn & Richert, 2018).
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While in two studies, cognitively challenging exergaming was found to
be superior to a less challenging exergaming (Benzing et al., 2016) or
aerobic exercise (Flynn & Richert, 2018), another study found physical
exercise intensity and not the level of cognitive challenge to be the
performance determinant (Best, 2012). Diverging acute study results on
the effect of cognitive challenge within exergaming depict the need to
consider specific aspects in acute cognitively challenging exercise
studies. (1) First, while well-designed exergaming studies controlled for
physical exercise intensity, perceived exertion, and other potential
confounders (e.g., pleasure), they used completely different exercise
types (Best, 2012; Flynn & Richert, 2018) or different exergames to
manipulate cognitive challenge (Benzing et al., 2016). Thus, it is likely
that the experimental conditions did not only differ in cognitive chal-
lenge but also in physical task demands, not allowing to disentangle the
individual and combined effects of cognitive and physical challenges on
EFs. (2) Second, previous studies did not adapt the dosage of cognitive
challenge within the acute exercise to the individual skill level. Analo-
gously to what has been proposed for the individualization of quanti-
tative characteristics (i.e., intensity, duration; Herold, Miiller,
Gronwald, & Miiller, 2019, 2021), it seems beneficial to individualize
also the cognitive demands of the exercise task to the respective skill
level.

Thus, the aim of the current study was threefold. (1) The primary aim
was to investigate which “dose” of cognitive challenge in an acute
exergaming-based exercise benefits children’s executive control the
most. (2) The second aim was to extend the focus from the most
commonly studied executive control to incorporate other attention
networks (alerting and orienting, including their interactive func-
tioning). (3) The third aim was to explore whether individual charac-
teristics (e.g., age, sex, need for cognition, fitness) interact with task
constraints (cognitive challenge levels) to determine an optimal chal-
lenge point.

Our hypotheses were: (1) A higher cognitive challenge should elicit
larger executive control gains, in line with the cognitive stimulation
hypothesis. (2) Considering that acute exercise studies addressing after-
effects on alerting and orienting are limited and inconsistent (Chang,
Pesce, et al., 2015; van den Berg et al., 2018) and none investigated the
interaction among attention networks, no a priori hypothesis was stated.
Since, however, attention network literature shows that executive con-
trol efficiency is worse when attention cannot be alerted or spatially
oriented in advance (Fan et al., 2009), we explored if the level of
cognitive challenge in acute exercise influenced the interactive func-
tioning of executive control with other attention networks. (3) Given the
limited evidence on the moderating role of individual characteristics
regarding the effects of acute cognitively challenging exercise, no a
priori hypothesis was formulated.

2. Methods

This trial is part of the project “School-based physical activity and
children’s cognitive functioning: The quest for theory-driven interven-
tion”. The project aims to investigate the effects of qualitative and
quantitative characteristics of designed school-based physical activity
on children’s cognitive functions. The project was registered in the
German Clinical Trials Registry (registration number: DRKS00023254).
The cantonal ethics committee approved the study protocol (number:
2020-00624), which adhered to the latest declaration of Helsinki.

2.1. Participants

A total of 103 children, aged 10-13 years (M = 11.1, SD = 0.9; 48%
female), were recruited from five primary schools in the canton of Bern
(Switzerland). The legal guardians of all children provided informed
written consent and children agreed to participate. The exclusion
criteria were any neurological, developmental, or medical condition
that would affect the subjects’ integrity or study results. To determine
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sample size, we conducted a simulated power analysis using the Su-
perPower Shiny app (https://shiny.ieis.tue.nl/anova_power/). We
defined a within-subjects design with three cognitive challenge condi-
tions and estimated effects based on previous exergaming evidence
(Benzing et al., 2016; Best, 2012; Flynn & Richert, 2018) with alpha
error probability = .05 and correlation between the repeated measures r
= 0.61. We assumed that children’s executive control performance
would be faster after the high-challenging condition (M = 135, SD = 80),
compared to the mid (M = 155, SD = 80) and low one (M = 175, SD =
80). To satisfy counterbalancing requirements, we tested the power of N
=100 participants. Using 2000 simulations, results showed that a power
of 99% for repeated measures ANOVAs and more interestingly a power
of 80% for t-test comparisons among cognitive challenge conditions
would be favorable to detect effects.

We continuously recruited participants. Of the 110 participants
recruited, two were injured during the study period and five were
identified as multivariate outliers based on the Mahalanobis distance (p
< .001), and were therefore excluded. Due to technical problems with
the tablets used for ANT assessments (SurfTab 10.1, TrekStor GmgH,
Lorsch, Germany), there was some loss of data (4.7%). Since the MCAR
test has led to a non-significant result (p = .662), the missing values were
imputed using the expectation-maximization algorithm. Participants’
background variables are presented in Table 1.

2.2. Design and procedures

In the current within-subject crossover design study with counter-
balanced order of experimental conditions (six possible permutations),
the cognitive challenge of an acute bout of exergaming was manipulated
to be low, mid, or high (whereby each level was individually adapted
according to the ongoing individual performance).

The study was conducted over four weeks. During the first study
week, data were collected in two visits. On the first visit, children filled
out a questionnaire about their background characteristics [age, bio-
logical sex, height, weight, socioeconomic status (Torsheim et al., 2016),
pubertal developmental status (Watzlawik, 2009), habitual physical
activity (Kowalski, Crocker, & Faulkner, 1997), need for cognition
(Preckel, 2014), need for affect (Appel, Gnambs, & Maio, 2012), and
previous videogame expertise]. Subsequently, they performed a 20-m
Shuttle Run test (Léger, Mercier, Gadoury, & Lambert, 1988) to assess
their maximum heart rate (HR) and fitness level. Acceptable reliability
and validity were demonstrated for background variables; only the
videogame expertise questionnaire was self-developed for the current
study (for a detailed description of background variables see Appendix
A). In the second visit, children participated in a procedure familiar-
ization session. Each child completed a specifically developed tutorial
for exergaming tasks, in which each movement was explained and the
exergame continued only when movements were carried out correctly,
followed by a 3-min regular version of the exergame. The attentional
testing was familiarized using the practice block of the Inquisit 5
Millisecond Software (for details, see ‘Cognitive measures’). Between
the second and the fourth week, children played one exergaming session

Table 1

Participants’ background variables.
Background variables M (SD)
Age (years) 11.1 (0.9)

Biological sex (% female) 48%

Socioeconomic status [2-14] 8.4(1.3)
Body mass index (kg/m?) 18.1 (3.1)
Pubertal developmental status [3-12] 4.7 (2.0)
Habitual physical activity [1-5] 2.6 (0.6)
VO,max (ml/kg/min) 50.9 (5.2)
Videogame expertise [1-7] 3.8 (2.5)
Need for cognition [19-95] 57.7 (12.5)
Need for affect [-30-30] 6.7 (7.4)
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per week, blinded to the level of cognitive challenge. Before (Ty), during
(T; and T9), and after (T3) exergaming, manipulation check and control
variables, including perceived physical exertion, cognitive engagement,
pleasure, arousal and stress were collected (see ‘Manipulation check’
and ‘Control variables’ sections). During the exergaming task, children
wore HR-monitoring devices. In total, each visit lasted about 35 min,
including a short assessment break before exergaming (Tp), 2 min
warm-up, 15 min of exergaming intermitted by one short assessment
break every 5 min of activity (Tq, T, T3), a water break after the exer-
gaming, and the subsequent cognitive functioning assessment with
ANT-R (Fan et al., 2009). The experimental protocol of the individual
weekly sessions can be seen in Figure 1. Children were tested one after
another so that when the first child started the attentional testing, the
second one started the exergaming. Per day, a maximum of 10 children
were tested. Testing and evaluation were conducted by the first author
together with a team of trained research assistants and sport science
students.

2.3. Intervention and experimental conditions

Exergaming sessions took place in the school during school hours and
were performed individually, once weekly, at the same time and day
each week. The intervention consisted of a modified, screen-based
version of the exergame Sphery Racer, played within a 3 x 2 m play-
ing field (Martin-Niedecken, Rogers, Turmo Vidal, Mekler, & Marquez
Segura, 2019, 2020). During the exergame session, participants wore
four motion-based trackers (HTC Vive tracking sensors, Vive, Seattle,
United States) attached to their wrists and ankles as well as an HR sensor
(Polar Team2 straps and transmitters; Polar Electro Oy, Kempele,
Finland) to constantly track their movements and body position, and
their HR, respectively. The physical intensity was held constant during
the session at 65% HRpax. Participants were projected directly into the
virtual reality on a screen by integrated cameras and were taken by the
game on a rapid sci-fi-themed underwater race. They navigated an
avatar and passed various colored gates. Each gate requested a specific
functional workout movement and/or cognitive task. Jumps, squats,
skipping, and deep lunges were used to maintain the HR constant (50%
of total movements). Punches and catching sideway points were used to
manipulate the cognitive challenge (50% of total movements). Exer-
gaming tasks were designed to mirror attentional allocation processes
involved in the ANT paradigm. The tasks included anticipatory cues that
alerted and oriented attention, and targets to be responded to with
movement actions while ignoring distracting stimuli (for exergaming
tasks see description and video in Appendix B and D). The level of
cognitive challenge for each condition was predefined by an ascending
number of distracting stimuli (low: 5-15%, mid: 20-35%, high:
40-60%) and misleading cues (low: 1-5%, mid: 7-12%, high: 13-19%)
which preceded punches and catching sideway points movements.
Within each condition, the level of cognitive challenge was constantly
adapted to the ongoing individual performance (within the ranges
mentioned above of distracting stimuli and misleading cues). The
exergaming task was rendered easier or more difficult if the participant
made more or less than three errors in 8 min, 1 min, or 30 s in the low-,
mid-, and high-challenge conditions, respectively.

Supplementary video related to this article can be found at http://d
0i.org/10.1016/j.psychsport.2023.102404

2.4. Manipulation check

Several variables were assessed to test whether experimental
manipulation had succeeded (see Figure 1). PolarTeam2 belts and
transmitters (Polar Electro Oy, Kempele, Finland) were used to measure
children’s HR during exergaming (measurement every 3 s) and to adjust
the physical intensity at 65% HRpyax. In addition, the perceived physical
exertion (RPE) was measured using the Borg RPE scale for perceived
physical exertion (Borg, 1982). Evidence for acceptable reliability and
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Low, Mid, High 4
[Within-subjects crossover design, To | Warm-up | Exergaming | T

counterbalanced order of conditions] |1 mimy| 2 min) (5 min) 30 se0)

Exergaming | T,

. Attention
Exergaming | T | Break

network task
(5 min) (30 sec) (5 min) (1 min)| (1 miny (14 min)

| Stress, pleasure, arousal, physical exertion, cognitive engagement I

Figure 1. Experimental protocol of the weekly sessions.

Note. T, = before exergaming (pre); T; = 5 min exergaming; T, = 10 min exergaming; T3 = after exergaming (post).

validity of the Borg RPE scale in preadolescents has been provided
(Lamb, 1996). To determine children’s cognitive engagement during
exergaming, the Borg RPE scale was adapted to ask for the perceived
cognitive engagement (RCE) of the activity. The question they had to
answer was “How exhausting was the previous activity for your brain?”.
This adapted version is not a validated instrument but proved to be
feasible with children and adolescents and sensitive to detect changes in
cognitive engagement among intervention conditions (Benzing et al.,
2016; Egger et al., 2018; Schmidt et al., 2016).

2.5. Control variables

Pleasure, arousal, and perceived stress were assessed using the
single-item pictorial Self-Assessment-Manikin scale (see Figure 1). Evi-
dence for an acceptable reliability and validity of the scale has been
proven (Bradley & Lang, 1994).

2.6. Cognitive measures

A child-adapted version of the Attention Network Task (ANT-R; Fan
et al., 2009) was used on Inquisit 5 (Millisecond Software, Seattle, WA)
to assess the efficiency of: (a) the executive control (primary outcome),
(b) alerting and orienting networks, as well as (c) the interactive functioning
of executive control with alerting and orienting networks. For the primary
outcome, retest reliability ranging from 0.61 to 0.71 has been shown
(Macleod et al., 2010).

