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ABSTRACT: Background: There is growing evidence that an acute bout of exercise positively influences executive
function (EF). However, the existing evidence primarily originates from laboratory-based studies, and only a limited
number of studies have extended this work to real-world classroom settings. Accordingly, in the present study, we aimed
to employ a real classroom setting to determine whether acute exercise-induced effects on EF emerged. Methods: All
49 students who enrolled in a real-world course agreed to participate in the experimental protocol and the final sample
was composed of 43 individuals (13 male and 30 female participants). Participants were asked to perform an acute bout
of exercise (i.e, 10 min at moderate intensity) before a real classroom, and on a separate day, complete a non-exercise
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control condition. EF was assessed via Naming, Inhibition, and Switching variants of the Stroop task. We used a paired-
samples t-test to compare participants’ cognitive load between two conditions and a repeated-measures ANOVA to
investigate changes in RPE. What's more, a repeated measures ANOVA was used to examine potential pre- to post-class
changes in EF-related parameters (e.g., inverse efficiency scores, reaction times, and error rates). Results: A pre- to post-
class benefit in performance efficiency across all Stroop task variants was shown. In both exercise and control conditions,
there was a significant main effect of time, with lower inverse efficiency scores (IES) (p = 0.003) and shorter reaction
times (RT) (p < 0.001) observed from pre- to post-class. Moreover, performance gains varied by Stroop task-type, with
the Switching task showing the longest RTs and largest IES, reflecting its greater cognitive demands. Importantly, a
marginally significant three-way interaction among task-type, intervention, and time (p = 0.052) indicated that the
exercise intervention enhanced post-class performance on the Switching task. Post-hoc analyses revealed significantly
lower IES and faster RTs at post-class for both the Naming and Switching tasks, particularly in the exercise group (e.g.,
Switching IES: p < 0.001; Switching RT: p < 0.001). Conclusions: These findings suggest that pre-class acute exercise
enhances EF and provides a benefit to cognitive flexibility. Accordingly, our results extend previous knowledge by
indicating that the cognitive benefits of acute exercise observed primarily in laboratory settings can be translated to
real-world educational contexts.

KEYWORDS: Physical activity; executive function; college students; class-based sedentary behaviors

1 Introduction

Executive function (EF) is a set of higher-order cognitive functions that include the core components
of inhibitory control, working memory, and cognitive flexibility [1]. EF is necessary to regulate goal-directed
behavior and is a significant predictor of academic performance, health behavior (e.g., smoking, alcohol,
and drug use), and future career success in college-aged populations [1,2]. In this context, there is a growing
interest in understanding how modifiable lifestyle factors, such as sedentary behavior and physical activity,
can shape EF, especially in younger ages [1,3-5].

Sedentary behaviour (SB) is defined as any waking behavior in a sitting, reclining, or lying posture
with an energy expenditure of 1.5 METs (metabolic equivalents) or lower [6,7]. In industrialized societies,
prolonged sitting (e.g., sitting over 30 min) is one of the most prevalent and pervasive forms of SB [6,7] and
is particularly salient in educational settings wherein students are required to sit for the duration of a lecture
or classroom demonstration [8-11]. Previous studies have reported that prolonged seating is associated with
reduced inhibitory control as measured via the Flanker [12] and Stroop tasks [13]. Thus, convergent evidence
indicates the negative effects of SB on EE

Physical activity (PA) is defined as any bodily movement produced by skeletal muscle contractions that
results in energy expenditure of >1.5 METs, and includes planned and structured forms of PA—typically
referred to as physical exercise [14,15]. Previous meta-analytical reviews have consistently reported small but
significant improvements in EF across various age groups following long-term exercise interventions [16-
19]. Such an effect has also been observed following a single bout of exercise (also referred to as acute
exercise) [20-22].

