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Abstract

Preschool children are in a “critical period” of inhibitory control development.
Although previous studies have found that physical activity can improve chil-
dren’s inhibitory control, how this ability is comprehensively affected by 24-
hour movement behaviors remains controversial. Therefore, this study used
relevant questionnaires to measure 24-hour movement behaviors, employed the
Fish flanker and Emotional flanker paradigms to measure preschool children’s
“cold” and “hot” inhibitory control, and utilized a compositional isotemporal
substitution model to investigate the association between 24-hour movement
behaviors and preschool children’s “cold” and “hot” inhibitory control. The
results revealed that there was a significant association between preschool chil-
dren’s 24-hour movement behaviors and their “cold” and “hot” inhibitory con-
trol. Moreover, increasing the time spent in moderate-to-vigorous physical ac-
tivity at the expense of sedentary behavior or low-intensity physical activity, or
increasing sleep duration at the expense of sedentary behavior or low-intensity
physical activity, was associated with positive changes in preschool children’s
“cold” and “hot” inhibitory control. This suggests that changes in “cold” and
“hot” inhibitory control can be explained by the components of daily 24-hour
movement behaviors in preschool children, and that these changes vary depend-
ing on different combinations of movement behaviors.
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The Association Between 24-Hour Movement Behaviors and In-
hibitory Control in Preschool Children: A Compositional Data
Analysis Approach
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Abstract

Preschool children are in a critical period for the development of inhibitory
control. While previous studies have found that physical activity can improve
children’s inhibitory control abilities, how this capacity is comprehensively in-
fluenced by 24-hour movement behaviors remains controversial. Therefore,
this study employed relevant questionnaires to measure 24-hour movement be-
haviors, utilized the Fish Flanker and Emotional Flanker paradigms to assess
preschool children’s “cold” and “hot” inhibitory control, and adopted a compo-
sitional data isotemporal substitution model to explore the associations between
24-hour movement behaviors and both “cold” and “hot” inhibitory control in
preschoolers. The results revealed significant associations between preschool
children’s 24-hour movement behaviors and their “cold” and “hot” inhibitory
control. Specifically, increasing moderate-to-vigorous physical activity time at
the expense of sedentary behavior or light physical activity, or increasing sleep
duration at the expense of sedentary behavior or light physical activity, was
associated with positive changes in preschool children’s “cold” and “hot” in-
hibitory control. These findings suggest that changes in both “cold” and “hot”
inhibitory control can be explained by the composition of daily 24-hour move-
ment behaviors in preschool children, and that these changes vary depending
on different combinations of movement behaviors.

Keywords: Preschool children, 24-hour movement behavior, “cold” and “hot”
inhibitory control, compositional isotemporal substitution analysis

1. Introduction

Inhibitory control, a subcomponent of executive function, refers to the psy-
chological process through which individuals control their attention, behavior,
thoughts, or emotions to resist strong internal response tendencies or external
temptations (Diamond & Adele, 2013). This ability plays a crucial role in the
development of children’s cognitive, emotional, and social functioning. Previ-
ous research in the field of child cognitive development has primarily focused
on “cold” inhibitory control; however, Li Ying’s (2011) research demonstrated
that both “cold” and “hot” inhibitory control exert important influences on
preschool children’s development. “Cold” inhibitory control refers to preschool
children’s ability to self-regulate behavior and cognition in the absence of emo-
tional arousal—for example, controlling impulses or selecting appropriate be-
havioral responses during tasks. In contrast, “hot” inhibitory control refers
to preschool children’s capacity to self-regulate behavior and emotions under
emotionally evocative conditions (Wang Lingfeng, 2013). Research has shown
that preschool children’s emotional regulation abilities are equally critical for
academic performance and higher cognitive functioning (Ghanbari et al., 2023;
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Harrington et al., 2020). Moreover, in children’s daily lives, “cold” and “hot”
inhibitory control are typically intertwined, jointly shaping their behavior and
decision-making.