To capture the functioning of attention network systems, the test
combines the Attention cueing paradigm (Petersen & Posner, 2012), that
assesses alerting and orienting, and the Flanker task (Eriksen & Eriksen,
1974), that assesses executive control. There are four cue conditions: no
cue, double cue, valid spatial cue, and invalid spatial cue; and two
congruency conditions: a central target arrow surrounded by congruent
(>>>>>o0r < << <<)orincongruent (>> < >>o0r < < > < <)
lateral flanker arrows. Each trial begins with a central fixation cross,
followed by no cue, a double cue informing that a target will occur soon,
or a single spatial cue informing on the probable location of the up-
coming target. A valid spatial cue indicates the location where a sub-
sequent target will appear. An invalid spatial cue indicates the opposite
location. Subsequently, a congruent or incongruent flanker condition
appears. Children’s task is to identify the direction of the center arrow
by pressing a right or left button while ignoring the lateral flanker ar-
rows. Reaction times (RTs) and response accuracy are recorded. The task
comprises two blocks of 72 trials (each bock with 12 no cue, 12 double
cue, 36 valid spatial, and 12 invalid spatial trials) and lasts 14 min,
including a 1-min break between the blocks. Responses with RTs faster
than 200 ms or longer than 1700 ms were excluded automatically by the
program (Fan, McCandliss, Sommer, Raz, & Posner, 2002). Further de-
tails on the task parameters and cue-target interval timing can be found
elsewhere (Fan et al., 2009). Each attention system performance is
computed as a difference value of RTs and accuracy.

- Executive control (flanker effect) is calculated as [incongruent —
congruent trials]. A smaller value for the RT difference and a smaller
negative value for the accuracy difference reflect a better efficiency,
because children can better inhibit the interference of incongruent
flankers.

- Alerting is calculated as [no cue — double cue trials]. A larger value for
the RT difference and a larger negative value for the accuracy dif-
ference reflect the benefit in speed/accuracy elicited by an alerting
cue.

Orienting involves engaging attention at a validly cued location
[double cue — valid spatial cue trials] and disengaging attention from
an invalidly cued location [invalid spatial cue — double cue trials]. A
larger RT difference and a larger negative value for the accuracy
difference reflect the benefit in speed/accuracy elicited by a valid
spatial cue, and/or the cost elicited by an invalid spatial cue.

The interactive function of the three attention networks is assessed as
the effect of alerting or orienting on executive control (flanker effect). It
is measured as the difference of flanker effect under different cue
conditions.

- The effect of alerting on executive control is calculated as [(no cue trials
with incongruent flanker — no cue trials with congruent flanker) —
(double cue trials with incongruent flanker — double cue trials with
congruent flanker)]. A negative value indicates a negative impact of
alerting on executive control.

The effect of orienting on executive control is composed of the effects of
engaging and disengaging attention on executive control. The effect of
engaging is calculated as [(double cue trials with incongruent flanker
— double cue trials with congruent flanker) — (spatial valid cue trials
with incongruent flanker — spatial valid cue trials with congruent
flanker)]. The effect of disengaging is calculated as [(spatial invalid
cue trials with incongruent flanker - spatial invalid cue trials with
congruent flanker) — (double cue trials with incongruent flanker —
double cue trials with congruent flanker)]. For engaging, a positive
value indicates the beneficial effect of validly oriented attention on
executive control. Instead, for disengaging, a positive value indicates
the cost of invalidly oriented attention.

2.7. Statistical analyses

All analyses were performed using SPSS version 27.0 (SPSS Inc.,
Chicago, IL, USA). Preliminary analyses were run using repeated mea-
sures ANOVAs for the comparison of manipulation check (RPE, RCE)
and control variables (pleasure, arousal, stress) among cognitive chal-
lenge conditions (low, mid, high) over exergaming time [pre (To), dur-
ing (mean of Ty, T2), and post (T3)]. Post-hoc Bonferroni adjusted
pairwise comparisons were reported for the cognitive challenge effect of
interest. A further ANOVA was run to compare HR average among
cognitive challenge conditions (low, mid, high).

To analyze the effect of the cognitive challenge level on attention
network performances, a 3 (cognitive challenge level) x 4 (cue condi-
tions) x 2 (flanker conditions) repeated measures ANOVA was per-
formed separately for RTs and response accuracy. In the case of
significant interactions, RT and accuracy differences were computed by
subtracting cue and flanker conditions pairwise in a theory-driven
manner (see *Cognitive measures’ section) to limit the amount of post-
hoc comparisons and inflated risk of type II error. Thus, these differ-
ence values were used to contrast the cognitive challenge levels of in-
terest using post-hoc Bonferroni adjusted pairwise comparisons.

To explore the role of individual characteristics on the cognitive
challenge effects on attention networks, continuous individual
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background variables were first entered as covariates in a 3 (cognitive
challenge level) x 4 (cue conditions) x 2 (flanker conditions) repeated
measures ANCOVA. In the case of significant interactions of a covariate
with the cognitive challenge factor, that variable was dichotomized and
included as a categorical moderator in a subsequent ANOVA. The
dichotomous sex variable was directly entered in the subsequent
ANOVA as a moderator. In the case of significant interactions, including
potential moderators, performances after the three cognitive challenge
conditions were contrasted using the above-mentioned RT and accuracy
difference values separately for the levels of the moderator variable.

For all analyses, median RTs were used because of the dispropor-
tional contribution of outliers in mean RTs for different participants and
due to the non-normal distribution of RTs. All analyses were also per-
formed on mean RTs, with and without the five multivariate outliers.
Results depict median RTs with multivariate outliers excluded. The
significance level was set at p < .05 for all analyses, and nf, was reported
as an effect size estimation.

3. Results
3.1. Manipulation check

Descriptive statistics of manipulation check variables among time
points (pre, during, post) and cognitive challenge conditions (low, mid,
high) are presented in Appendix C. The ANOVA revealed a significant
effect of time (pre, during, post), cognitive challenge (low, mid, high),
and their interaction on RPE [Time: F(2, 101) = 152.63, p < .001, nf, =
.75; Cognitive challenge: F(2,101) =4.02, p < .021, r]g =.07; Cognitive
challenge x Time: F(4, 99) = 2.48, p = .049, nﬁ =.09] and RCE [Time: F
(2,101) = 94.48, p < .001, rﬁ = .65; Cognitive challenge: F(2, 101) =
10.21,p < .001, ng =.17; Cognitive challenge x Time: F(4, 99) = 2.37,p
=.058, nf, =.09]. As concerns the cognitive challenge effect of interest,
Bonferroni adjusted pairwise comparisons showed that the high-
challenge condition was perceived as the most physically effortful
(high vs. mid: p = .048, 115 =.03; high vs. low: p =.091, nﬁ =.02) and
cognitively engaging (high vs. low: p <.001, r]ﬁ =.07; high vs. mid: p =
.045, nf, = .03), whereas the low- and mid-challenge conditions were
perceived as equally demanding (ps > .256, r]lz,s < .02; see Appendix C).
However, the difference in RPE among conditions was not paralleled by
objective HR data (p = .319; r)ﬁ = .02), which instead confirmed the
intended similarity of physical challenge across conditions.

3.2. Control variables

Descriptive statistics of control variables among time points (pre,
during, post) and cognitive challenge conditions (low, mid, high) are
presented in Appendix C. The ANOVA revealed a significant effect of
time (pre, during, post), cognitive challenge (low, mid, high), and their
interaction on pleasure [Time: F(2, 101) = 10.52, p < .001, nﬁ =.17;
Cognitive challenge: F(2, 101) = 8.77, p < .001, nf, = .15; Cognitive
challenge x Time: F(4,99) = 5.47,p = .001, 172 =.18], arousal [Time: F
(2,101) = 20.99, p < .001, rﬁ = .29; Cognitive challenge: F(2, 101) =
3.37,p = .038, r]2 = .06; Cognitive challenge x Time: F(4,99) = 3.08, p
=.019, i = .11], and stress [Time: F(2, 101) = 31.19, p < .001, % =
.38; Cognitive challenge: F(2,101) = 4.76,p = .011, ng =.09; Cognitive
challenge x Time: F(4,99) = 1.16, p = .34, 172 = .05]. As concerns the
cognitive challenge effect of interest, Bonferroni adjusted pairwise
comparisons showed that the high-challenge condition was perceived as
the least pleasant (high vs. low: p < .001, rﬁ = .04; high vs. mid: p =
.006, r]ﬁ =.02) and arousing (high vs. mid: p = .031, I]ﬁ =.02; high vs.
low: p =.780, nﬁ =.03), and most stressful (high vs. low: p = .009, 1712, =
.02; high vs. mid: p =.200; nf, =.02), even though with limited (small to
medium) effect sizes (see Appendix C).
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3.3. Cognitive measures

3.3.1. Cognitive challenge effects on executive control, alerting, orienting,
and their interaction

The first ANOVA on RTs revealed the classic Cue- [F(3, 100) =
355.11,p <.001, i = .91], Flanker- [F(1, 102) = 372.13,p < .001, i =
.79] and Cue x Flanker effects [F(3, 100) = 41.98, p < .001, nﬁ =.56].
These effects are well known in the literature (Fan et al., 2009).

Regarding the primary study aim, a significant Cognitive challenge
x Flanker interaction with a medium effect emerged [F(2, 100) = 4.46,
p = .014, 175 = .08]. This interaction effect shows that the level of
cognitive challenge influenced the subsequent efficiency of the execu-
tive control network (Figure 2). Post-hoc Bonferroni adjusted pairwise
comparisons revealed faster RTs after the high-challenge condition,
compared to the low (p = .045, nf, =.01) and mid ones (p = .011, r]ﬁ =
.02), which in turn did not differ (p = 1.00, nf, = .00). There were no
cognitive challenge effects for accuracy (p = .754, nf, =.01).

Concerning the second study aim, no effects of cognitive challenge
emerged, in the whole sample, for alerting, orienting, or their interac-
tion with executive control (ps > .05, r]f,s < .01 for both RTs and accuracy
data).

3.3.2. Moderating role of individual characteristics

Concerning the third study aim, ANCOVAs revealed no significant
interaction effects of cognitive challenge with age, socio-economic,
weight and pubertal status, habitual physical activity level, VOsmax,
videogame expertise, need for cognition or need for affect (ps > .05, nf,s
< .03). A subsequent repeated measures ANOVA on RTs with biological
sex as a potential moderator showed a Cognitive challenge x Flanker x
Sex interaction with a small to medium effect [F(2, 100) = 2.50, p =
.087, r]g =.05], as well as a significant Cognitive challenge x Flanker x
Cue x Sex interaction with a medium to high effect [F(6, 96) = 2.33,p =
.038, r = .13]. Subsequent ANOVAs were run on RT differences that
reflect the flanker effect under different cue conditions (see *Cognitive
measure’ section), separately for males and females. Significant differ-
ences for cognitive challenge were found only in males and only for the
RT differences reflecting the interactive functioning of executive control
(flanker effect) with orienting (spatial attention engagement) (p = .001,
nf, =.22). Post-hoc Bonferroni adjusted pairwise comparisons revealed a
significant difference between the high- and low-challenge conditions
(p =.001, 173 =.07). No further comparisons were significant (ps > .05,
rﬁs < .03). To interpret this result, the difference in flanker effect was
computed as a function of the preceding cue condition. As indicated by
the green arrows in Figure 3, with increasing cognitive challenge level,
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Figure 2. Cognitive challenge effects on executive control (flanker effect).
Note. Flanker effect is computed as RT difference [incongruent — congruent
trials]. Error bars represent the standard error of the mean. Significant differ-
ences: “high vs. low: p = .045, qf, = .01; *high vs. mid: p = .011, nﬁ =.02.
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Figure 3. Cognitive challenge effects on the interactive functioning of execu-
tive control (flanker effect) and orienting (spatial attention engagement) in
males.

Note. Red bars = flanker effect under double cue conditions, computed as
[Double cue, flanker incongruent — Double cue, flanker congruent]. Grey bars
= flanker effect under valid spatial cue conditions, computed as [Valid cue,
flanker incongruent — Valid, flanker congruent]. The interactive functioning of
executive control and orienting, represented by differences between red and
grey bars, is computed as [(Double cue, flanker incongruent — Double cue,
flanker congruent) — (Spatial valid cue, flanker incongruent — Spatial valid cue,
flanker congruent)]. Error bars represent the standard error of the mean. Sig-
nificant difference: #high vs. low: p = .001, r]ﬁ =.07.

differences in flanker effect between double (red bars) and spatial valid
cue conditions (grey bars) decreased. The same analyses performed on
accuracy data were not significant (ps > .05, nf, <.04).

4. Discussion

The primary aim of the present study was to investigate the dose-
response relation between different levels of cognitive challenge in
acute exercise and children’s executive control performance using
exergaming. The second aim was to test the executive control perfor-
mance within the frame of the threefold attention network paradigm
(Petersen & Posner, 2012) to get more insights into the efficiency of
executive control along and interacting with alerting and orienting
attention networks. Finally, it was also explored if the optimal dose of
cognitive challenge varies according to individual characteristics. In
sum, the cognitively high-challenging bout benefited children’s execu-
tive control the most, whereas the efficiency of alerting and orienting
networks was unaffected by the cognitive challenge level. In males only,
the benefit for executive control seemed to be due to a transiently
increased ability to maintain executive control efficiency also when
spatial attentional resources could not be allocated in advance to sup-
port conflict resolution.

