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Abstract
Background: Acute exercise benefits executive function (EF), but findings on 
cognitively engaging physical activity are inconsistent, particularly among college 
students, highlighting the need to clarify the combined effects of physical exertion 
(PE) and cognitive engagement (CE). 
Objective: This study explores the effects of acute aerobic exercise combined with 
cognitive tasks on EF among Chinese college students and clarifies the differential 
effects of PE and CE on EF. 
Methods: A 2 × 2 within-subject design was adopted, with PE (high vs. low) and 
CE (high vs. low) as factors. Sixteen Chinese college students completed EF tests 
(2-back, Stroop, more–odd shifting) before and after four interventions: high PE + 
high CE, high PE + low CE, low PE + high CE, and low PE + low CE. Both subjective and 
objective measures of PE and CE were collected throughout the experiment. 
Results: Results showed that high PE + high CE induced the highest cognitive 
engagement and significantly improved college students’ working memory accuracy 
and inhibitory control performance; however, no significant effect on cognitive 
flexibility was observed. 
Conclusion: In conclusion, cognitively engaging physical activity may provide 
greater short-term benefits for partial core components of college students’ EF 
than single aerobic exercise or a cognitive task alone, making it a feasible dual-task 
intervention to enhance college students’ EF and reduce sedentary behavior.
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1. Introduction
The beneficial effects of acute exercise on executive function have been consistently 
demonstrated.1,2 Currently, increasing attention is being directed toward the role of 
cognitive engagement (CE) in enhancing executive function through acute exercise.3 

It is proposed that cognitively engaging physical activity (CEPA), which involves 
contextual interference, mental control, and discovery, is more effective than simple, 
repetitive aerobic exercise in improving cognitive abilities, especially executive function.4 
CEPA exists in two forms: one involves the acquisition and execution of complex motor 
skills5, while the other comprises physical activity with artificially structured rules 
for simple tasks that increase cognitive demands (Exergame).3 These two forms of 
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activity may promote executive function through distinct 
mechanisms. The enhancement of executive function 
in the former may stem from learning skills required for 
physical activities. Their cognitive abilities, represented by 
executive function, are trained while individuals master 
the complex motor skills required for physical activities, 
thereby achieving improvement.6 The latter usually 
involves processes such as updating (remembering specific 
signals), inhibition (making opposite actions in response 
to prompts), and shifting (making different actions in 
response to different signals) in rule-based settings. While 
playing Exergame, cognitive abilities are also “trained,” 
resulting in cognitive improvement.7

However, even when focusing solely on acute 
interventions, findings have been inconsistent in CEPA 
studies. During childhood and adolescence, executive 
function undergoes rapid changes with growth and 
development, and external factors, such as increased 
physical activity in school-age children, have led to greater 
research in this age group. Best8 found that acute CEPA 
can improve individual executive function and physical 
exertion (PE), with CE not the primary factor driving these 
changes. Similar results have validated this conclusion in 
subsequent studies.9,10 However, Egger et al.11 achieved 
significantly different effects when using a 2 (PE: high/low) 
× 2 (CE: high/low) experimental design to intervene in 
school-age children. The results showed that the positive 
benefits of performance changes under low CE conditions 
were greater than those in the high CE group.11 The results 
of a meta-analysis indicate that the high heterogeneity 
of current results comes from intervention forms (e.g., 
aerobic exercise, complex skill exercise, sports games) and 
control forms (e.g., blank control, academic learning).3

Moreover, extant research in this field has 
disproportionately focused on school-age children, 
adolescents, and older adults12—populations widely 
recognized to garner cognitive benefits from physical 
activity—leaving a critical gap in understanding how 
CEPA modulates executive function in college students, 
a population with unique behavioral and cognitive 
characteristics that render CEPA interventions particularly 
meaningful.13,14 College students are a distinct group 
facing dual challenges: chronic sedentary lifestyles 
driven by prolonged screen time, sedentary study, and 
limited physical activity,15,16 which not only impairs 
physical health but also poses long-term risks to cognitive 
maintenance; and persistent high academic cognitive load 
from coursework, examinations, and independent study, 
creating an urgent need for efficient, low-cost interventions 
to preserve executive function amid cognitive fatigue.17,18 
Beyond these practical imperatives, college students 

exhibit relatively stable executive function compared with 
developing children and cognitively declining older adults, 
making them an ideal model to test the core effects of 
CEPA—if positive benefits emerge in this population, the 
intervention’s efficacy may be generalized to groups with 
greater cognitive plasticity (e.g., school-age children). This 
study thus addresses the aforementioned literature gap 
by focusing on college students. Its findings are expected 
to fill the empirical gap in CEPA research within this 
understudied population, while also offering targeted 
practical implications for a group that would benefit from 
integrated physical and cognitive health interventions.