Neuroimaging studies have indicated that children’s prefrontal cortex (PFC)
develops rapidly during the preschool period, particularly in the ventrolateral
prefrontal cortex (VLPFC) and dorsolateral prefrontal cortex (DLPFC) regions
closely associated with cognitive inhibition and emotional regulation (Garon et
al., 2008). These regions are implicated in enhanced inhibitory control capabili-
ties (Zelazo et al., 2008) and play pivotal roles in preschool children’s inhibitory
control development. Physical activity, sedentary behavior, and sleep are all
movement behaviors closely related to preschool children’s PFC development.
Research has found that moderate physical activity can improve PFC function,
a brain region intimately connected with inhibitory control (Hillman & Biggan,
2017). Through exercise, children may enhance neuroplasticity, promote PFC
development, and thereby strengthen inhibitory control abilities (Ludyga et al.,
2016). Meanwhile, sedentary behavior (particularly prolonged electronic device
use) has been found to potentially lead to PFC hypoactivity, thereby affecting
inhibitory control (Gapin & Etnier, 2010). Additionally, sleep deprivation is as-
sociated with decreased PFC function, while normal sleep helps maintain PFC
stability and promotes inhibitory control, which may represent one of the key
neural mechanisms underlying this capacity (Chaput et al., 2016).

Regarding behavioral manifestations of inhibitory control, physical activity,
sedentary behavior, and sleep duration constitute three important factors in-
fluencing preschool children’s inhibitory control. Extensive evidence demon-
strates that physical activity is associated with inhibitory control abilities. For
instance, aerobic exercise such as running can positively affect cognitive con-
trol, executive function, and academic achievement in children and adolescents
(Best, 2010; Hillman et al., 2009; Koepp et al., 2022; Park et al., 2023; Ziereis
& Jansen, 2015). In contrast, excessive sedentary behavior is associated with
lower cognitive levels and self-control abilities in children and adolescents (Car-
son et al., 2015; Li et al., 2022; McNeill et al., 2021; Rai et al., 2023). Si-
multaneously, adequate sleep duration also exerts positive effects on children’s
cognitive abilities and emotional management (Bernier et al., 2021; Bruni et al.,
2020; Cho et al., 2017; Spencer, 2021). Although the aforementioned studies
have confirmed that physical activity, sedentary behavior, and sleep can serve as
independent predictors of inhibitory control, researchers have gradually reached
consensus that these behaviors are interdependent and interactive, warranting
simultaneous consideration. Since the total time spent on physical activity,
sedentary behavior, and sleep within a day is fixed at 24 hours, these behav-
iors are termed “24-hour movement behaviors.” Moreover, these behaviors are
mutually exclusive—meaning that changing the time allocated to one behavior
necessitates at least a compensatory change in another (Bezerra et al., 2021;
Dumuid et al., 2019). Therefore, it is essential to analyze their comprehensive
effects on individual health outcomes from the perspective of the overall com-
bination of these three behaviors (Mekary, Michel et al., 2013; Mekary, Willett
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et al., 2009; Prochaska, 2008).

In 2016, the Canadian Society for Exercise Physiology released the world’s first
integrated 24-hour movement guidelines for children and youth (5-17 years)
(Tremblay et al., 2016), spearheading a new trend toward holistic research on 24-
hour movement behaviors—namely physical activity (PA), sedentary behavior
(SB), and sleep duration (SLP). The research evidence cited in these guidelines
indicated that children’s total physical activity volume was favorably related
to physical, psychological/social, and cognitive health indicators (Poitras et
al., 2016); longer durations of sedentary behaviors such as television viewing
and screen time were associated with cardiometabolic disease risk scores, hos-
tile/social behavior indicators, poorer physical fitness, and self-esteem (Carson
et al., 2016); and shorter sleep duration in children was linked to poorer health
status (Chaput et al., 2016). Subsequently, various countries released their own
24-hour movement guidelines, and current research in the 24-hour movement be-
havior domain has achieved considerable progress, with applications expanding
from adults to older adult populations (Stamatakis et al., 2015). For example,
studies have shown that reasonable 24-hour movement behavior patterns, such
as adequate moderate-to-vigorous physical activity and reduced sedentary time,
can yield positive health effects including decreased obesity rates and improved
cardiovascular function (Chastin et al., 2015).