The present study is the first to directly compare, in children, the
acute effects of the (individually adapted) cognitive challenge level in
acute exercise on executive control, alerting, and orienting perfor-
mances and interactions. Consistent with our first hypothesis, results
showed that the cognitively high-challenging condition benefited chil-
dren’s executive control the most. In detail, children became faster in
conflict resolution while maintaining a high response accuracy. This
suggests a benefit for RTs without a speed-accuracy trade-off effect.
According to the cognitive stimulation hypothesis,bouts of exercise
performed in variable and challenging environments may activate EFs,
facilitating the performance in subsequent EF tasks (Best, 2010).
Combining cognitive and physical demands may produce synergistic
effects due to co-activation and inter-connectedness of the neural areas
associated with cognition and movement (referring broadly to the pre-
frontal cortex and the cerebellum, respectively; Koziol et al., 2014). A
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further, not mutually exclusive explanation refers to the arousal theory,
as both physical exertion and cognitive engagement are arousing and
thus enhance attentional resources (Lambourne & Tomporowski, 2010).
An inverted U-shaped function between exercise task characteristics and
cognitive functioning has been hypothesized and tested, in acute exer-
cise research, only for exercise duration (Chang, Chu, et al., 2015) and
intensity (Moreau & Chou, 2019). Regarding cognitive challenge, the
current study did not confirm an inverted U-shaped function but an
optimal stimulation at the highest cognitive challenge level with no
performance differences at lower levels. In sum, these findings support
our first hypothesis and are consistent with further studies suggesting
that bouts of exercise that elicit high cognitive engagement are benefi-
cial for children’s EFs (Benzing et al., 2016; Budde et al., 2008; Flynn &
Richert, 2018; Jager et al., 2014; Schmidt et al., 2016). However, dif-
ferences in quantitative and qualitative exercise task characteristics, and
sample characteristics hinder a thorough comparison with previous
studies. The current study used a acute 15 min bout at moderate to
vigorous intensity. In previous acute cognitively challenging exercise
studies with children and adolescents, durations and intensities varied
largely, ranging from 10 to 50 min and from 40 to 75% HRpyax (Schmidt
et al., 2021). Detrimental effects were found only for moderate to vig-
orousbouts of longest durations (50 min; Gallotta et al., 2012, 2015), or
of intermediate durations (20 min) but with younger children (Egger
et al., 2018). As regards qualitative exercise task characteristics, most
studies investigated the effect of the cognitive challenge level by
comparing different exercise modalities (e.g., Bedard et al., 2021; Egger
et al., 2018; van den Berg et al., 2016; Wen et al., 2021). To date, only
one study manipulated the cognitive demands within the same exercise
modality (exergaming; Benzing et al., 2016). The authors showed that
the high-challenging condition benefitted adolescents’ EFs the most,
however, the cognitive demands of the acute exercise were not adjusted
individually. Our study overcame this limitation by individualizing the
cognitive demands (external load) through adaptation to the ongoing
individual performance to limit interindividual variability in cognitive
responsiveness (internal load). Thus, while corroborating Benzing
et al.’s (2016) findings, the present results can be more univocally
attributed to the cognitive challenge level.

Despite of the fine-graded manipulation of the exergaming task de-
mands to generate three cognitive challenge levels (exponentially
ascending number of distracting stimuli and misleading cues), the
objective increase in cognitive challenge was not reflected in the sub-
jective ratings. Children were able to discriminate only the high-
challenging condition from the others, which were perceived as simi-
larly demanding, likely because of the exponential and not linear in-
crease in cognitive challenge across conditions. A further mismatch
between objective and subjective data emerged from HR data and
physical exertion ratings. Children perceived the cognitively high-
challenging condition as physically more demanding, compared to the
mid one, although the physical challenge (intensity, duration) was held
constant, as also reflected in similar HR across conditions. Taken
together, the question arises if children can clearly distinguish physical
exertion and cognitive engagement inherent in acute exercise.

Regarding the second aim of the study, results showed that the
cognitive challenge level in acute exercise did not influence children’s
alerting, orienting, or their interaction with executive control. To our
knowledge, no previous studies in ‘exercise and cognition’ research
considered the interaction between attention networks. Concerning
alerting and orienting, our findings are in line with the available evi-
dence that neither an acute demanding and varied spinning task (Chang,
Pesce, et al., 2015), nor routine aerobic exercise (van den Berg et al.,
2018) seems to have an effect on alerting and orienting networks.
Speculatively, the fact that only executive control but no other attention
networks were susceptible to acute exercise might be interpreted ac-
cording to evidence showing selectively larger effects in performance for
tasks that require greater inhibitory control (e.g., flanker task perfor-
mance for incongruent trials; Lubans et al., 2022).
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The third aim of the study was to explore the moderating role of
individual characteristics. We found a sex difference in the way the
acute high-challenging exercise influenced the interactive functioning of
executive control (flanker effect) and orienting (spatial attention
engagement). The usual effect reported in general ANT research is worse
executive control when spatial attention resources cannot be validly
allocated in advance (Fan et al., 2009). In our male subsample, the
disadvantage in executive control, when not supported by spatial
attentional allocation, was found after the low-challenging exercise
condition but progressively decreased and disappeared after the
high-challenging bout. These sex differences are consistent with an adult
study without physical exercise (Li et al., 2021), showing that the
interactive functioning of executive control and orienting networks was
more efficient in males, who were less influenced by the validity of the
cue. These sex differences were explained as differences in the functional
interplay between separate brain areas supporting different aspects of
attention. In the present study, males may have exploited the cognitive
engagement generated by an acute cognitively high-challenging exer-
cise to compensate the absence of information from external cues to
maintain executive control efficiency.

Apart from sex differences, the current study found no further
moderating effects of individual characteristics such as age, socio-
economic, weight, pubertal status, fitness level, or need for cognition
on attention network performances. It is important to consider that the
qualitative and quantitative exercise task characteristics may act, indi-
vidually or jointly with personal characteristics, as moderators of the
acute exercise-cognition relation (Lubans et al., 2022; Pesce, 2009). The
fact that no further differential effects have been found could be due to
the reciprocal buffering effects of individual and task characteristics
(where the latter was individualized in the current study). In the liter-
ature, there is diverging evidence on the moderating role of weight
status, fitness, and academic achievement. Hwang, Hillman, Lee, Fer-
nandez, and Lu (2021) found that obese children benefited more from
cognitively challenging exergaming than their normal-weight counter-
parts and suggested that this may depend on their lower EFs at baseline.
In contrast, Jager et al. (2015) found that children with higher aerobic
fitness and academic achievement benefited most than co-aged lower fit
and lower school performers. On the one hand, children with poor
baseline performance might benefit most because there is more room for
improvement (Diamond & Ling, 2016; Otero, Barker, & Naglieri, 2014).
Conversely, cognitively challenging bouts of exercise might benefit only
children who are physically and cognitively better equipped to capi-
talize on it (Herold, Hamacher, Schega, & Miiller, 2018, 2021).

4.1. Limitations

This study is not without limitations. First, the comparison of three
cognitive challenge levels in acute exercise with counterbalanced order
of experimental conditions, but without a sedentary control group,
allowed identifying the optimal level of cognitive challenge in exercise
but hindered disentangling physical exercise and cognitive engagement
related effects. Future studies should include a sedentary control group
and utilize a within-subjects crossover design. In this design, all par-
ticipants engage in both the exercise and sedentary control conditions in
a counterbalanced order, and individual differences and learning/
practice effects can be controlled (Pontifex et al., 2019).

Second, exercise demands were specifically designed to mirror the
ANT paradigm and, thus, might have primed attention effects (Moriarty
et al., 2019). The available neural evidence indicates that several
distinct neural mechanisms are involved in priming of attention and that
priming occurs at multiple stages of perceptual processing (Brinkhuis,
Kristjansson, Harvey, & Brascamp, 2020; Kristjansson & Asgeirsson,
2019). These underlying mechanisms resemble those of the cognitive
stimulation hypothesis, according to which the exergaming demands of
the current study were specifically designed. However, differences be-
tween the computerized, sitting ANT task and the whole-body
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engagement in the exergame which requires gross-motor control (Koziol
et al., 2014), as well as typically shorter priming duration effects
(Kruijne & Meeter, 2015) render an interpretation in terms of overall
priming effect less likely. It remains unclear if, besides near transfer
effects of the motor and cognitive demands of the exergaming on ANT
performances, far transfer effects on other EFs can also be elicited
(Taatgen, 2013). Future studies should evaluate positive and negative
attentional priming effects on a variety of more and less distant cogni-
tive measures.

Third, the cognitive challenge level of the exergaming was expo-
nentially increased from the low-to the high-challenging condition.
Considering that the cognitive challenge level was individualized and
continuously adapted to the performance within the predetermined
difficulty levels, an exponential increase was chosen to ensure that
children train around their maximum difficulty level in the high con-
dition. To investigate differences between the low and mid conditions in
further detail, future studies should explore the impact of a linear in-
cremental trend on children’s perceived cognitive engagement and EFs.
Additionally, future research might (a) investigate children’s ability to
perceive different challenge types and the threshold needed to
discriminate them, (b) validate existing subjective cognitive engage-
ment measures, and (c) further investigate objective assessments of
cognitive challenge such as brain activity or HR variability.

4.2. Conclusions

The current study extends existing evidence by manipulating the
cognitive challenge level in acute bouts of exercise in an individualized
manner, adapting the cognitive demands to the ongoing individual
performance. An acute, cognitively high-challenging exercise tran-
siently enhanced children’s executive control but not alerting and ori-
enting performances and interactions. For males only, this enhancement
was interpretable as a more efficient executive control, also when spatial
attention resources could not be validly allocated in advance. Thus,
results underline the relevance of the cognitive challenge “dose” in acute
exercise to increase EFs benefits in children. Further studies should
investigate the dose-response relation of different durations of acute
cognitively challenging exercise in depth, while controlling for the
moderating role of individual characteristics. Results of this line of
research may be used to implement active breaks and/or physically
active learning interventions in the school setting.
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Appendix A. Background variables

Beside age, biological sex and writing hand, the body weight and height were measured
according to standardized protocols with children wearing regular clothes without shoes. Body
Mass Index (BMI) was calculated [weight (kg)/ height (m)?]. Socioeconomic status (Torsheim
et al., 2016) was assessed using the Family Affluence Scale III. This consists of six questions
asking about the family (e.g., whether they have their own bedroom, number of family-owned
computers). The response format varies by item and points are given for a higher number, for
example of computers. The prosperity index is then calculated as the sum of the points on the
six items. An acceptable reliability and validity has been demonstrated (Torsheim et al., 2016).
Pubertal developmental status was assessed using the German version of the pubertal
developmental scale (Watzlawik, 2009). This consists of three questions for each sex, asking
for example: “Have you noticed a deepening of your voice?”’. Responses are given on a 4-point
Likert scale, scoring 1-4 points (e.g., not yet started; barely started; definitely started; seems
complete). The puberty index (3-12 points) is calculated by summing up the scores of the three
items. An acceptable reliability and validity has been demonstrated (Watzlawik, 2009). The
habitual physical activity was assessed using the German version of the Physical activity
questionnaire for older children (Kowalski et al., 1997). This 7-day recall instrument consists
of 10 items, asking to indicate which physical activities children have performed (item 1), how
physically active they were during the school hours (items 2-8), and how often they performed
a moderate to vigorous activity (item 9). The response format varies by item and points are
given for a higher number, for example of performed PAs. The summary score (1-5 points) is
calculated by the mean of the items 1-9. Item 10 can be used to identify children who had
unusual activity during the previous week. The questionnaire is a valid and reliable measure of
children’s physical activity levels (Kowalski et al., 1997). The previous videogame expertise
was assessed, asking children to indicate how long they played videogames during the last 7

days and if it was an active video game (exergaming). This questionnaire was self-developed



for the purposes of the current study and has not been validated yet. Need for cognition, defined
as disposition to engage in and enjoy effortful cognitive endeavors (Cacioppo et al., 1984), was
assessed using the German teen version of the Need for Cognition scale (Preckel, 2014). This
consists of 19 questions, asking for example: “I would rather do something that requires little
thought than something that is sure to challenge my thinking abilities?”. Responses are given
on a 5-point Likert scale, scoring 1-5 points (from extremely uncharacteristic of me to
extremely characteristic of me). Some items are reverse scored. The total score (19-95 points)
is calculated by summing up the scores of the 19 items. An acceptable reliability and validity
has been demonstrated (Preckel, 2014). Need for affect, which is the motivation to approach or
avoid emotion-inducing situations and activities, was assessed using the German version of the
Need for Affect Questionnaire (Appel et al., 2012). It consists of 10 items, asking for example
“It is important for me to know how others are feeling”. Responses are given on a 6-point Likert
scale, scoring from -3 to +3 points (from extremely uncharacteristic of me to extremely
characteristic of me). The sum of reverse scored items correspond to the avoidance subscale,
whereas the sum of the positive scored items to the approach subscale. The total score (-30 to
30 points) is calculated by summing up the avoidance and the approach subscales. An
acceptable reliability and validity has been demonstrated (Appel et al., 2012). Cardiovascular
fitness (Vo’max) and HRmax were assessed by a 20-m Shuttle Run test (Léger et al., 1988). All
participants wore a Polar H7 HR monitor that was connected to the Polar Team App (Polar
Electro Oy, Finland), in which HR data was stored. The test was performed during a regular
physical education lesson, under supervision of a physical education teacher. All children were
familiar with this test and were encouraged by their teacher and the research team to exert
maximum performance. The test had an initial running speed of 8.0 km/h that progressively
increased with 0.5 km/h in one-minute stages. The highest completed stage with an accuracy of

half a stage was recorded.