Acute exercise interventions have emerged as a promising approach to improve EF [20,21,23,24].
However, it remains unclear as to whether acute exercise reliably ameliorates the deleterious impact of
prolonged sitting in a classroom. To this end, Yu et al. had college students complete a single 15-min session
of light-intensity exercise (i.e., cycling) between two 45-min periods of sitting [25]. Results showed that acute
exercise produced increased functional connectivity within the prefrontal cortex (PFC) and was linked to
improved inhibitory control. Similarly, Heiland et al. found that healthy young adults who performed 3 min
of acute exercise every 30 min during 3 h of sitting showed decreased right PFC activation and improved
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working memory, mood, and alertness [26]. In turn, Yu et al. reported that young adults who completed
a 15-min exercise break during 115 min of sitting showed improved EF and increased activity within EF-
related brain regions [27]. Given that acute SB, namely prolonged sitting, can be detrimental to EF [12,13]
and acute exercise can effectively improve EF [20,22], the present study aimed to explore whether pre-class
acute exercise effectively circumvents or ameliorates the documented negative effects of prolonged sitting
on EF.

Notably, the majority of work to examine whether the interruption of prolonged sitting via acute
exercise impacts EF was conducted in controlled laboratory settings [28-30]. Thus, it is unclear whether
such findings can be generalized to real-world settings. Additionally, previous studies in this domain have
focused on individual exercises (e.g., cycling) [28,29] and are thus not practical or implementable with a
real-world (and group-based) classroom setting. What is more, previous studies often did not provide a basis
to evaluate the cognitive load associated with class learning during prolonged sitting. This represents an
important consideration because cognitive load is a construct for assessing available EF resources. Indeed,
although cognitive load has been widely studied in the context of information processing [31], a recent review
suggested that it may also serve as a potential mechanism influencing the cognitive benefits of exercise
interventions [32]. Therefore, carefully controlling for cognitive load—particularly that induced by classroom
content—is crucial for ensuring the precision and validity of findings in real-world educational settings. As
such, in the current study, all participants were exposed to the same real-world classroom as a method to
control for cognitive load between pre- and post-intervention assessments of EF.

Collectively, the present study employed group-based, equipment-free exercises (e.g., synchronized
aerobic dance workouts) to examine the potential effect of a period of SB interspersed with a 10-min
session of exercise impacts EF. As well, the present study used a standardized sequence of interventions
and systematically measured cognitive load after each session to provide a more direct examination of the
cognitive effects of acute exercise in realistic educational contexts. To simulate a real-world scenario, a 10-min
exercise intervention and a 45-min classroom-based sitting period were set to coincide with a lecture period
delivered at a Chinese university. Our primary aims were to (1) investigate the impact of classroom-based
prolonged sitting on different aspects of EF (e.g., inhibitory control, cognitive flexibility); and (2) determine
whether a single pre-class bout of exercise can alleviate or reverse the purported negative effects of prolonged
sitting on EF.

2 Method
2.1 Participants

Students were recruited at Shenzhen University located in the Southern area of China, and were included
based on the following criteria: (1) between 18 and 25 years of age [33-36]; (2) normal or corrected-to-normal
vision [37]; (3) self-reported being right-handed [38]; (4) not pregnant or lactating [39]; (5) no major chronic
illnesses, psychiatric histories, or intellectual deficits; and (6) at a low risk for PA-related adverse events as

assessed by the Physical Activity Readiness Questionnaire (PAR-Q) [40].

The required sample size for this study was determined using G*Power 3.1 [41], and input parameters
from previous research stating that acute exercise generally has a small-to-medium effect on cogni-
tion [20,23]. Accordingly, taking a medium effect size of f = 0.25, with a significance level of a = 0.05,
and a two-factor repeated-measures ANOVA within-participant design, 36 participants were required to
achieve 95% statistical test power. To ensure ecological validity, we implemented the study in a natural
classroom setting, and all 49 students enrolled in the course agreed to participate in the experimental
protocol. Valid data were obtained from 43 participants, reflecting an attrition rate of 12% (6 out of 49),
which exceeded the minimum sample size of 36. This study adhered to the principles outlined in the latest
version of the Declaration of Helsinki, and the study protocol was approved by the local Ethics Committee
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of Shenzhen University (SZU_PSY_2024_171). All participants provided written informed consent before
their participation.