However, most current research has concentrated on adult populations, with
studies targeting children, particularly preschool children, remaining relatively
limited (Carson et al., 2017). Furthermore, existing research on 24-hour move-
ment behaviors has primarily focused on body composition (Dumuid et al.,
2018; Fairclough et al., 2017) and physical fitness (Carson et al., 2017; Ekblom-
Bak et al., 2016), with few studies examining the relationship between 24-hour
movement behaviors and advanced cognitive development in preschool children,
particularly executive functions that are crucial for children’s self-regulation
(Zhang Ting et al., 2023; Carson et al., 2017; Grgic et al., 2018; Sampasa-
Kanyinga et al., 2020). The preschool stage represents a critical period for
children’s physiological and psychological development, and cultivating healthy
movement behavior patterns during this time can have profound long-term im-
pacts on their health. Therefore, additional research is needed to investigate
the comprehensive effects of 24-hour movement behavior patterns on cognitive
development in preschool children.

Moreover, since 24-hour movement behaviors involve “compositional data”—
where each component is non-negative and sums to a constant (24 hours)—they
possess a “constant-sum constraint” characteristic (Chastin et al., 2015). Tra-
ditional regression analysis methods exhibit certain limitations when handling
compositional data. Specifically, conventional regression typically assumes lin-
ear relationships between primary independent and dependent variables. Pedisic
et al. (2017) and Dumuid et al. (2018) noted that in compositional data, com-
ponents may exhibit non-linear relationships and multicollinearity, causing tra-
ditional regression models to inadequately capture these complex relationships
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and potentially leading to model instability and reduced interpretability. Zhang
Ting and Li Hongjuan’s (2020) research identified compositional data analysis
as the currently recognized methodological approach in relevant research, as it
can estimate the comprehensive effects of the relative distribution of all 24-hour
movement behaviors while resolving multicollinearity issues. The compositional
isotemporal substitution model builds upon compositional data analysis by em-
ploying multivariate linear regression models based on log-ratio transformations
to investigate the expected differences in dependent variables resulting from
time reallocation among different movement behaviors.

Based on these considerations, this study employed a cross-sectional research
design, utilizing compositional data analysis and the compositional isotemporal
substitution model to explore the relationships between 24-hour movement be-
haviors and preschool children’s “cold” and “hot” inhibitory control. The study
further aimed to construct an optimal dose-response relationship pattern of 24-
hour movement behaviors for preschool children’s “cold” and “hot” inhibitory
control, while providing scientific evidence for cultivating preschool children’s
inhibitory control abilities and for updating and revising 24-hour movement
guidelines for Chinese preschool children.

2. Methods
2.1 Participants

Using G*Power 3.1 software (Faul et al., 2007), this study set the power value
(1-B) at 0.8, a at 0.05, and effect size d at 0.15, yielding a required minimum
sample size of 45 participants. The study recruited 66 preschool children aged
3-6 years (32 boys, 34 girls; mean age 5.02 + 0.62 years) from a kindergarten in
Shaanxi Province. Prior to the study’s commencement, informed consent was
obtained from all children’s parents or legal guardians.

2.2 Measures
(1) 24-Hour Movement Behavior Questionnaire

The 24-hour movement behaviors included physical activity, sedentary behav-
ior, and sleep duration. Physical activity and sedentary behavior were measured
using the Preschool Children’s Physical Activity Characteristics and Influenc-
ing Factors Questionnaire developed by Wu Haijun (2018), which demonstrates
good reliability and validity. The physical activity questionnaire comprised
20 daily physical activity items (running, walking, sliding, etc.), assessing fre-
quency and duration (minutes) of participation in the past week. Based on the
ranges specified by the author, light physical activity (LPA) and moderate-to-
vigorous physical activity (MVPA) were calculated. The sedentary behavior
questionnaire included 8 daily sedentary items (video games, television watch-
ing, handicrafts, etc.), assessing frequency and duration (minutes) in the past
week, from which sedentary behavior (SB) time was calculated.
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Sleep duration (SLP) was assessed using the Nighttime Sleep Duration on Week-
days Questionnaire developed by domestic scholar Wu et al. (2017). The survey
consisted of three questions: 1) “In the past month, what time does your child
usually go to bed on weekdays? On weekends?” 2) “In the past month, what
time does your child usually wake up on weekdays? On weekends?” 3) “Re-
call your child’s nap frequency and duration on weekdays/weekends in the past
month, then check the total daytime sleep duration.” The specific calculation
formula was: Sleep duration = [(weekday daytime sleep 4+ weekday nighttime
sleep) x 5 + (weekend daytime sleep + weekend nighttime sleep) x 2] / 7.