Appendix B. Exergaming tasks

ExerCube game setup:

Exergaming video: https://vimeo.com/759054046



https://vimeo.com/759054046

Exergaming elements in a catching point example:

1. First, a cue appears on the right, left or both sides of a colored gate

2. When the gate comes closer, children have to perform a lateral shuffle step and catch a
yellow point (other gates can request punches, skipping, jumps, squats or deep
lunges).

3. Movements must be performed following the direction of the target arrow, while
ignoring the rotation (to the right or to the left) of the central distracting point (can be
congruent or incongruent with the arrow direction; in the picture below the central
point is congruent)

h \ -
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Examples of movements used to manipulate the cognitive challenge:

Picture 1. Punches with congruent
stimuli but double (not spatial
informative) cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
left), while ignoring the rotation of the
central quadrangle (here to the left and
therefore congruent). The double cue is
not spatial informative (fists on both
sides).

Picture 2. Punches) with distracting
stimuli but valid cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
left), while ignoring the rotation of the
central quadrangle (here to the right and
therefore incongruent). The cue is valid
(fist on the left side).

Picture 3. Catching a sideway point
with congruent stimuli but misleading
cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
right), while ignoring the rotation of the
central point (here to the right and
therefore congruent). The cue is
misleading (hand on the left side).

Picture 4. Catching a sideway point
with distracting stimuli but correct cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
right), while ignoring the rotation of the
central point (here to the left and
therefore incongruent). The cue is
misleading (hand on the right side).




Examples of movements used to maintain children’s heart rate constant

Picture 4. Skipping

Dcombo

Track High' Step /6

Picture 5. Jumps

J’ » Picture 6. Squats

\




Appendix C. Descriptive statistics of manipulation check and control variables among
cognitive challenge conditions (low, mid, high) and time points (pre, during, post; except
for HR averaged across the exergaming)

15 15
14 14
13 13
= =)
ﬁ 12 E 12
=} =
a1l @] 11
[ &~
10 10
9 o
8 8
Pre During Post Pre During Post
M (SE) M (SE) M(SE) M (SE) M(SE) M(SE)
Low 8.42 (0.24) 12.53 (0.27) 13.53 (0.31) Low 8.84 (0.24) 11.60 (0.26) 12.50 (0.31)
Mid 8.47 (0.23) 12.36 (0.29) 13.60 (0.32) Mid  9.00(0.23) 12.04 (0.28) 12.91 (0.32)
High  8.65 (0.26) 13.11 (0.26) 13.94 (0.30) High  9.18 (0.26) 12.79 (0.27) 13.36 (0.30)
9 9
8 8
—7 — =7
) — ! )
E 6 EX
@ =
g £
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4 4
3 3
Pre During Post Pre During Post
M (SE) M (SE) M (SE) M (SE) M (SE) M (SE)
Low 7.21(0.13) 7.15 (0.13) 7.47 (0.14) Low 5.30(0.19) 6.12 (0.16) 6.07 (0.20)
Mid 717 (0.14) 6.99 (0.13) 7.26 (0.15) Mid  5.26 (0.20) 6.28 (0.17) 6.57 (0.20)
High 7.07 (0.14) 6.52 (0.13) 6.65 (0.15) High  4.99 (0.20) 6.00 (0.16) 5.99 (0.19)
5 150
145
4 —_~
w 2. 140
= £
2" g
- T g 135
* T 3
5]
2 /‘ﬁq g 130
125
1
Pre During Post
120
M(SE) M(SE) M(SE) Low Mid High
Low 167 (0.08) 2.16 (0.09) 2.31 (0.11)
Mid o 1.76 (0.07) 2.20 (0.09) 2.42(0.12) M(SE) M(SE) M(SE)
135.45 (1.52) 136.18 (1.48) 134.63 (1.39)

High  1.77 (0.07) 2.42 (0.09) 2.54 (0.11)



Note. RPE: rating of perceived exertion RCE: rating of cognitive engagement. During = mean
of T1 and Ta. Error bars represent the standard error of the mean. Results of post-hoc
comparisons (51gn1ﬁcant results bolted): RPE high vs. low: p =.091, °,=.02; RPE high vs.
mld p =.048, 7°,=.03; RPE mid vs. low: p = 1.00, #°,=.00. RCE high vs. low: p <.001,

=.07. RCE high vs. mid: p = .045, #°,=.03. RCE mid vs. low: p = .256, ;7p .02.
Pleasure high vs. low: p < 001,;7 »=.04; Pleasure high vs. mid: p = .006, 7°,=.02;
Pleasure mid vs. low: p— .540, #°,=.01. Arousal high vs. low: p— .780, #°,=.03; Arousal
high vs. mid: p— 031, °, = .02; Arousal mid vs. low: p =.520, 5°,= .03. Stress high vs.
low: p = .009, 5°, = .02; Stress high vs. mid: p = .200; #°, = .02; Stress mid vs. low: p = .776,
n’p=02.
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’Department of Design, Zurich Acute bouts of physical exercise have the potential to benefit children's cogni-
University of the Arts, Zurich, tion. Inconsistent evidence calls for systematic investigations of dose-response
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relations between quantitative (intensity and duration) and qualitative (modal-

Correspondence ity) exercise characteristics. Thus, in this study the optimal duration of an acute
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cognitively challenging physical exercise to benefit children's cognition was in-
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vestigated, also exploring the moderating role of individual characteristics. In
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Email: sofia.anzeneder@unibe.ch a within-subject experimental design, 104 children (Magezll.S, SD=0.8, 51%
female) participated weekly in one of four exergaming conditions of different
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Swiss National Science Foundation, durations (5, 10, 15, 20min) followed by an Attention Network task (ANT-R).

Grant/Award Number: 181074 Exergame sessions were designed to keep physical intensity constant (65% HR,,,)

and to have a high cognitive challenge level (adapted to the individual ongoing
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1 | INTRODUCTION

Acute physical exercise (i.e., a single bout of exercise) has
the potential to transiently enhance subsequent cognitive
performance,>* especially in children.* Cognitive benefits
of acute physical exercise are largely influenced by the in-
teraction of quantitative (duration, intensity) and qualita-
tive exercise characteristics (modality),>° as well as by the
responsiveness of individuals with different characteris-
tics (e.g., environmental, developmental, physical, and
cognitive)."” Chronic cognitively challenging physical ex-
ercise, which elicits cognitive engagement,” appears to
have positive effects on children's cognition.” Concerning
immediate after-effects of an acute cognitively challeng-
ing physical exercise, however, results are inconsistent.'*!!
It is still unclear which duration of cognitively challeng-
ing bouts of physical exercise benefits cognition the most.
This is of great practical importance in the educational
setting for designing active breaks to enhance cognitive
functions essential for learning and academic achieve-
ment, such as attention and executive functions (EFs).
While attention encompasses different processes related
to how the organisms becomes receptive to internal and
external stimuli and how it begins to process them,'? EFs
refer to higher-level functions that enable self-regulation
and goal-directed behavior.'?

A function at the intersection between the broad and
multifaceted constructs of attention and EFs is executive
control, that is, the ability to exert control over interfer-
ence. Executive control is a component of inhibition,
along with response inhibition (suppressing or resisting
automatic responses) and cognitive inhibition (suppress-
ing thoughts and memories)."” It is one of three inde-
pendent yet interacting attention networks, along with
alerting (achieving and maintaining an alert state) and
orienting (selecting information from sensory input).'**>

Meta-analyses revealed that acute physical exercise
has positive effects on children's executive control with
ES ranging from 0.28 to 0.57.'®'7 Although these positive

*In ‘exercise and cognition’ research, the meaning of the term ‘exercise’
has been expanded to encompass any specific form of physical activity
that is planned, structured, and purposive to maintain or improve
outcomes in different domains (e.g., physical, cognitive)."

To distinguish it from behavioral and emotional engagement, cognitive
engagement can be defined as the degree to which the allocation of
attentional resources and cognitive effort is needed to master difficult
skills.®
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results seem relatively consistent, there is considerable
heterogeneity in the magnitude of effects.” Therefore,
research increasingly focused on dose-response relation-
ships between exercise characteristics, cognitive outcomes,
and underlying mechanisms. The dose-response relation
in children and adolescents has been mostly investigated
by manipulating exercise intensity and less frequent ex-
ercise duration.”>'® Correspondingly, while meta-analytic
findings suggest that bouts of physical exercise with at
least moderate intensity are most beneficial for EFs (when
cognitive performance is assessed following a delay of
more than 1 min)*® with no differences between moderate
and vigorous intensities,'® they do not allow to univocally
identify an optimal exercise duration.’®'” Furthermore,
the few child and adolescent studies that have manipu-
lated the duration of acute bouts of physical exercise are
hardly comparable due to differences in both exercise in-
tensity and modality.'*~** Differences in modality, such as
in cognitive challenge and related cognitive engagement,
are thought to contribute to exercise effects on cognitive
performance.®

Therefore, increasing research investigated qualitative
exercise characteristics such as the cognitive challenge
level.'®!! However, no acute cognitively challenging exer-
cise studies manipulated bout duration. In children and
adolescents, acute cognitively challenging exercise stud-
ies showed a mixed pattern of results.'®" In the duration
range most frequently used (10-20 min), acute cognitively
challenging bouts of physical exercise at moderate to vig-
orous intensity resulted in facilitation, > " no effects,?®3!
or even detrimental effects on cognition.** Conversely,
longer exercise durations (40 and 50 min) elicited either
no effects or detrimental effects, respectively.> > A univo-
cal synthesis of the above studies is limited by the variety
of modalities used. To identify optimal exercise charac-
teristics for children's cognition, further research that
systematically investigates the effects of acute cognitively
challenging exercise of different durations on attention
and EFs, holding modality constant, is needed.

Moreover, the pattern of moderators acting on the acute
exercise-cognition relation is complexified by the individ-
ual responsiveness to physical and cognitive challenges
of bouts of physical exercise."’” Previous evidence recom-
mends to finely tune exercise demands to children’s devel-
opmental level and expertise®® as well as to their physical
and cognitive abilities.*”” Depending on these abilities,
the combination of acute exercise's varying physical and
cognitive demands may be under- or over-challenging.''*?
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In sum, to design acute bouts of physical exercise for
children that transiently enhance cognitive function, it is
essential to consider dose-response relations within the
frame of quantitative and qualitative exercise character-
istics, as well as the individual responsiveness to acute
bouts of physical exercise.

Thus, the first aim of the present study was to investi-
gate which duration of an acute cognitively challenging
bout of physical exercise benefits children's executive
control the most. Considering that studies investigating
single durations of cognitively challenging bouts of phys-
ical exercise led to inconsistent evidence in the 10-20 min
range,"' we investigated multiple durations up to 20 min.
In line with overall meta-analytic findings across the lifes-
pan, showing that neither shorter (e.g., 5min)* nor longer
duration (e.g., 20 min)*® of acute physical exercise bene-
fits cognition, we hypothesized that intermediate dura-
tions (10 and 15min) would elicit larger executive control
gains compared to shorter and longer ones. The second
aim was to investigate whether the duration of an acute
cognitively challenging bout of physical exercise affects
not only executive control, but also alerting and orienting
performances, as well as their interactive functioning (i.e.,
the effect of alerting or orienting on executive control ef-
ficiency'*), which in turn seem to underlie cognitive and
emotional control processes relevant for academic learn-
ing.** However, considering that acute physical exercise
studies addressing after-effects on alerting and orienting
are limited and inconsistent***° and none investigated the
interaction among attention networks, no a priori hypoth-
esis was stated. The third exploratory aim was to evaluate
whether individual characteristics interact with exercise
duration. Given the limited evidence on the moderating
role of individual characteristics regarding the effects
of acute cognitively challenging bouts of physical ex-
ercise,'*® no a priori hypothesis was stated, and a wide
range of environmental, developmental, physical, and
cognitive characteristics were included in these explor-
atory analyses.