2.2 Questionnaires

Before the start of the experiment, all participants were required to complete a comprehensive baseline
questionnaire that included the assessment of demographic information, PA levels, workday sedentary
time, sleep quality, and mental health status (e.g., depression, anxiety, and stress), given that such variables
influence cognitive outcomes [7,27,42-44]. In addition, for the exercise intervention used here (see details
below), participants reported their subjective exercise intensity to validate whether the intervention effec-
tively induced changes in perceived effort. As well, participants rated their perceived cognitive load during
the lecture to assess whether the instructional content introduced varying cognitive demands between the
exercise and control interventions used here.

2.2.1 Regular Physical Activity Level

PA and SB were assessed using the Chinese version of the International Physical Activity Questionnaire
Short Form (IPAQ-SF) [45], which captures levels of PA and SB on working days. Total physical activity
was quantified in metabolic equivalents (METs) by calculating a weighted sum of activity duration based on
intensity, following the standard approach outlined by Macfarlane et al. [46].

2.2.2 Subjective Sleep Quality

Sleep quality was evaluated using the Pittsburgh Sleep Quality Index (PSQI) [47], which assesses sub-
jective sleep quality over the past month. The PSQI consists of 19 self-report items across 7 dimensions: sleep
latency, sleep duration, sleep efficiency, sleep disturbances, use of sleep medication, daytime dysfunction,
and overall subjective sleep quality. Each dimension is scored on a 0-3 Likert scale, yielding a total score
ranging from 0 to 21, with higher scores indicating poorer sleep quality.

2.2.3 Mental Health Status

Mental health status—including symptoms of depression, anxiety, and stress—was measured using the
2l-item version of the Depression Anxiety Stress Scales (DASS-21) [48]. The depression subscale reflects low
mood, low self-esteem, and an absence of positive affect; the anxiety subscale captures somatic and cognitive
symptoms of anxious arousal; and the stress subscale assesses tension, worry, and irritability. Responses were
rated on a 4-point Likert scale, with higher scores indicating greater emotional distress.

2.2.4 Exercise Intensity

The intensity associated with the exercise intervention (see details below) was assessed using the Rating
of Perceived Exertion (RPE) [49]. Participants rated their fatigue on a scale from 6 to 20, with 6 representing
minimal exertion and 20 indicating maximal exertion. Previous research has shown that the RPE provides a
valid proxy for objective measures of exercise intensity [50].

2.2.5 Cognitive Load

Cognitive load was assessed using the Cognitive Load Scale [51], a single-item measure (i.e., Likert Scale)
allowing for a time-efficient and easily administrable assessment of university students’ individual level of
cognitive engagement in a university course(s). As in previous studies [51,52], participants rated their level
of cognitive load on a 9-point Likert scale ranging from 1 (very low mental effort) to 9 (very high mental
effort).
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2.3 Executive Function

In the current study, we used a modified computerized Stroop Task to investigate the effects of exercise
on EF [53-55]. The following variants of the Stroop task were used to assess EF: (1) Naming task, (2) Inhibition
task, and (3) Switching task. Each task was administered in a separate block, presented in a fixed order
(Naming — Inhibition — Switching), and included 60 trials/block. For the Stroop task, stimuli were presented
in a randomized order using PsychoPy (version 2021.1) [56-58].

For Naming and Inhibition tasks, each trial began with a central fixation cross (“+”) presented for
500 ms, followed by a color word (RED, BLUE, GREEN, or YELLOW) displayed in colored font for 2500
ms. Participants were instructed to respond to the font color in both tasks. In the Naming task (i.e., standard
task), all stimuli were congruent (e.g., the word “RED” displayed in red), providing a measure of basic color-
naming performance under minimal cognitive interference. In the Inhibition task (i.e., non-standard task),
the meaning of the word and the colour of the ink in which the word was presented were incongruent (e.g.,
the word “RED” displayed in blue). Accordingly, the task required participants to suppress the automatic
tendency to complete a standard response and instead evoke a non-standard volitional response (i.e.,
inhibitory control).