(2) “Cold” Inhibitory Control Task

The “cold” inhibitory control was measured using the Fish Flanker task pro-
grammed in Psychopy 2021.2.3. Experimental materials were presented as car-
toon fish images, with the fish’s head orientation substituting for arrow direc-
tions in the classic task. All images were standardized in size and pixels, as
shown in Figure 1 [Figure 1: see original paper]. The program presented stimuli
in a horizontal array of five fish with different orientations, divided into con-
gruent conditions (all fish facing the same direction) or incongruent conditions
(multiple orientations present). Children’s task was to correctly identify the
direction of the middle fish (target).

(3) “Hot” Inhibitory Control Task

The “hot” inhibitory control was measured using the Emotion Flanker task
programmed in Psychopy 2021.2.3. Experimental materials were presented as
cartoon happy and sad facial expression images, standardized in size and pixels,
as shown in Figure 2 [Figure 2: see original paper]. The program presented
stimuli in a horizontal array of five expressions with different valences, divided
into congruent conditions (all expressions sharing the same valence: all posi-
tive/negative) or incongruent conditions (multiple valences present). Children’s
task was to correctly identify the valence of the middle expression (target ex-
pression).

2.3 Procedure

This study employed individual administration. After participating preschool
children’s guardians completed demographic questionnaires and relevant scales,
children completed the Fish Flanker and Emotion Flanker tasks according to
the following procedure:

(1) Guardians completed demographic information questionnaires and rele-
vant scales.

(2) Under the experimenter’s guidance, children independently completed the
Fish Flanker task. First, a black fixation cross “4” appeared at the center
of the computer screen for 300ms, cueing the imminent start of the experi-
ment. Subsequently, five horizontally arranged cartoon fish patterns were
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presented at the screen center, with the middle fish serving as the target
stimulus appearing at the fixation location for 3000ms.

The experiment was presented to children in a game-like format, telling them
that a hungry fish was surrounded by other fish. This fish always appeared in
the middle and would be happy if fed. Participants were required to respond
via keypress when the image appeared, after which the program advanced to
the next trial. If no response was made, the next fixation and stimulus automat-
ically appeared after 3000ms. Participants’ task was to respond to the middle
fish’s orientation while ignoring interference from surrounding fish. The hand
assignment for left /right responses to fish direction was counterbalanced across
children. The experiment consisted of practice (20 trials, requiring $ $80% ac-
curacy to proceed) and formal testing (40 randomly presented trials). This
task examined correct responses in incongruent conditions; therefore, accuracy
in incongruent conditions was recorded, with higher accuracy indicating bet-
ter “cold” inhibitory control. The entire experiment was conducted in a quiet,
well-lit room. The experimental procedure is shown in Figure 3 [Figure 3: see
original paper].

(3) After a 5-10 minute rest, children independently completed the Emotion
Flanker task under the experimenter’s guidance. First, a black fixation
cross “4” appeared for 300ms, followed by five horizontally arranged car-
toon expression patterns at screen center, with the middle expression as
the target stimulus presented at the fixation location for 3000ms. Chil-
dren were required to respond via keypress when the image appeared. The
task was to respond to the middle expression’s valence while ignoring sur-
rounding expressions. If the middle expression was positive, participants
responded with one hand (e.g., left hand) pressing the “F” key; if negative,
they responded with the other hand (e.g., right hand) pressing the “H” key.
Hand assignment for positive/negative expressions was counterbalanced
across children. The experiment comprised practice (20 trials, $ $80% ac-
curacy required) and formal testing (40 randomly presented trials). This
task examined correct responses in incongruent conditions; accuracy in in-
congruent conditions was recorded, with higher accuracy indicating better
“hot” inhibitory control. The entire experiment was conducted in a quiet,
well-lit room. The experimental procedure is shown in Figure 4 [Figure 4:
see original paper].