2 | METHODS

This study was part of the project “School-based physical
activity and children's cognitive functioning: The quest for
theory-driven interventions.” The project aims to investi-
gate the effects of qualitative and quantitative characteris-
tics of designed, school-based, bouts of physical exercise
on children's cognitive functions. The project was prereg-
istered in the German Clinical Trials Registry (registration
number: DRKS00023254). The cantonal ethics committee
approved the study protocol (number: 2020-00624), which
adhered to the latest Declaration of Helsinki.
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2.1 | Participants

One hundred four children aged 10-13years (M =11.5,
SD=0.8; 51% female) were recruited from three primary
schools in the region of Bern, Switzerland. The legal guard-
ians of all children provided informed written consent and
children agreed to participate. Exclusion criteria were any
neurological, developmental, or medical condition that
would affect the subjects’ integrity or study results. We
conducted a power analysis using the SuperPower Shiny
app (https://shiny.ieis.tue.nl/anova_power/) to determine
sample size. We defined a within-subjects design with
four exercise duration conditions and estimated effects
based on previous studies***>*’ with alpha error probabil-
ity=0.05 and correlation between the repeated measures
r=0.61. We assumed that children's executive control per-
formance (as difference value, see “Cognitive measures”
section) would be faster after the 10min (M=100ms,
SD=80) and 15min conditions (M =100ms, SD = 80; with
no significant differences between the 10 min and 15min
conditions), compared to the 5min (M =125ms, SD=80)
and 20 min ones (M =125ms, SD =80; with no significant
differences between the 5min and 20min conditions).
To satisfy counterbalancing requirements, we tested the
power of N=100 participants. Using 2000 simulations,
results showed a power of 99% for repeated measures
ANOVAs and more interestingly a power of > 80% for
Bonferroni-adjusted t-test comparisons (6 comparisons)
of above hypothesized significant differing conditions (5
vs. 10min, 5 vs. 15min, 10 vs. 20 min, 15 vs. 20 min).

Of the 114 participants initially recruited, four were
injured during the intervention period outside the study
(e.g., at home) and six were identified as multivariate out-
liers based on Mahalanobis distance (p <0.001), and were
therefore excluded. Due to technical problems with the
tablets used for attentional testing (SurfTab 10.1; TrekStor
GmgH), there was some loss of data (3.1%). Since Little's
MCAR test has led to a non-significant result (p =0.986),
the missing values were imputed using the expectation-
maximization algorithm. Participants’ background vari-
ables are presented in Table 1.

2.2 | Design and procedures
In the current within-subjects crossover design study with
counterbalanced order of experimental conditions (24
possible permutations), the duration of an acute cogni-
tively challenging, exergame-based, bout of physical exer-
cise was manipulated to be 5, 10, 15, or 20min (C5, C10,
C15, C20).

The study was conducted over a period of 5weeks.
During the first study week, data were collected on two

85U8017 SUOWILLOD @A 181D 3|cedldde 8Ly Aq peusenob afe sajoe O ‘8sN JO S8|nJ oy Akeid178U1UO 8|1 UO (SUORIPUOD-PUR-SLUIBIALICO" A3 |IM ALRIq Ul UO//:SANLY) SUORIPUOD pUe SWie | 8U18esS " [202/TT/70] Uo A%iqiauluo A8 |1 ‘e aiwepex v ayos1ieziemuyds A 0LErT SWS/TTTT OT/I0pA0D" A8 | Ake.q1jpuluo//:SAny Woly pepeojumod ‘8 ‘€202 ‘8E80009T


https://shiny.ieis.tue.nl/anova_power/
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fsms.14370&mode=

ANZENEDER ET AL.

ﬂWl LEY

separate days. On the first day, background character-
istics were assessed by a questionnaire, including age,
biological sex, height, weight, socioeconomic status,
pubertal developmental status, habitual physical activ-
ity, need for cognition, and weekly videogame practice.
Subsequently, children performed a 20-m Shuttle Run
test to assess their maximum heart rate (HR) and fitness
level. Acceptable reliability and validity were demon-
strated for background variables; only the videogame

TABLE 1 Participant's background variables.

practice questionnaire was self-developed for the pur-
poses of the current study (for a detailed description and
references of background variables see Appendix S1). At
the second visit, children participated in a familiarization
session. Each child completed a specifically developed
tutorial of the exergame. Gameplay (each movement)
was explained and the exergame continued only when
movements were carried out correctly. After the tutorial,
children participated in a 3 min regular version of the ex-
ergame. Subsequently, to familiarize children with atten-
tional testing, they performed the practice block of the
cognitive tests (for details, see “Cognitive measures”).

Background variables M (SD) . . .
& Children played one exergaming session per week be-
Age (years) 11.5(0.8) tween the second and fifth week. Before, during, and after
Biological sex (% female) 51% the exergame, manipulation check and control variables
Socioeconomic status [2-14] 8.4(2.1) were collected. These measures have acceptable reliabil-
Body mass index (kg/m?) 18.7 (3.3) ity and validity (for a detailed description and references
Pubertal developmental status [3-12] 5.8(2.2) see Appendix S1). During the exergaming task, HR was
e ] 26(0.5) continously monitored. Each session included a short as-
. sessment before exergaming, 2min warm-up, 5-20min
VO gy (mL/kg/min) 51.5(6.8) . gamins wvarm-up. >
: : . of exergaming (depending on condition) intermitted by
Weekly videogame practice (min) 194.7 (237.4) .
short assessment breaks every 5min, a short assessment
Need for cogition [19-95] 62.2 (12.6) immediately after exergaming, a water break, and the
/ HR /.
7 7
5 min : Attention
condition To |Warm-up Exergaming| Ty |Break| .o ..
(CH) @5sec)| (2 min) (5 min) (30 sec)| (1 mim) (14 min)
At T,, T: Physical exertion, cognitive engagement, arousal,
pleasure, stress; activity enjoyment (only at T;)
/ HR /
7 7
10 min ; ; Attention
condition To |Warm-up |Exergaming| T, |Exergaming| T, |Break ot
(Cl(}) @5sec)| (2 min) (5 min) 30 sec) (5 min) 30 sec)| (1 min) (14 min)
At T,, T, T,. Physical exertion, cognitive engagement, arousal, pleasure, stress;
activity enjoyment (only at T,)
/ HR /
7 7
15 min . | E . 1. |E . . |E . T. |Break Attention
conditisi o arm-up |Exergaming| T, |Exergaming| T, |Exergaming| T |Break| ' - - o
(C15) @5sec)| (2 min) (5 min) 30 sec) (5 min) 30 sec) (5 min) (30 sec)| (1 min) (14 min)
At T, T;, T,, Ts, Physical exertion, cognitive engagement, arousal, pleasure, stress;
activity enjoyment (only at T;)
/ HR /
7 7
20 min B . 1. |E . . |E . T. |E . T | Attention
condition To | Warm-up |Exergaming| T, |Exergaming| T, |Exergaming| T; |Exergaming| T, |Break e e
(C20) @5sec)| (2 min) (5 min) (30 sec) (5 min) (30 sec) (5 min) (30 sec) (5 min) 30 sec) | (1 min) (14 min)
At T,, T,, T,, Ts, T,. Physical exertion, cognitive engagement, arousal, pleasure, stress; activity enjoyment (only at T,)

FIGURE 1 Experimental protocol of the weekly sessions (which were carried out in a counterbalanced order). Note: T =assessment
times; T, =before activity (pre); T, =after 5min activity; T, =after 10min activity; T;=after 15min activity; T,=after 20 min activity; HR =

heart rate.
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subsequent attentional testing with the revised Attention
Network task (ANT—R).14 In total, C5, C10, C15, and C20
sessions lasted about 23 min, 29 min, 34 min, and 40 min,
respectively. The experimental protocol and timeline of
the respective weekly session are depicted in Figure 1.
While children were blinded to the conditions, assessors
were not, since they had to stop the exergaming after 5,
10, 15, and 20min, respectively. However, the ANT-R is
a highly standardized tablet-based test.'* Thus, assessors
most probably did not bias the cognitive outcome measure.

2.3 | Intervention and
experimental conditions

We used an exergame in the school setting to manipulate
and individualize both physical and cognitive exercise chal-
lenges in a highly controlled and ecologically valid fashion.
Exergaming refers to active video gaming that embeds
gross-motor exercise into videogame play.41 The exergame
sessions took place during school hours and were per-
formed individually, once weekly, at the same time and day
each week. The intervention consisted of a modified ver-
sion of the exergame Sphery Racer.*? To control the exer-
game, participants performed different functional workout
movements (e.g., jumps, squats, or punches) while being
immersed in a rapid underwater race game scenario. In this
game scenario, they navigated an avatar and passed vari-
ous colored gates, which provided them with information
regarding respective functional workout movements and
cognitive tasks to be performed. During the exergame ses-
sion, participants wore four motion-based trackers (HTC
Vive tracking sensors, Vive) attached to their wrists and an-
kles as well as an HR sensor (Polar Team?2 straps and trans-
mitters; Polar Electro) to constantly track their movements
and body position, and their HR, respectively. The physical
intensity was held constant during the session at approxi-
mately 65% HR,,,. Most of the previous research in this
area investigated moderate to vigorous intensities,” show-
ing beneficial effects.***** Therefore, a similar intensity
was chosen for comparability reasons and to avoid over-
load because of the potential combined effects of physical
intensity and cognitive challenge. The cognitive challenge
level of the exergame was chosen according to the results
of a previous study,” showing that a high-challenging
bout enhanced children's executive control more than
less challenging versions of the same exergame. Jumps,
squats, skipping, and deep lunges were used to maintain
HR constant (50% of total movements) while punches
and catching sideway points were used to manipulate the
cognitive challenge (50% of total movements). The latter,
more cognitively challenging movements, were designed
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to mirror attentional allocation processes involved in the
ANT-R paradigm (see “Cognitive measures” section). The
tasks included anticipatory cues that alerted and oriented
attention and targets that required movement actions
while ignoring distracting stimuli (for details on exergam-
ing tasks see description and video in Appendix S2). During
the exergame session, the level of cognitive challenge was
constantly adapted to the individual ongoing performance.
The task was rendered easier or more difficult if the par-
ticipant made more or less than three errors in a period of
30seconds, respectively. Task difficulty was modulated by
an ascending number of distracting stimuli (40%-60%) and
misleading cues (13%-19%), which preceded punches and
lateral shuffle steps (i.e., catching sideway points).

2.4 | Manipulation check

Several variables were assessed to test whether experi-
mental manipulation had succeeded (see Figure 1).
PolarTeam2 belts and transmitters were used to measure
children’s HR during exergaming (measurement every
3seconds) and to adjust the physical intensity at 65%
HR,,,. In addition, perceived physical exertion (RPE) and
cognitive engagement (RCE) were measured using the
Borg RPE and the adapted RCE scales (for a detailed de-
scription and references see Appendix S1).

2.5 | Control variables

According to previous evidence highlighting that affective
states elicited by acute exercise need to be considered,*”*
several control variables were assessed (see Figure 1).
Arousal, pleasure, and perceived stress were assessed using
the single-item pictorial Self-Assessment-Manikin, and
enjoyment with the physical activity enjoyment scale (for
a detailed description and references see Appendix S1).