The Switching task required participants to alternate between two response rules. As in the previous
tasks, each trial began with a fixation cue, but now the nature of the cue signaled the associated task
rule. Specifically, a central cross (i.e., “+”) indicated a non-standard color-naming trial, whereas a central
filled rectangle (i.e., “®”) indicated a standard word-naming trial. The ratio of colour- and word-naming
trials was 3:1 and ensured a high level of response conflict and sustained EF demands. Stimulus timing
remained consistent across all Stroop task variants. Fig. | presents a schematic of the timeline and response
requirements associated with the different variants of the Stroop task. Across all Stroop task variants, reaction
time (RT, ms) and error rate (ER, %) were recorded. To obtain a composite measure accounting for response
speed and accuracy, we computed an Inverse Efficiency Score (IES) (see Eq. (1) below), with a lower score
indicating better performance [59]:
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Figure 1: Schematic illustration of the modified computerized Stroop task widely used in previous studies [53-55]
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2.4 Study Process

In the exercise intervention, all 49 participants arrived in the classroom and began the intervention
before class started. The exercise intervention consisted of a 90-s standardized warm-up, 450 s of moderate-
intensity exercise incorporating movements such as running in place, knee lifts, and deep squats, and a final
60-s recovery session. To validate the exercise intensity, participants provided their RPE on a 6-20 Borg
Scale [49] at a pre-exercise baseline (8:30 a.m.) and immediately after the exercise intervention (8:40 a.m.).
In the control intervention, participants remained seated in the same classroom as was used for the exercise
intervention and for the same time frame as the exercise, but without engaging in exercise. To standardize
between-intervention, RPE was also recorded in the control intervention (see Fig. 1).

In both interventions, participants completed a pre-class assessment of EF via the above-mentioned
variants of the Stroop (~15-min to complete) followed by a 45-min standardized academic lesson, delivered
by a trained instructor, during which all participants remained seated. Immediately after the lesson,
participants reported their perceived cognitive load of the lesson using the Cognitive Load Scale [51].
Lastly, participants completed a second 15-min Stroop task (9:40-9:55 a.m.) to evaluate post-class cognitive
performance. A room temperature environment of 22 + 2°C was maintained throughout the experiment.
To standardize the experimental procedures and control for the effects of circadian rhythms, exercise and
control interventions were conducted at the same time period in the morning (8:30-10:15 a.m.), which
corresponds to the Chinese university students’ schedule.

2.5 Experimental Design

This experiment utilized a 2 (test time: pre-/post-class) x 3 (Stroop task-type: Naming task/Inhibition
task/Switching task) x 2 (condition: exercise/sedentary) repeated measures design. As our study was
conducted in a real-world setting, we did not perform a parallel-group or randomized controlled trial
because such study designs would have necessitated splitting a class into different groups engaging in different
conditions (e.g., exercise vs. sitting) within the same classroom. In addition, to preserve ecological validity,
we adopted a fixed-order within-subjects design (i.e., all participants were uniformly assigned to the exercise
condition at the first visit, and after 14-day intervals, they engaged in the sitting condition at the second visit).
Such an arrangement would have been impractical and may have introduced some specific bias (e.g., placebo
responses or behavioral shifts due to participants observing peers in alternate conditions), which, in turn,
would have compromised the study’s internal validity [60]. Furthermore, the within-subjects design, as used
in this study, minimized the confounding effects of between-subject variability (e.g., baseline cognitive level
or aerobic fitness), which is inherent to parallel group studies [22,61]. While this fixed sequence limits our
ability to fully disentangle potential carryover effects, such an approach ensured the feasibility of conducting
such a study in a real-world setting while maintaining consistency across sessions and minimizing contextual
interference (see Fig. 2 for a visualization of the experimental procedures).

Visit 1 %\ .ﬂ.“ IFT\ E | ? I:] ‘
Visit 2 ? Llolg_f’ ‘:l [ ?. |:| ]

>
08:30 08:40 08:55 09:40 09:55
- o e =)

: : Class
[ S S a: Rating of perceived effort
b: Cognitive test

Exercsie / Sitting

c: Cognitive load

Figure 2: Schematic illustration of the experimental procedures
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2.6 Data Analysis

Data analysis was conducted using SPSS (Version 25.0; IBM Corp., Armonk, NY, USA). Descriptive
statistics were first computed for participants’ demographic characteristics, movement behaviors, and mental
health. To assess the distributional properties of the data, normality was tested using the Shapiro-Wilk
test, and homogeneity of variance was verified with Levene’s test. Sphericity was evaluated using Mauchly’s
test, and where appropriate, the Greenhouse-Geisser correction was applied if the epsilon value was <0.75,
whereas the Huynh-Feldt correction was used if the epsilon value was >0.75.