2.4 Statistical Analysis

Statistical analyses followed the 24-hour movement behavior compositional anal-
ysis guidelines proposed by Chastin et al. (2015) and were conducted using R
4.0.5 software with the compositions package (Van den Boogaart & Tolosana-
Delgado, 2008), robcompositions package (Templ et al., 2011), and lmtest pack-
age for compositional data analysis.

First, descriptive statistical methods for compositional data were employed to
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present the central tendency and dispersion of 24-hour movement behavior data.
Compositional geometric means were used to describe the central tendency of
time data, while variation matrices—the log-variance of pairwise ratios between
all components—were used to reflect data dispersion (Chastin et al., 2015).
Smaller variance values indicated higher interdependence between two move-
ment behaviors and greater likelihood of mutual conversion; larger variance
values indicated lower interdependence.

Second, since traditional multiple linear regression methods often ignore the
constant-sum constraint of compositional data, potentially creating spurious
correlations and multicollinearity (Dumuid et al., 2018), this study performed
multiple regression analysis based on isometric log-ratio (ILR) transformation of
compositional data while controlling for confounding factors such as sex and age
to examine associations between SLP, SB, LPA, MVPA and inhibitory control.

Finally, based on the fitted compositional regression model, time reallocation
methods from previous studies were employed for isotemporal substitution anal-
ysis (Curtis et al., 2020; Dumuid, Pedisic et al., 2019; Dumuid, Stanford, Martin-
Fernandez et al., 2018; Dumuid, Stanford, Pedisic et al., 2018). King’s (2016)
research found that 10 minutes/day represents both the minimal unit of physical
activity accumulation for health benefits and the shortest duration of sedentary
behavior that poses health risks. Therefore, this study used 10-minute units
in substitution analyses, reallocating 10 minutes from one behavior to another
while keeping total time (1440 minutes) and other activity times constant, calcu-
lating differences in inhibitory control between the reallocated time distribution
and the original mean distribution. To more clearly present predicted changes
in preschool children’s inhibitory control across different reallocation durations,
this study examined dose-response relationships by incrementing in 10-minute
units up to 60 minutes for substitution pathways showing significant effects.

3. Results
3.1 Descriptive Statistics of 24-Hour Movement Behaviors

Compositional geometric means revealed that the average daily proportions of
SB, LPA, MVPA, and SLP among preschool children in this study were 33.5%,
14.6%, 5.9%, and 46.0%, respectively. When converted to minutes per day,
these corresponded to 482.36, 209.64, 85.60, and 662.40 min/d, respectively.
Values approaching zero in the compositional variation matrix indicate that
time spent in two behaviors is highly interdependent and most likely to be
mutually converted. As shown in Table 1, the log-ratio variances between sleep
and sedentary behavior, sleep and light physical activity, and sedentary behavior
and light physical activity were all relatively small, indicating that time spent
in sleep and sedentary behavior, sleep and light physical activity, and sedentary
behavior and light physical activity were most likely to be interchanged among
preschool children.

A ternary plot was used to visualize the distribution of time proportions across
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24-hour movement behaviors in preschool children (Figure 5 [Figure 5: see orig-
inal paper|). The results showed that the density curves in the MVPA time
proportion direction were more dispersed compared to other movement behav-
ior directions, indicating greater variability in MVPA time proportions among
preschool children.

3.2 Associations Between 24-Hour Movement Behaviors and In-
hibitory Control in Preschool Children

Multiple linear regression analysis based on isometric log-ratio transformation
of compositional data was conducted to examine correlations between different
24-hour movement behaviors and “cold” and “hot” inhibitory control indices.
As shown in Table 2 , the relative distribution of 24-hour movement behavior
time was significantly correlated with both “cold” and “hot” inhibitory control
(p<0.001). Specifically, sleep duration showed significant positive correlations
with both “cold” (8=0.39, p=0.006) and “hot” (8=0.63, p<0.001) inhibitory
control. Moderate-to-vigorous physical activity was significantly positively cor-
related with both “cold” ($=0.11, p<0.001) and “hot” (5=0.08, p=0.017) in-
hibitory control. Light physical activity showed a significant negative correlation
with “hot” inhibitory control (8=-0.20, p=0.018).