2.6 | Cognitive measures
A child-adapted version of the ANT-R* was used on
Inquisit 5 (Millisecond Software) to assess the efficiency
of (a) executive control (primary outcome), (b) alerting and
orienting networks, and (c) the influence of alerting and
orienting networks on executive control. For the primary
outcome, a retest reliability ranging from 0.61 to 0.71 has
been shown.*

To capture the functioning of attention network sys-
tems, the test combines the Attention cueing paradigm
that assesses alerting and orienting, and the Flanker task
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that assesses executive control. There are four cue condi-
tions: no cue, double cue, valid spatial cue, and invalid spa-
tial cue; and two congruency conditions: a central target
arrow surrounded by congruent (>>>>>o0r<<<<<)
or incongruent (>><>>or<<><<) lateral flanker ar-
rows. Each trial begins with a central fixation cross, fol-
lowed by no cue, a double cue informing that a target will
occur soon, or a single spatial cue informing on the prob-
able location of the upcoming target. A valid spatial cue
indicates the location in which a subsequent target most
probably will appear. An invalid spatial cue indicates the
opposite location. Subsequently, a congruent or incongru-
ent flanker condition appears. The child's task is to iden-
tify the direction of the center arrow by pressing a right or
left button, while ignoring lateral flanker arrows. Reaction
times (RTs) and response accuracy are recorded. The task
is composed of two blocks of 72 trials (each bock with
12 no cue, 12 double cue, 36 valid spatial and 12 invalid
spatial trials) and lasts 14 min, including a one-min break
between blocks. Responses with RTs faster than 200 ms
or longer than 1700ms were excluded automatically."*
Further details on the task parameters and cue-target in-
terval timing can be found elsewhere.'* Each attention
system performance is computed as a difference value of
RTs and accuracy.

Executive control (flanker effect) is calculated as (incon-
gruent — congruent trials). A smaller value for the RT
difference and a smaller negative value for the accuracy
difference reflect a better efficiency, because children
are better able to inhibit the interference of incongruent
flankers.

« Alerting is calculated as (no cue—double cue trials). A
larger value for the RT difference and a larger negative
value for the accuracy difference reflect the benefit in
speed/accuracy elicited by an alerting cue.

Orienting is composed of engaging attention at a validly
cued location (double cue —valid spatial cue trials) and
disengaging attention from an invalidly cued location
(invalid spatial cue — double cue trials). A larger RT dif-
ference and a larger negative value for the accuracy dif-
ference reflect the benefit in speed/accuracy elicited by
a valid spatial cue, and/or the cost elicited by an invalid
spatial cue.

The interactive function of attention networks is as-
sessed as the effect of alerting or orienting on executive
control (flanker effect). It is measured as the difference of
flanker effect under different cue conditions.

« The effect of alerting on executive control is calculated
as ([no cue trials with incongruent flanker—no cue
trials with congruent flanker]|-[double cue trials with
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incongruent flanker —double cue trials with congruent
flanker]). A negative value indicates a negative impact
of alerting on executive control.

« The effect of orienting on executive control is composed
of the effects of engaging and disengaging attention on
executive control. The effect of engaging is calculated
as ([double cue trials with incongruent flanker — dou-
ble cue trials with congruent flanker] -[valid spatial
cue trials with incongruent flanker —valid spatial
cue trials with congruent flanker]). The effect of dis-
engaging is calculated as ([invalid spatial cue trials
with incongruent flanker —invalid spatial cue trials
with congruent flanker]-[double cue trials with in-
congruent flanker —double cue trials with congruent
flanker]). For engaging, a positive value indicates the
beneficial effect of a validly oriented attention on
executive control. Instead, for disengaging, a posi-
tive value indicates the cost of an invalidly oriented
attention.

2.7 | Statistical analyses

All analyses were performed using SPSS version 27.0
(SPSS Inc.). Preliminary analyses were run using repeated
measures ANOVAs for the comparison of manipulation
check (RPE, RCE) and control variables (arousal, pleas-
ure, stress) among exergaming time (Pre, During, and
Post; see Figure 1) separately for each duration condition
(C5, C10, C15, C20). Subsequent ANOVAs were run for
the comparison of manipulation check and control vari-
ables among conditions at Pre to test for baseline differ-
ences. If baseline differences emerged, ANOVAS to test for
the effect of duration were performed using (Post — Pre)
delta scores in absolute value. Analyses were performed as
well on delta scores in relative value ([Post — Pre]/Pre and
[Post-Pre]/[Post + Pre]) and results depicted scores in ab-
solute value. Further ANOVAs were run for the compari-
son among duration conditions (C5, C10, C15, C20) of (a)
HR average during exergaming and (b) activity enjoyment
after exergaming. Post hoc Bonferroni-adjusted pairwise
comparisons for the effect of duration are reported.

To analyze the effect of duration on overall RTs and
response accuracy as a function of attentional factors
(cue and flanker conditions that depict attention net-
work performances), a 4 (duration conditions)x4 (cue
conditions)x 2 (flanker conditions) repeated measures
ANOVAs were performed, separately for RTs and response
accuracy. Post-hoc Bonferroni-adjusted pairwise compari-
sons were reported for the effect of duration.

To explore the moderating role of individual characteris-
tics (age, sex, socioeconomic status, BMI, pubertal status, ha-
bitual physical activity, VO,max, videogame practice, need
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for cognition) on the effect of exercise duration on attention
networks, continuous individual background variables were
first dichotomized (i.e., median split). Subsequently, they
were included as categorical moderators in ANOVAs on RT
and accuracy difference values reflecting attention network
performances and interactions (RT and accuracy under
the different cue and flanker conditions were reduced in a
theory-based manner; see “Cognitive measures” section). In
the case of significant interactions including potential mod-
erators, performances after the four duration conditions
were contrasted by means of post-hoc ANOVAs, separately
for each group of children (e.g., low and high habitual phys-
ical activity), and subsequent Bonferroni-adjusted pairwise
comparisons.

For all analyses, median RTs were used because of
the disproportional contribution of outliers in mean RTs
for different participants and due to the non-normal dis-
tribution of RTs. All analyses were performed also on
mean RTs, with and without the six multivariate outliers.
Results depict median RTs with multivariate outliers ex-
cluded. The level of significance was set at p <0.05 for all
analyses, and nzp was reported as an estimation of effect
size (small effect size=0.01, medium effect size=0.06,
large effect size=0.14).

3 | RESULTS

3.1 | Manipulation check

Statistics of manipulation check variables among du-
ration conditions (C5, C10, C15, C20) and time points
(Pre, During, Post) are presented in Appendix S3. First
ANOVAs, performed separately for each duration con-
dition (C5, C10, C15, C20), revealed in all conditions a
significant effect of time on RPE (p, < 0.001; rlzps> 0.63)
and RCE (p,< 0.001; nzps> 0.41). Further ANOVAs on
delta scores (Post—Pre) among duration conditions
revealed a significant effect of duration for RPE (du-
ration: F (3, 101)=5.16, p=0.002, n°,=0.13) and RCE
(duration: F (3, 101)=6.02, p=0.001, q2p=0.15). As
concerns the effect of duration, Bonferroni-adjusted
pairwise comparisons showed that C5 was perceived
as less physically exerting and cognitively engag-
ing compared to C15 (RPE: p=0.006, n2p=0.10; RCE:
p=0.004, n°,=0.11) and C20 (RPE: p=0.003, n°,=0.11;
RCE: p=0.001, q2p=0.13), whereas the shortest (C5 vs.
C10) and longest conditions (C15 vs. C20) were per-
ceived as equally demanding (py> 0.999, ;1sz< 0.01;
see Appendix S3). The difference in RPE among condi-
tions was not paralleled by objective HR data (p =0.403;
n2p=0.03), which was designed to be similar across
conditions.
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3.2 | Control variables

Statistical analyses of control variables among duration
conditions (C5, C10, C15, C20) and time points (T, T;, T,
T, T4) are presented in Appendix S3. First ANOVAs, per-
formed separately for each duration condition (C5, C10,
C15, C20), showed in all conditions a significant effect of
time on arousal (p,<0.001; lqus>0.17). Similar ANOVAs
on perceived pleasure revealed only in C20 a significant
decrease over time (p=0.008, n2p=0.13) with no dif-
ferences from Pre to Post in other duration conditions
(ps>0.123; qus <0.03). Further separate ANOVAs on per-
ceived stress showed in C10, C15 and C20 a significant
effect of time (p;=0.001; nzps>0.14) with no differences
from Pre to Post in C5 (p=0.109, °,=0.03).

Further ANOVAS on delta scores (Post — Pre) of control
variables revealed an effect of duration (with medium ef-
fect size) on stress (F (3, 101)=2.58, p=0.058, n2p=0.07),
but no significant effects on arousal (F (3, 101)=0.78,
p=0.504, nzp =0.02) or pleasure (F(3,101)=0.14, p=0.936,
n2p=0.00). As concerns the effect of duration on stress,
Bonferroni-adjusted pairwise comparisons showed that
C20 was perceived as more stressful than C5 (p=0.058,
n2p=0.06), whereas other conditions were perceived as
equally stressful (p,> 0.182, nzps<0.04; see Appendix S3).
The difference in perceived stress among conditions was
paralleled by enjoyment data (duration: F (3, 101)=4.10,
p=0.009, 112p=0.11), which showed that C20 was per-
ceived as less enjoyable than C5 (p=0.004, n2p=0.11) and
C10 (p=0.074, n2p=0.06), whereas other conditions were
perceived as equally enjoyable (p,>0.136, r12p5< 0.05).

3.3 | Cognitive measures

3.3.1 | Effects of duration on executive
control, alerting, orienting, and their
interactions

A first ANOVA on RTs revealed the classic cue (F(3,101)=
411.62, p<0.001, n*,=0.92), flanker (F (1, 103)=589.93,
p<0.001, nzp =0.85) and cue x flanker effects (F (3, 101) =
37.03, p<0.001, qu=0.52), which are well known in the
literature.'*

As regard the first two aims, a significant effect of du-
ration on overall RTs with a medium to large effect (F (3,
101)=4.04, p=0.009, r]zp =0.11), but no further interaction
effects of duration with flanker (i.e., the effect of duration
on executive control; F (3, 101)=0.21, p=0.890, qu =0.01),
cue (i.e., the effect of duration on alerting and orienting;
F (3,101)=0.91, p=0.520, 112p =0.08), or cue x flanker (i.e.,
the effect of duration on attention networks' interactions;
F(9,95)=0.86, p=0.560, nzp =0.08) emerged. Results show
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n°,=0.11. C5=5min condition,
C10=10min condition, C15=15min
condition, C20=20min condition. Results
of post-hoc comparisons (significant
results bolded): C5 vs. C10: p=1.00,
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C5vs. C20: p=1.00, 1°,=0.01. C10 vs.
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n’,=0.01.
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that the duration condition influenced subsequent overall
RTs,butnotspecifically attention network performancesand
interactions. Post hoc Bonferroni-adjusted pairwise com-
parisons revealed significant faster RTs after C15 compared
to C10 (p=0.019, r12p=0.09), with small to medium effect
size differences between C5 and C15 (p=0.310, n2p=0.04)
and C10 and C20 (p=0.211, n,=0.04; see Figure 2), but no
differences between C5 and C10 and between C15 and C20
(ps=1.00, quszo.m). There were no effects of duration for
accuracy (duration: p=0.952, nzp =0.00; duration x flanker:
p=0.439, 7°,=0.03; duration X cue: p=0.451, >, =0.09; du-
ration X cue X flanker: p=0.775, nzp =0.06).

3.3.2 | Moderating role of individual
characteristics

ANOVAs on RT differences with dichotomized individual
characteristics as between-subject factors revealed only
for habitual physical activity level and only for the RT dif-
ference reflecting the interaction between executive con-
trol and spatial disengaging (component of orienting) a
significant interaction effect of duration (F (3, 100)=4.81,
p=0.004, 1121,=0.13).i Subsequent ANOVAs run on these

An anonymous reviewer validly pointed out, that dichotomization of
continuous variables may incur potential difficulties. Thus, we
performed subsequent multi-level analyses also with continuous
individual variables. Results show similar trends for continuous as for
dichotomized variables. Specifically, even if the interaction effect of
bout duration and habitual physical activity level on the interactive
functioning of executive control and spatial disengaging did not reach
significance (p=0.056), results show a significant post-hoc difference
between C15 and C5 (p=0.006), indicating that RT differences
decreased with increasing habitual physical activity level.
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RT differences, separately for children with lower and
higher habitual physical activity levels, revealed only for
children with higher physical activity levels a significant
effect of duration (F (3, 46)=3.15, p=0.034, n2p=0.17).
Post hoc Bonferroni-adjusted pairwise comparisons re-
vealed lower disengaging costs for executive control after
C15 compared to C5 (p=0.040, n2p=0.08) with no further
differences among conditions (py>0.060, 112ps< 0.04). To
interpret this result in children with higher habitual phys-
ical activity levels, the difference between flanker effect
under invalid spatial cue conditions and double cue con-
ditions were computed separately. As indicated in
Figure 3, after C15 lower disengaging costs for executive
control resulted from faster RTs after invalid spatial cue
conditions (decreasing dark orange bars, Figure 3),
whereas after double cue conditions RTs remained stable
among conditions (light orange bars, Figure 3). Same
analyses performed on accuracy data were not significant
(p>0.060, n*,<0.07).