We used paired-samples t-tests to compare participants’ cognitive load between two conditions to
ensure that putative pre- to post-class changes in EF were not confounded by variations in class design. In
addition, a two (condition: exercise vs. control) x two (test time: before vs. after intervention) repeated-
measures ANOVA was conducted to investigate changes in RPE.

A repeated measures ANOVA was used to examine potential pre- to post-class changes in EF-related
parameters (e.g., inverse efficiency scores, reaction times, and error rates). Significant interactions identified
in the ANOVA were examined using simple effects analyses. Effect sizes were reported where relevant: partial
n? for ANOVA and Cohen’s d for t-tests. Specifically, Cohen’s d: low (d = 0.2), medium (d = 0.5), and large
(d = 0.8); partial n* low (n? = 0.01), medium (n* = 0.06), and large (n* = 0.14) [62]. All statistical tests were
two-tailed with a significance level set at & < 0.05.

3 Results
3.1 Participants Characteristics

The final sample was composed of 43 individuals (13 male and 30 female participants), for whom
demographic characteristics, movement behaviour (i.e., PA, sleep, and SB), and mental health are shown
in Table 1. Six of the original 49 participants were excluded from our analyses because they failed to complete
the exercise intervention (n = 2) or achieve less than 70% response accuracy on the EF task (n = 4). The
exclusion criterion for accuracy was based on previous research indicating that performance falling more
than three standard deviations below a mean level of accuracy indicates possible misunderstanding of task
goals [54,63-65].

Table 1: Participants’ demographic information, physical activity, and mental health (N = 43)

Variables Total Male (n = 13) Female (n = 30)
Age 19.63 + 0.82 19.46 + 0.78 19.70 + 0.84

PAL (MET/Week) 2631.24 + 1861.17 3140.69 + 1732.65 2410.48 + 1899.42
Sleep quality (0-21) 6.47 + 3.53 5.69 + 3.38 6.80 + 3.60

WST (min/day) 444,42 +128.99 431.54 + 138.31 450.00 + 126.79

Depression (0-21) 3.28 £ 2.60 3.69 + 3.17 3.10 + 2.35
Anxiety (0-21) 3.79+ 3.10 3.23 + 3.88 4.03 £2.74
Stress (0-21) 498 + 3.61 4.62 +4.99 513 +£2.91

Note: Values are presented as Mean + SD. PAL, Total physical activity level; MET,
Metabolic equivalent; WST, Workday sedentary time.
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3.2 Manipulation of Cognitive Load and RPE

A paired samples t-test for cognitive load revealed no statistically significant difference between control
(Mean = 5.21, SD = 1.55) and exercise (Mean = 5.12, SD = 1.50) interventions, #(42) = 0.64, p = 0.52, Cohen’s d
= 0.06—a result indicating no confounding effect of class on cognitive outcomes for the two interventions.

In terms of RPE, results yielded a significant main effect of intervention, F(1, 42) = 32.26, p < 0.001, partial
r|2 = 0.43, and an interaction between intervention and time, F(1, 42) = 79.79, p < 0.001, partial nz =0.66. In
the exercise intervention, RPE increased from before (Mean = 9.21, SD = 2.61) to after the intervention (Mean
=13.98, SD = 2.19), t(42) =10.06, p < 0.001, Cohen’s d = 1.83, whereas the control intervention showed no
statistically significant before (Mean = 9.86, SD = 2.84) to after intervention change (Mean = 9.81, SD = 2.72),
t(42) = 0.18, p = 0.86, Cohen’s d = 0.02. Manipulation of cognitive load and RPE are demonstrated in Fig. 3.