3.3 Isotemporal Substitution Analysis of 24-Hour Movement Behav-
iors and Inhibitory Control

Table 3 displays the predicted differences in “cold” and “hot” inhibitory control
when 10 minutes are reallocated from the behavior in the column to the behavior
in the row while keeping other behaviors constant.

For “cold” inhibitory control, reallocating 10 minutes from SLP to SB or LPA
decreased predicted “cold” inhibitory control by 0.01 (SB: $=-0.010, 95% CI
[-0.017, —0.004]) or 0.012 (LPA: =-0.012, 95% CI [-0.018, —0.005]) units com-
pared to the predicted mean. Reallocating 10 minutes from SB to SLP or MVPA
increased predicted “cold” inhibitory control by 0.01 (SLP: $=0.010, 95% CI
[0.004, 0.017]) or 0.011 (MVPA: $=0.011, 95% CI [0.005, 0.017]) units. Re-
allocating 10 minutes from LPA to SLP or MVPA increased predicted “cold”
inhibitory control by 0.012 (SLP: 5=0.012, 95% CI [0.005, 0.019]) or 0.013
(MVPA: $=0.013, 95% CI [0.005, 0.021]) units. Reallocating 10 minutes from
MVPA to SB or LPA decreased predicted “cold” inhibitory control by 0.012 (SB:
$=-0.012, 95% CT [-0.018, —0.005]) or 0.013 (LPA: 3=-0.013, 95% CI [-0.021,
—0.005]) units.

For “hot” inhibitory control, reallocating 10 minutes from SLP to SB or LPA
decreased predicted “hot” inhibitory control by 0.01 (SB: 5=-0.010, 95% CI
[-0.017, —0.004]) or 0.017 (LPA: 8=-0.017, 95% CT [-0.024, —0.010]) units. Re-
allocating 10 minutes from SB to SLP increased predicted “hot” inhibitory con-
trol by 0.01 (5=0.010, 95% CT [0.003, 0.017]) units. Reallocating 10 minutes
from LPA to SLP or MVPA increased predicted “hot” inhibitory control by
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0.017 (SLP: 4=0.017, 95% CI [0.010, 0.025]) or 0.014 (MVPA: 8=0.014, 95%
CI [0.005, 0.022]) units. Reallocating 10 minutes from MVPA to LPA decreased
predicted “hot” inhibitory control by 0.013 (5=-0.013, 95% CI [-0.022, —0.004])

units.

3.4 Dose-Response Relationship Between 24-Hour Movement Behav-
ior Reallocation and Inhibitory Control

To explore patterns of inhibitory control ability changes during sustained time
reallocation, this study examined dose-response relationships between different
reallocation durations and both “cold” and “hot” inhibitory control in preschool
children by incrementing in 10-minute units up to 60 minutes for compositional
elements showing significant substitution effects.

As shown in Figures 6 [Figure 6: see original paper| and 7 [Figure 7: see orig-
inal paper], this study found that the reallocation effects between MVPA and
other movement behaviors (LPA, SB) were asymmetrical—that is, the enhanc-
ing effect on “cold” inhibitory control when MVPA time substituted for other
behaviors was smaller than the decreasing effect when other behaviors substi-
tuted for MVPA. In contrast, the mutual substitution between LPA and SLP
showed relatively symmetrical effects on both “cold” and “hot” inhibitory con-
trol. For instance, substituting 10 minutes of LPA for SLP decreased “cold”
inhibitory control by 0.012 units, while the reverse substitution increased it by
0.012 units; “hot” inhibitory control decreased by 0.017 units and increased by
0.017 units, respectively (see Table 4 ).