No further interaction effects of duration with dichot-
omized individual characteristics emerged neither on RTs
nor accuracy values reflecting executive control, alerting,
orienting performances and their interactions (ps>0.170,
N’ <0.05).

4 | DISCUSSION

The first aim of the present study was to investigate the
dose-response relation between different durations of
a cognitively high-challenging bout of physical exercise
(5, 10, 15, 20min) and children's executive control per-
formance. The second aim was to test executive control
performance from an attention network perspective to
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FIGURE 3 Effects of duration on the interaction of executive control (flanker effect) and orienting (spatial attention disengagement)

in children with higher habitual physical activity levels. Note: C5=5min condition, C10=10min condition, C15=15min condition,

C20=20min condition. Dark orange bars =flanker effect under invalid spatial cue conditions, computed as (Invalid spatial cue, flanker

incongruent - Invalid spatial cue, flanker congruent). Light orange bars = flanker effect under double cue conditions, computed as (Double

cue, flanker incongruent — Double cue, flanker congruent). Error bars represent the standard error of the mean. The interaction of executive

control and disengaging is represented by differences between dark orange and light orange bars (dotted lines). Duration effect: F (3,
46)=3.15, p=0.034, rlzp =0.17. Significant difference: *C5 vs. C15: p=0.040, nzp =0.08. RT, reaction time.

further our understanding of acute exercise duration ef-
fects on the efficiency of executive control along and in-
teracting with alerting and orienting attention networks.
Finally, we explored if an optimal exercise duration var-
ies according to individual characteristics. In sum, the
15min bout of physical exercise benefited children's
overall information processing speed the most, whereas
the efficiency of executive control and other attention
networks (alerting and orienting) was unaffected by the
duration of the bout. However, exercise duration affected
the interactive functioning of executive control and ori-
enting networks in more active children, suggesting that
the dose-response relation of interest may be moderated
by children's habitual physical activity level. Specifically,
more active children seem better able to capitalize on an
optimal (15min) acute exercise duration for maintaining
executive control efficiency also under more complex spa-
tial attention conditions.

The present study is the first to directly compare the
acute effects of different durations of a cognitively chal-
lenging bout of physical exercise on children's executive
control and on its functioning in interaction with other at-
tention networks. Regarding the primary aim of the study,
executive control performance was not differentially af-
fected by the employed durations, which instead showed
differential effects on overall RTs only, in line with previ-
ous acute exercise research with adolescents.?’ Indeed, the
fine-grained analysis of different durations between 5 and
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20min allowed identifying the duration (15min), within
the intermediate range, that benefited information pro-
cessing speed the most. In detail, children became faster
while maintaining a high response accuracy, thus suggest-
ing a benefit for RTs without a speed-accuracy trade-off
effect. This likely reflects the transient biochemical and
neurophysiological changes that underlie altered psycho-
logical states, such as increased arousal, which facilitate
performance in subsequent cognitive tasks.’

As regard duration effects in acute exercise studies, to
the best of our knowledge, only two studies manipulated
the duration of an acute bout of physical exercise and
provided evidence on information processing speed.’>**
However, the different duration and intensity employed,
as well as the participants’ ages, limit the comparability.
In an adult study, superior performance was found after
a 20min moderate intensity bout compared to 10 and
45min durations.* In an adolescent study, 30 min of acute
high-intensity intermittent physical exercise improved
information processing to a greater extent compared to
a 60min bout of comparable intensity.”® Inconsistencies
of the present findings with those of the abovementioned
studies might be due to three factors. (a) The exercise du-
ration identified for adults and adolescents might not fit
for children, who have lower cognitive and motor devel-
opmental and/or skill levels'' and are therefore more sen-
sitive to exercise-induced effects.* (b) The duration of the
acute bout is inherently tied and inversely related to the
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intensity, such that as the intensity of the bout increases,
the potential maximum duration decreases.’ (c) Not phys-
ical intensity or cognitive engagement individually, but
their interaction determines the overall dose, which may
influence the optimal bout duration.™

The lack of duration-dependent effects on executive
control in the present study adds evidence to previous
acute exercise research with children and adolescents,
failing to find effects of duration on EFs after a 5-20min
moderate to vigorous classroom-based exercise,'”*" or
after a 10-30min moderate cycling activity.”* However,
the choice of different combinations of exercise charac-
teristics (intensity, duration, and modality), participants’
age, and differences in study design and statistical anal-
yses in the available studies hinder a thorough compari-
son. Howie and colleagues® used separate analyses for the
different exercise durations, thus not comparing effects
across conditions. Van den Berg et al.** compared the ef-
fects of different durations in adolescents. Their employed
exercise durations, intensities, and cognitive assessment
instruments were similar to those used in the current
study but without a deliberate inclusion of cognitive chal-
lenge. According to the cognitive stimulation hypothesis,
cognitively challenging physical exercise that includes
cognitive engagement along with physical exertion pre-
activates similar neural areas associated with EFs, and is
therefore thought to have stronger effects on subsequent
cognitive performance than a physically demanding exer-
cise with low cognitive engagement.® However, the lack
of differential duration effects of cognitively challenging
bouts of physical exercise on children's EFs does not add
further nuances to this hypothesis in regard to exercise du-
ration effects. Instead, our results extend the insensitivity
of EFs to acute exercise duration from simply aerobic* to
also cognitively high-challenging bouts of physical exer-
cise at moderate intensity (with 5min increments from 5
to 20min), and from adolescence to childhood. To date,
only Graham et al."” manipulated the cognitive challenge
while investigating the effects of exercise duration on ad-
olescent's EFs. However, unbalanced sampling problems
were indicated as a factor that limited the possibility to
draw conclusions on the interactive effect of exercise du-
ration and cognitive challenge.

Concerning the second aim of the study, results
showed no effects of duration on alerting, orienting, nor
on their interaction with the executive control network.
This is in line with the lack of differential effects reported
in van den Berg et al.'s* acute exercise study with adoles-
cents that used the attention network paradigm and inves-
tigated the dose-response relation by means of different
bout durations of physical exercise (10, 20, or 30min).
However, to the best of our knowledge, neither this,* nor
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other previous exercise studies considered the interaction
between attention networks as we did in the present study.
Intriguingly, we found evidence of this interaction, which
was constrained by the moderating role of children's ha-
bitual physical activity level.

Besides the interplay of exercise characteristics, also
individual characteristics need to be considered as po-
tential moderators of the effects of bout duration on ex-
ecutive control and other attention networks.*”*** The
current study included a third exploratory aim to address
this issue. Results showed that among environmental,
developmental, physical, and cognitive characteristics
tested, only habitual physical activity level moderated
the effects of duration. Interestingly, habitual physical
activity and bout duration jointly affected the interactive
performance of the executive control and orienting net-
works. In general, previous attention network research
consistently showed that executive control is worse when
spatial attention resources cannot be validly allocated in
advance.'* In our subsample of more active children, this
disadvantage in executive control when spatial attentional
resources were invalidly allocated was lowest after the
15min bout of physical exercise. This suggests that chil-
dren with higher habitual physical activity are better able
to capitalize on the cognitive benefits of a 15min bout of
cognitively challenging physical exercise to improve the
interactive functioning of their attention networks. In
particular, they seem better able to maintain executive
control efficiency also when misleading information of in-
valid spatial cues challenges the orienting network to per-
form spatial disengagement. This result is consistent with
a previous acute cognitively challenging exercise study,
suggesting that cognitively challenging bouts of physical
exercise benefit only EFs efficiency of children who are
physically and cognitively better equipped to capitalize
on it.>® Thus, it seems that only children who are habit-
ually active might be better able to allocate the enhanced
attentional resources to the most complex executive task
demands (i.e., executive control under disadvantageous
spatial conditions), supporting previous evidence on dif-
ferential effects based on individual characteristics.*”*%*’

In the current study, the four experimental conditions
were designed to differ in duration (5, 10, 15, 20 min), but
not in cognitive challenge (constantly adapted to the in-
dividual ongoing performance) nor in physical intensity
(at 65% HR,,,). Even when the cognitive challenge and
physical intensity were held constant, subjective ratings
indicated that children perceived the 15 and 20 min con-
ditions as more cognitively and physically demanding
than the 5min condition. However, they did not perceive
differences between 5 and 10min durations and between
15 and 20min durations. Future research might further
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investigate duration and intensity thresholds in perceived
cognitive engagement and physical exertion during phys-
ical exercise.

The exergaming task allowed for individualization and
constant modulation of the cognitive challenge based on
children’s ongoing performance, thus ensuring playing at
an optimal challenge point. However, the 20 min condi-
tion was perceived as more stressful than the 5min one,
as well as less enjoyable than the two shortest conditions.
This result is consistent with a previous acute cognitively
challenging physical exercise study with children showing
a reduction in positive affect after a 20 min bout at mod-
erate to vigorous intensity.”® Considering that the effects
of acute exercise on positive affect may enhance cogni-
tive performance,”” future research should manipulate
affective responses during cognitively challenging bouts
of physical exercise. This may further our understanding
of mediators that influence the acute exercise-cognition
relation and account for interindividual heterogeneity in
response to acute exercise.

4.1 | Limitations

The present study is not without limitations. First, the
four durations of acute cognitively challenging physical
exercise were completed in a counterbalanced order, but
without a sedentary control group. This allowed identify-
ing exercise duration effects (first aim of the study), but
hindered disentangling physical exercise and duration
related effects. Moreover, due to time constraints posed
by schools, we did not include a pre-test assessment for
cognition. Future studies should include a sedentary con-
trol group and utilize a within-subjects crossover pre- and
post-test design. In this design, all participants engage in
both the exercise and sedentary control conditions in a
counterbalanced order. Thus, individual differences and
learning/practice effects can be controlled.® Second, ac-
cording to the cognitive stimulation hypothesis,® exercise
demands were specifically designed to mirror the atten-
tion network paradigm. It remains unclear if, beside near
transfer effects of exergaming demands on attention net-
work performances, also far transfer effects on other EFs
can be elicited. Future studies should evaluate exercise ef-
fects on a variety of more and less distant EF measures to
investigate transfer effects, and complement these by mul-
tiple levels of analysis (e.g., neuroimaging) to understand
the neurobiological mechanisms that drive the changes
in behavioral performan(:e.47 Third, given that a child-
adapted version of ANT-R with longer stimulus duration
and longer interstimulus interval was used as outcome
measure, it is possible that effects were biased toward
RTs. As indicated by a recent comprehensive review,’
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selective effects on RTs and accuracy might be due to dif-
ferent task parameters or instructions. Accordingly, tasks
with long stimulus duration and long interstimulus inter-
val may bias improvements to manifest within RTs® and
even small differences in task instruction may lead to
large differences in participants’ strategies.*® Future stud-
ies are needed to systematically investigate the sensitivity
of acute cognitively challenging exercise on children's RTs
and accuracy. Therefore, for example, various outcome
measures with longer and shorter stimulus durations and
interstimulus intervals could be compared.

5 | CONCLUSIONS

The present study produced two main novel findings.
Firstly, an acute, 15 min bout of cognitively challenging
physical exercise transiently benefited children's infor-
mation processing speed, with no duration-dependent
effects for executive control, alerting and orienting
performances and interactions. Secondly, a nuanced
pattern of duration-dependent effects on the interac-
tive functioning of executive control and orienting
networks emerged for children with higher levels of ha-
bitual physical activity. Only for more active children,
the 15 min bout of physical exercise enhanced the ef-
ficiency of executive control, also when spatial atten-
tion resources could not be validly allocated in advance.
Taken together, results support a dose-response rela-
tion of different durations of acute cognitively challeng-
ing physical exercise on basic cognitive processes (e.g.,
information processing), rather than on more complex
executive control and attention processes,* and for more
active children only, on the interactive functioning of
executive control and orienting networks.