(@) (b)

I I Condition
5 _

Sedentary

4 Pre —i— 55— Exercise

Cognitive Load
w
Time

Post —f

Sedentary Exercise 10 15
Cognitive Load Rating of perceived effort

Figure 3: Manipulation check results for cognitive load and rating of perceived exertion. (a) Paired ¢-test for cognitive
load, visualizing mean and standard error across conditions. (b) Repeated-measures ANOVA results for rating of
perceived exertion. The half-violin plot shows data density; scatter dots represent individual data points; and the boxplot
with connecting lines indicates trends. The legend between intervention conditions indicates condition color coding

3.3 Executive Function before and after a Real Class under Exercise and Sitting Conditions

For IES and RT, both the normality test and Levene’s test for homogeneity of variance were satisfied.
Descriptive statistics are presented in Table 2. Nevertheless, the normality tests revealed that error rates were
not normally distributed across the different Stroop task variants. As a result, a non-parametric approach
was used to analyze, and the final results are available in Supplementary Materials.

Table 2: Overview about statistical analysis of executive functioning performance in the Exercise and Sitting Condition
at Pre-class and Post-class for naming, Inhibition, and Switching conditions of the Stroop Test (N = 43)

Variables Exercise Sitting F p Partial n’
Before After Before After

RT (ms) F(2,84) = 2.09 0.130 0.05

Naming 706.87+ 690.85 + 717.67 + 677.08 + F(1,42) =1.30 0.260 0.03
107.38 110.12 116.35 117.21

Inhibition 840.93+ 82859+ 843.49+  844.66 F(1,42) = 0.61 0.438 0.01
113.57 117.08 132.74 134.70

Switching 1013.34 + 950.88+ 96281+  950.65 + F(1, 42) = 5.65 0.022 0.12
140.91 116.97 115.71 131.46

(Continued)
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Table 2 (continued)

Variables Exercise Sitting F p Partial n?
Before After Before After
5IES F(2,84) = 3.06 0.052 0.07
Naming 730.52 + 718.83 + 753.65 + 710.34 + F(1,42) =1.48 0.231 0.03
114.23 126.41 137.06 129.09
Inhibition 897.05+  884.28 + 89762+ 912.54 + F(1,42) =134 0.250 0.03
138.43 142.33 143.97 170.74
Switching 1179.38 +  1089.8 + 1101.18 + 1066.47 +  F(1,42) =178 0.189 0.04
281.24 198.94 214.11 216.10

Note: Values are presented as mean + standard deviation (SD). IES, Inverse efficiency score; RT, Reaction time.

3.3.1 Inverse Efficiency Score

For IES, there was a significant main effect of task type (F(1.4, 58.1) = 220.30, p < 0.001, partial r|2 =
0.84). The Naming task yielded significantly lower IES compared to Inhibition (A = -169.54, p < 0.001) and
Switching (A = —-380.87, p < 0.001) tasks, and this result indicates that tasks with higher cognitive demand
were associated with higher IES and thus poorer cognitive performance. A main effect of intervention was
not significant (F(1,42) = 0.61, p = 0.44, partial n? = 0.014); however, a significant main effect of test time was
detected (F(1,42) = 9.71, p = 0.003, partial n*= 0.19), indicating that overall IES was improved from pre- to
post-class assessments (A = 29.52, p = 0.003).

The ANOVA revealed no significant interaction effects of task type, intervention condition, and test
time (F(2,84) = 2.09, p = 0.13, partial n* = 0.05). In light of the non-significant three-way interaction, 2
(intervention condition: exercise/sitting) x 2 (test time: before class/after class) analyses were conducted
separately for each task to better understand potential task-specific patterns. For the Naming task, a
significant main effect of test time was found (F(1, 42) = 6.05, p = 0.02, partial n* = 0.13), indicating that
IES was significantly higher at pre- than post-class (A = 27.50, p = 0.02, Cohen’s d = 0.23). Similarly, for the
Switching task, a significant main effect of test time (F(1, 42) =10.57, p = 0.002, partial r]2 =0.20) demonstrated
that IES values were greater at pre- than post-test (A = 62.14, p = 0.002, Cohen’s d = 0.33). For the Switching
task, a significant interaction between intervention condition and time was observed (F(1, 42) = 5.65, p =
0.02, partial n? = 0.12). In the exercise condition, participants showed significantly higher IES values at pre-
compared to post-test (A = 62.46, p < 0.001, Cohen’s d = 0.26), whereas for the control condition pre- and
post-class values did not differ (A =12.16, p = 0.35, Cohen’s d = 0.06) (see Fig. 4).
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Figure 4: Executive function results. (al) inverse efficiency scores (IES) in naming task; (a2) IES for inhibition task; (a3)
IES for switching task; (bl) reaction time (RT) for naming task; (b2) RT for inhibition task; (b3) RT for switching task.
The half-violin plot shows data density; scatter dots represent individual data points; and the boxplot with connecting
lines indicates trends. The legend indicates condition color coding. Abbreviations. Pre, Pre-class; Post, Post-class