Second, dose-response curves revealed that as MVPA time continued to sub-
stitute for LPA and SB, preschool children’s “cold” inhibitory control levels
continuously improved, with the greatest improvement occurring when MVPA
substituted for LPA, indicating the largest effect size. For “hot” inhibitory con-
trol, sleep duration substituting for LPA produced the greatest enhancement,
showing the largest effect size.

4. Discussion

This study aimed to investigate the relationship between 24-hour movement
behaviors and inhibitory control in preschool children, as well as the isotempo-
ral substitution effects between different movement behaviors. While previous
research has examined relationships between preschool children’s physical ac-
tivity and “cold” and “hot” inhibitory control (Giordano & Alesi, 2022; Li et
al., 2011; Tsai, 2009), or between sedentary behavior (Chen & Muggleton, 2020;
McNeill et al., 2021; Tandon et al., 2018), sleep (Bernier et al., 2021; Chen et al.,
2021) and “cold” and “hot” inhibitory control, to the authors’ knowledge, this
study represents the first comprehensive analysis of the relationship between
preschool children’s 24-hour movement behaviors and both their “cold” and
“hot” inhibitory control. Meanwhile, previous systematic reviews on physical
activity, sedentary behavior, and sleep duration in relation to cognitive devel-
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opment in preschool children (Carson, Hunter et al., 2016; Carson, Kuzik et al.,
2015; Reynaud et al., 2018) have indicated that relevant research is scarce and
the evidence grade for associations is “very low,” underscoring the necessity for
additional studies. Moreover, although some studies (Bu et al., 2021; Curtis et
al., 2020; Stamatakis et al., 2015) have explored isotemporal substitution rela-
tionships between 24-hour movement behaviors and health outcomes in other
age groups, this is the first investigation of the relationship between 24-hour
movement behaviors and preschool children’s “cold” and “hot” inhibitory con-
trol within the framework of compositional data and isotemporal substitution
methodology.

The main findings of this study indicate that when different movement behaviors
are considered as components of a 24-hour behavioral composition, a significant
positive correlation emerges, with these behaviors collectively explaining 33%
and 29% of variance in “cold” and “hot” inhibitory control, respectively. Fur-
thermore, we found that reallocating individual components of the daily 24-hour
movement behavior composition was associated with changes in both “cold” and
“hot” inhibitory control. In a longitudinal study, Li Xin et al. (2022) evaluated
the relationship between 12 weeks of after-school exercise and inhibitory control
in adolescents, finding that the high-dose exercise group showed significantly bet-
ter inhibitory control than the control group, while the low-dose exercise group
showed no significant effects. Our results align with Li Xin et al’s findings,
suggesting that for inhibitory control, increasing MVPA while reducing SB or
LPA may be expected to produce significant and positive outcomes. Indeed,
from an ecological perspective, inhibitory control abilities may function during
children’s play periods (Koepp et al., 2022). Therefore, this study anticipated
that MVPA would be related to inhibitory control, and that increasing MVPA
and reducing SB in children’s lives might have long-term beneficial effects on
their inhibitory control.

4.1 Association Between 24-Hour Movement Behaviors and “Cold”
Inhibitory Control

In examining the association between “cold” inhibitory control and 24-hour
movement behaviors, results showed that SLP and MVPA were significantly
positively correlated with “cold” inhibitory control (p<0.05), consistent with
previous research (Cremone et al., 2017; Li et al., 2022). Isotemporal substi-
tution results revealed that reallocating 10 minutes of SB or LPA to MVPA
produced significant improvements in preschool children’s “cold” inhibitory con-
trol, whereas reallocating 10 minutes of SB to LPA did not yield significant
improvements. This finding reveals an important issue regarding physical ac-
tivity in this age group: higher physical activity intensity is associated with
better “cold” inhibitory control performance. This may be attributable to ben-
efits from increased cerebral blood flow during moderate-to-vigorous physical
activity (Khan & Hillman, 2014). Additionally, reallocating 10 minutes of SB
or LPA to SLP also significantly improved preschool children’s “cold” inhibitory
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control, highlighting the important role of sleep in the development of “cold”
inhibitory control in preschool children.