6 | PERSPECTIVE

The current results call for more refined study designs
tailored to address the interplay between individual
characteristics and task characteristics of acute bouts of
cognitively challenging physical exercise. Furthermore,
they highlight the importance of expanding cognitive out-
come measures toward assessment paradigms that allow
evaluating exercise effects not only on single cognitive
functions but also on the interplay of brain networks that
better reflect their intertwined functioning under ecologi-
cal conditions. Results of such research may be used to
design practical activities in ecological settings, as active
breaks in the school setting, in which learning outcomes
are influenced by the individual and interactive function-
ing of attention networks.
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Appendix S1.
Background variables

Beside age, biological sex and writing hand, the body weight and height were measured
according to standardized protocols with children wearing regular clothes without shoes. Body
Mass Index (BMI) was calculated [weight (kg)/ height (m)?]. Socioeconomic status* was
assessed using the Family Affluence Scale III. This consists of six questions about the family
(e.g., whether they have their own bedroom or number of family-owned computers). The
response format varies by item and points are given for a higher number, for example of
computers. The prosperity index is then calculated as the sum of the points on the six items. An
acceptable reliability and validity has been demonstrated®’. Pubertal developmental status was
assessed using the German version of the pubertal developmental scale®®. This consists of three
questions for each sex, asking for example: “Have you noticed a deepening of your voice?”.
Responses are given on a 4-point Likert scale, scoring 1-4 points (e.g., not yet started; barely
started; definitely started; seems complete). The puberty index (3-12 points) is calculated by
summing up the scores of the three items. Acceptable reliability and validity has been
demonstrated®®. The habitual physical activity was assessed using the German version of the
physical activity questionnaire for older children®!. This 7-day recall instrument consists of 10
items, asking to indicate which physical activities children have performed (item 1), how
physically active they were during school hours (items 2-8), and how often they performed a
moderate to vigorous activity (item 9). The response format varies by item and points are given
for a higher number, for example of performed physical activities. The summary score (1-5
points) is calculated by the mean of items 1-9. Item 10 can be used to identify children who had
unusual activity during the previous week. The questionnaire is a valid and reliable measure of
children’s physical activity levels’!. Weekly videogame practice was assessed, asking children

to indicate how long they played videogames during the last 7 days (in minutes). This



questionnaire was self-developed for the purposes of the current study and has not been
validated yet. Need for cognition, defined as disposition to engage in and enjoy effortful
cognitive endeavors>?, was assessed using the German teen version of the Need for Cognition
scale®. This consists of 19 questions, asking for example: “I would rather do something that
requires little thought than something that is sure to challenge my thinking abilities?”.
Responses are given on a 5-point Likert scale, scoring 1-5 points (from extremely
uncharacteristic of me to extremely characteristic of me). Some items are reverse-scored. The
total score (19-95 points) is calculated by summing up the scores of the 19 items. Acceptable
reliability and validity have been demonstrated®?. Cardiovascular fitness (Vo’max) and HRmax

were assessed by a 20-m Shuttle Run test>

. All participants wore a Polar H7 HR monitor that
was connected to the Polar Team App (Polar Electro Oy, Finland), in which HR data was stored.
The test was performed during a regular physical education lesson, under supervision of a
physical education teacher. All children were familiar with this test and were encouraged by
their teacher and the research team to exert maximum performance. The test had an initial

running speed of 8.0 km/h that progressively increased with 0.5 km/h in one-minute stages. The

highest completed stage with an accuracy of half a stage was recorded.

Manipulation check

Perceived physical exertion (RPE) was measured using the Borg RPE scale. Acceptable
reliability and validity in preadolescents have been provided for this scale®*. To determine
children’s cognitive engagement during exergaming, Borg RPE scale was adapted to ask for
perceived cognitive engagement (RCE). They had to answer the question, “How exhausting
was the previous activity for your brain?”. This adapted version is not a validated instrument,
but proved to be feasible with children and adolescents and sensitive to detect changes in

cognitive engagement among intervention conditions**732,

Control variables



In addition to manipulation check variables, different control variables with acceptable

reliability and validity were assessed. Arousal, pleasure and perceived stress were measured

using the single-item pictorial Self-Assessment-Manikin®. Enjoyment was assessed with the

physical activity enjoyment scale®.
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Appendix S2. Exergaming tasks

ExerCube game setup:

Exergaming video: https://vimeo.com/759054046



https://vimeo.com/759054046

Exergaming elements in "catching a sideway point" example:

1. First, a cue appears on the right, left or both sides of a colored gate

2. When the gate comes closer, children have to perform a lateral shuffle step and catch a
yellow sideway point (other gates can request punches, skipping, jumps, squats or deep
lunges).

3. Movements must be performed following the direction of the target arrow, while
ignoring the rotation (to the right or to the left) of the central distracting point (can be
congruent or incongruent with the arrow direction; in the picture below the central
point is congruent)

e 031572 : 875 *




Examples of movements used to manipulate the cognitive challenge:

@;;,‘.l

Tratk High: Step \

Picture 1. Punches with congruent
stimuli but double (not spatial
informative) cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
left), while ignoring the rotation of the
central quadrangle (here to the left and
therefore congruent). The double cue is
not spatial informative (fists on both
sides).

Picture 2. Punches) with distracting
stimuli but valid cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
left), while ignoring the rotation of the
central quadrangle (here to the right and
therefore incongruent). The cue is valid
(fist on the left side).

Picture 3. Catching a sideway point
with congruent stimuli but misleading
cue

Children’s task is to follow the
direction of the target arrow (pointing
here to the right), while ignoring the
rotation of the central point (here to the
right and therefore congruent). The cue
is misleading (hand on the left side).

Picture 4. Catching a sideway point
with distracting stimuli but correct cue

Children’s task is to follow the direction
of the target arrow (pointing here to the
right), while ignoring the rotation of the
central point (here to the left and
therefore incongruent). The cue is
misleading (hand on the right side).



Examples of movements used to maintain children’s heart rate constant

Picture 4. Skipping

Dcombo

Track High' Step /6

Picture 5. Jumps

J’ » Picture 6. Squats

\




Appendix S3. Statistics of manipulation check and control variables among duration

conditions (C5, C10, C15, C20) and time points (Ty, T1, T2, T3, Ty)

C1. Perceived physical exertion

-
=

T
>
1
1

11

10

RPE [6-20]

TO (Pre) T1 (Smin) T2 (10 min) T3 (15 min) T4 (20 min)
M (SE) M (SE) M (SE) M (SE) M (SE)
cs  7.94 (0.22) 11.58 (0.29) - - -
8.31(0.24) 11.85 (0.27) 12.57 (0.30)
C15 8.25(0.22) 12.09 (0.26) 12.98 (0.28) 13.14 (0.30) -
8.82 (0.26) 12.19 (0.26) 13.01 (0.28) 13.68 (0.28) 13.89 (0.30)

Note. RPE: rating of perceived exertion. Error bars represent the standard error of the mean.
Effect of time: C5: F(1, 103) = 174.02, p <.001, #°, = .63. C10: F(2, 102) = 85.58, p <.001, #°
=.63. C15: F(3, 102) = 74.83, p <.001, 5°, = .69. C20: F(4, 100) = 65.08, p <.001, #°, = .72.
Effect of duration on delta scores (Post — Pre): F(3, 101) = 5.16, p = .002, #°,= .13. Results of
post-hoc comparisons among delta scores (significant results bolded): C5 vs. C10: p = .544, %
=.03; C5 vs. C15: p =.006, 1°,=.10; C5 vs. C20: p =.003, ?,=.11; C10 vs. C15: p = .697,

n2p=02; C10 vs. C20: p = .285, %= .04; C15 vs. C20: p = 1.00, %= .00.



C2. Perceived cognitive engagement

T
= i 1
12 : 1
= : 1
g 1 T
E 10
~
9 ¥
T
8
6
T0 (Pre) T1 (Smin) T2(10min)  T3(15min) T4 (20 min)
M (SE) M (SE) M (SE) M (SE) M(SE)
C5  8.80(0.25) 10.98 (0.29) - -
8.97 (0.25) 11.23 (0.27) 11.68 (0.28)
C15 8.97 (0.24) 11.43 (0.28) 11.98 (0.30)  12.22 (0.33)
8.99 (0.23) 11.42 (0.27) 12.10 (0.28)  12.49 (0.29) 12.65 (0.32)

Note. RCE: rating of cognitive engagement. Error bars represent the standard error of the mean.

Effect of time: C5: F(1, 103) = 71.06, p <.001, 5%, = .41. C10: F(2, 102) = 40.82, p <.001, 5%

= 45. C15: F(3, 102) = 45.50, p <.001, 7% = .58. C20: F(4, 100) = 30.32, p <.001, %, = .55.

Effect of duration on delta scores (Post — Pre): F(3, 101) =6.02, p =.001, #°»=.15. Results of

post-hoc comparisons among delta scores (significant results bolded): C5 vs. C10: p = .433, 5%

=.03; C5 vs. C15: p =.004, 5°,= .11; C5 vs. C20: p = .001, #*,=.13; C10 vs. C15: p = .635,

n?p="03; C10 vs. C20: p = .074, 5%=.06; C15 vs. C20: p = 1.00, %= .0L.



C4. Arousal
9

8

B
= T I T T
E 6 4 i i :
= T o
-
Z, $/
1
4
TO (Pre) T1 (Smin) T2(10min) T3 (15min) T4 (20 min)
M (SE) M (SE) M (SE) M (SE) M (SE)
Cs5  5.10(0.18) 6.13 (0.19) - - -
5.48 (0.19) 6.24 (0.18) 6.43 (0.17)
C15 4.75(0.19) 6.01 (0.17) 5.99 (0.18) 5.99 (0.20)
4.93 (0.18) 6.27 (0.17) 6.24 (0.18) 6.28 (0.19) 6.26 (0.20)

Note. Error bars represent the standard error of the mean. Effect of time: C5: F(1, 103) = 33.90,

p <.001, 5% = .25. C10: F(2, 102) = 10.42, p < .001, 5% = .17. C15: F(3, 102) = 16.75, p <

001, %, = .33. C20: F(4, 100) = 18.21, p < .001, #°, = .42. Effect of duration on delta scores

(Post — Pre): F(3, 101) =79, p = .504, %= .02.



C3. Pleasure

5 N
3 i : ! 1 1
@ 1 1
s
w
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B s
4
TO (Pre) T1(Smin) T2(10min) T3 (15min) T4 (20 min)
M(SE) M (SE) M (SE) M (SE) M (SE)
©5  7.09 (0.15) 6.87 (0.15) - -
6.96 (0.13) 6.81 (0.13) 6.74 (0.15)
15 6.80 (0.15) 6.67 (0.15) 6.59 (0.15) 6.68 (0.15)
6.71 (0.14) 6.64 (0.15) 6.41 (0.15) 6.38 (0.16) 6.58 (0.17)

Note. Error bars represent the standard error of the mean. Effect of time: C5: F(1, 103) =2.42,
p=.123,9%=.02. C10: F(2,102) = 1.53, p = 222, *» = .03. C15: F(3, 102) = 1.01, p = .394,
7’y =.03. C20: F(4, 100) = 3.63, p =.008, #°» = .13. Effect of duration on delta scores (Post —

Pre): F(3, 101) = .14, p = .936, %= .00.



C5. Stress

g
£
w . F I T
& ¥ * L
1
TO (Pre) T1 (Smin) T2(10min) T3 (15min) T4 (20 min)
M (SE) M(SE) M (SE) M(SE) M (SE)
Cs 1.84 (0.10) 1.98 (0.10) - - -
1.80 (0.08) 2.13 (0.09) 2.14 (0.10)
C15 1.94 (0.09) 2.19 (0.09) 2.38 (0.10) 2.35(0.11)

1.88 (0.08) 233(0.09)  233(0.11) 244 (0.11)  236(0.12)
Note. Error bars represent the standard error of the mean. Effect of time: C5: F(1, 103) = 2.61,
p=.109, n?, =.03. C10: F(2,102) =8.08, p = .001, #?, = .14. C15: F(3, 102) = 7.83, p < .001,
7’y =.19. C20: F(4, 100) = 8.27, p < .001, 5°, = .25. Effect of duration on delta scores (Post —
Pre): F(3, 101)=2.57, p=.058, #“p=.07. Results of post-hoc comparisons among delta scores
(significant result bolded): C5 vs. C10: p = .481, °,=.03; C5 vs. C15: p = .182, ?,=.04; C5
vs. C20: p =.058, n°,=.06; C10 vs. C15: p = 1.00, #%,=.00; C10 vs. C20: p = 1.00, %= .01;

C15 vs. C20: p = 1.00, 7%= .00.



C6. HR average over exergaming time

Note. Error bars represent the standard error of the mean. Effect of duration: F(3, 101) = .99,

p=.403, 7°,=.03.

C7. Activity enjoyment after the exergaming

Note. Error bars represent the standard error of the mean. Effect of duration: F(3, 101) = 4.10,
p =.009, #°,=.11. Results of post-hoc comparisons (significant results bolded): C5 vs. C10: p
=1.00, #°»=.01; C5 vs. C15: p = .374, °p=.03; C5 vs. C20: p =.004, n°,=.11; C10 vs. C15:

p=1.00, 7%,=".00; C10 vs. C20: p = .074, 5%, = .06; C15 vs. C20: p = .136, %= .05.
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