3.3.2 Reaction Time

For RT, the intervention condition did produce a significant main effect (F(1, 42) = 0.55, p = 0.463, partial
n? = 0.013). In contrast, test time showed a significant main effect (F(1, 42) = 15.62, p < 0.001, partial n* = 0.27)
with RTs showing a pre- to post-class reduction (A = 24 ms, p < 0.001). Task type also had a significant main
effect (F(1.607, 67.504) = 327.49, p < 0.001, partial n? = 0.89): RTs were significantly shorter for the Naming
task than for Inhibition (A = —-141 ms, p < 0.001) and Switching (A = —271 ms, p < 0.001) tasks.

A three-way interaction between task type, intervention condition, and test time approached a conven-
tional level of statistical significance (F(2, 84) = 3.06, p = 0.052, partial n* = 0.07). Simple effects analyses
revealed that for Naming task, RTs in the sitting condition were significantly longer at pre- than post-class
assessment (A = 41 ms, p = 0.01, Cohen’s d = 0.40), whereas in the exercise condition, pre- and post-class RTs
did not differ (A =16 ms, p = 0.175, Cohen’s d = 0.19). In contrast, for the Switching task, significantly longer
pre-class RTs were observed in the exercise condition (A = 62 ms, p < 0.001, Cohen’s d = 0.61), whereas no
significant difference was found in the sitting condition (A = 12 ms, p = 0.35, Cohen’s d = 0.13). Separate 2
(intervention condition: exercise vs. sitting) x 2 (test time: before class vs. after class) ANOVAs for the three
tasks indicated a significant main effect of test time for the Naming task (F(1, 42) = 11.60, p = 0.001, partial n*
= 0.22) with RTs significantly longer at the pre- than post-class assessment (A = 28.30 ms, p = 0.001, Cohen’s
d = 0.28). Similarly, for the Switching task, a significant main effect of test time was found (F(1, 42) = 21.56,
p < 0.001, partial n* = 0.34) with RTs significantly higher pre-class than post-class (A = 37.31 ms, p < 0.001,
Cohen’s d = 0.31).

4 Discussion

This study investigated the effects of a single bout of pre-class exercise on university students’ EF in
a real-world classroom setting. RPE scores obtained after exercise were significantly higher in the exercise
(Mean = 13.98, SD = 2.19) than in the control condition (Mean = 9.81, SD = 2.72). Moreover, the mean RPE
following the exercise intervention corresponded to moderate-to-vigorous intensity levels [50,66,67]. As
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well, exercise (Mean = 5.12, SD = 1.50) and control (Mean = 5.21, SD = 1.55) conditions showed comparable
levels of cognitive load during the real-world classroom setting; that is, the classroom experience associated
with both conditions produced a comparable level of cognitive load. As we did not observe significant
differences in subjective cognitive load between the two conditions, which required a relatively low level
of cognitive engagement, it is unlikely that variance in cognitive load during the intervention contributed
meaningfully to the effects observed in IES and RT.

In terms of EF performance, error rates showed floor effects across all Stroop task variants and thus
indicate that the tasks were relatively easy for young adults [53,55]. Moreover, as task demands increased
(i.e., Naming — Inhibition —Switching), participants exhibited longer RTs and lower IES. Most notably, our
RT and IES findings revealed task-specific effects of exercise and control interventions. First, class-based
SBs led to improvements in the Naming and Switching variants of the Stroop task, but not the Inhibitory
task-type, and this result was consistent across exercise and control conditions. Second, in comparison to the
control condition, the pre-class exercise intervention improved performance in the Naming and Switching
task-types; however, no significant change was associated with the Inhibitory task-type. These findings and
their broader implications are discussed below in more detail.