However, this study’s results indicated that substituting 10 minutes of LPA
for SB had no significant effect on “cold” inhibitory control. Therefore, at the
physical activity level, only MVPA appears to exert meaningful effects on “cold”
inhibitory control. This point is supported by a systematic review of preschool
children (Poitras et al., 2016) showing that multiple health indicators, includ-
ing physical fitness, were only associated with MVPA. Although substituting
MVPA time for both LPA and SB could promote the development of preschool
children’s “cold” inhibitory control, dose-response curves further indicated that
MVPA substituting for LPA produced the optimal promoting effect on “cold”
inhibitory control.

4.2 Association Between 24-Hour Movement Behaviors and “Hot”
Inhibitory Control

Previous research linking physical activity domains to inhibitory control in
preschool children has primarily focused on “cold” inhibitory control (Tandon
et al., 2018). While improving “cold” inhibitory control throughout the lifespan
is undoubtedly crucial, particularly in child populations where “cold” inhibitory
control may be related to physical and mental health (Carson et al., 2016; Li et
al., 2022), academic development (Jiang et al., 2022), and higher cognitive func-
tions (Wang & Chen, 2012), recent studies have found that emotional inhibition
ability—“hot” inhibitory control—also plays a vital role in preschool children’s
cognitive development and behavioral problem prevention (Romero-Lépez et
al., 2021), yet is often overlooked in research.

In examining the association between “hot” inhibitory control and 24-hour move-
ment behaviors, results showed that SLP, LPA, and MVPA were all significantly
positively correlated with “hot” inhibitory control (p<0.05). Isotemporal sub-
stitution results indicated that reallocating 10 minutes of SB or LPA to SLP
significantly improved preschool children’s “hot” inhibitory control. Reallocat-
ing 10 minutes of LPA to MVPA also significantly improved “hot” inhibitory
control. Furthermore, when reducing SLP and increasing SB or LPA, “hot”
inhibitory control showed negative changes of 0.01 or 0.017 units at the 10-
minute reallocation level, while reducing MVPA and increasing LPA produced
a 0.013-unit change in “hot” inhibitory control at the 10-minute reallocation
level. These findings indicate that MVPA and SLP play crucial roles in the
development of “hot” inhibitory control in preschool children, consistent with
previous research (Spencer, 2021; Yu et al., 2022).

The primary strength of this study lies in its novel approach to investigating re-
lationships between different movement behaviors and inhibitory control. More-
over, to the authors’ knowledge, this is the first work to examine compositional
data analysis and isotemporal substitution in the context of preschool children’s
“cold” and “hot” inhibitory control. However, despite its novelty, this study has
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several limitations. The compositional data analysis method used did not dis-
tinguish between types of activities within sedentary behavior. Indeed, evidence
suggests that specific forms of sedentary behavior (e.g., reading, puzzles) may
have positive effects on children’s cognitive development (Lemos et al., 2021).
Therefore, exploring relationships between different sedentary patterns and chil-
dren’s cognitive development could serve as a direction for future investigation.
Additionally, this study employed a cross-sectional design; although significant
correlations were identified between variables, causal relationships cannot be
inferred. Furthermore, the current study only recruited preschool children from
Shaanxi Province, and the results may not be generalizable to preschool children
in other regions. Finally, this study used self-report questionnaires to collect
data, which are susceptible to recall bias and social desirability effects.

This study demonstrates that changes in both “cold” and “hot” inhibitory con-
trol can be explained by the composition of daily 24-hour movement behaviors in
preschool children. The current research indicates that when analyzed as a con-
tinuum, 24-hour movement behaviors significantly predict children’s inhibitory
control. The results confirm that increasing MVPA time at the expense of SB
and LPA; or increasing SLP time at the expense of SB and LPA, is associated
with positive changes in preschool children’s “cold” and “hot” inhibitory control.
Future educators aiming to enhance preschool children’s “cold” and “hot” in-
hibitory control levels should focus on promoting the overall 24-hour movement
behavior profile, with increasing MVPA and SLP while reducing SB and LPA
representing effective approaches for improving preschool children’s inhibitory
control abilities.
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