Although some previous studies have reported that acute bouts of prolonged sitting can impair cognitive
performance [12,13], the present study demonstrates that university students engaged in prolonged sitting
during a real class scenario showed improved post-class performance on attention and cognitive flexibility
(as measured by Naming and Switching task-types, respectively) in both exercise and control conditions. It
is, however, important to distinguish between different SB types based on the level of mental engagement:
mentally active (e.g., reading, attending lectures) vs. mentally passive (e.g., watching TV) SB [7,68]. This is a
salient consideration because in prior studies, participants who engaged in mentally passive SB (i.e., watching
videos during prolonged sitting) showed decreased cognitive performance [12,13]. Given this consideration,
the class-based SB in our study can be classified as mentally active, and this mentally stimulating environment
may have rendered an EF benefit [69]. Moreover, our sessions were scheduled before students’ first class of
the day and represent a time when physical and cognitive arousal are typically low [70,71]. Accordingly, the
45 min of mentally active SB during the class may have provided a period of cognitive stimulation that served
to elicit a post-class EF benefit.

Although no statistically significant difference was observed between exercise and control conditions for
performance on the Inhibition task type, we found that the exercise intervention showed more pronounced
cognitive benefits for the Switching task type. Such a result is in line with other work showing that an
exercise intervention improved cognitive flexibility as a key component of EF [20,22,72,73]. In turn, for
the Naming task (i.e., a measure of attention), the exercise intervention did not produce a pre- to post-
class change in performance, whereas a post-class cognitive benefit was observed in the control condition.
This finding might be explained by the arousal theory, suggesting that over-arousal may be determinant for
cognitive performance [74]. However, whether pre-class exercise may contribute to an over-arousal remains
speculative, so further studies are required to confirm or refute this observation.

We recognize that the interpretation of our findings was limited by several methodological and
interpretive constraints. First, some work has reported that 20 min of exercise provides the most robust
post-exercise EF benefit, and as such, the 10-min exercise intervention used in the present study may have
precluded the manifestation of more robust exercise-related EF benefits [22]. To address this limitation and
better understand potential dose-response relationships, we suggest that future research investigate whether
factors such as duration (e.g., 10, 15, or 30 min), density (e.g., multiple short bouts during class breaks), and
time of day (e.g., morning vs. afternoon), intensity (e.g., mild, moderate, or vigorous) influence the effects
of acute exercise on EF [27,71,75]. A more nuanced understanding of these factors could help inform the
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effective implementation of exercise interventions in real-world educational settings. Second, the present
study focused on domain-general EF, assessed via the Stroop task. Although this approach captures a broad
spectrum of self-regulatory abilities, it offers limited explanatory power for specific academic skills that are
of greater relevance in real-world educational contexts [76,77]. Therefore, future research should continue
examining domain-general EF and also incorporate domain-specific tasks tied to classroom learning (e.g.,
such as math-related working memory or reading comprehension-related inhibitory control) to evaluate
more precisely how acute exercise supports subject-specific cognitive performance in real-world classroom
settings [78]. Last, the intervention conditions were arranged in a fixed order to ensure feasibility in a
real-world setting (with the exercise condition at the first visit and control condition at the second visit).
This may have introduced practice-related bias in Stroop task performance, which may limit the ability
of the present study to isolate exercise-related effects and reduce the generalizability of our findings. To
address this limitation, future studies should consider multi-class designs with counterbalanced task orders.
In particular, we suggest that future studies should: (1) contrast between mentally-passive and mentally-
active SB in determining exercise-based changes in EF [7], and (2) evaluate each core component of EF
(i.e., inhibitory control, working memory, and cognitive flexibility) to examine whether an acute exercise
intervention moderates the effects of a subsequent SB [76].

5 Conclusions

This study investigated whether a single bout of exercise conducted before 45 min of class-based
prolonged sitting impacted EF. Results showed that cognitive flexibility in the selected participants was
improved following exercise and in the control condition. Further, the former condition demonstrated a
larger magnitude of benefit. Accordingly, this study provides initial evidence that acute exercise-induced
cognitive benefits observed in laboratory settings can be transferred to classroom environments.
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