In natural or quasi-experimental contexts, it is not 
possible to fully isolate or control for additional factors 
that may affect the effectiveness of the intervention, such 
as motor control requirements, social interaction, and 
individual differences among participants.19 Therefore, 
results obtained under strict control in a laboratory 
context may help clarify some contradictions in the 
current research. It is difficult to fully integrate CE 
factors into physical activities in laboratory settings. A 
more realistic approach is the dual-task paradigm, which 
involves the simultaneous performance of physical and 
cognitive tasks.20 Several existing studies have adopted this 
design, including those by Kamijo and Abe19 and Ji  et al.21 
In this study, we redesigned the cognitive task and used 
Sudoku as an intervention, replacing previous cognitive 
training. This is because cognitive training is consistent 
with the pre- and post-tasks in the study, both of which 
are computer-based button response tasks, which can 
easily cause psychological fatigue among participants and 
affect the intervention effect.19 Moreover, as a logic-based 
game, Sudoku requires individuals to exert a certain level 
of cognitive effort to complete.22 Neuroimaging evidence 
further demonstrates activation of the prefrontal cortex, 
a key brain region underlying executive function, during 
Sudoku performance.23

Based on these rationales, this study adopts a within-
subject design and uses a 2 (PE: high/low) × 2 (CE: 
high/low) intervention to explore the impact of acute 
intervention with different intensities of physical activity 
and CE on executive function. Based on previous research 
results, we hypothesize that CEPA interventions can yield 
the greatest benefits, and that high PE interventions can 
result in greater improvements in acute interventions than 
high CE interventions. 

2. Methods

2.1. Participants

Sixteen participants aged 18–24 years (21.35 ± 2.67; 10 
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females) were recruited from Zhejiang University. They did 
not have any prohibited diseases that would prevent them 
from participating in the study, and all participants signed 
an informed consent form. The ethical approval for this 
study was obtained from the Department of Humanities 
and Social Sciences at Zhejiang University.

The sample size calculation was based on a previous 
study that used a within-subject design to explore the 
impact of exercise combined with mathematical learning 
on executive function, with an effect size of f = 0.8.10 Using 
a conservative estimate with a different intervention, we 
scaled down the effect to f = 0.4.10 The primary hypothesis 
was tested using a repeated-measures analysis of variance 
(ANOVA), and the sample size was estimated a priori 
based on 80% power and a two-tailed alpha of 0.05. This 
calculation indicated that 16 samples would be sufficient 
for the analysis (G*Power3.1).24

2.2. Laboratory procedure 

When the participants first arrived at the laboratory, 
they completed an informed consent form and the 
International Physical Activity Questionnaire Short to 
assess their physical activity level and received instructions 
for performing the functional tests. These tasks were 
conducted before and after subsequent interventions. 
Subsequently, formal intervention was initiated. Four 
conditions were designed based on different levels of PE 
and CE. Each participant was required to complete four 
conditions: (i) high PE + high CE, (ii) high PE +low CE, (iii) 
low PE + high CE, and (iv) low PE + low CE. Participants 
completed the 2-back, Stroop, and more–odd shifting tasks 
on the laboratory computer before the intervention (T0) 
and after the intervention (T1).

The order of the four intervention conditions was 
counterbalanced across all participants to eliminate 
potential order effects on the study outcomes. All four 
interventions for each participant were administered at the 
same fixed time of day on separate days, with an interval 
of at least four days between consecutive intervention 
sessions. Results from the International Physical Activity 
Questionnaire-Short Form indicated that all participants 
exhibited a moderate level of habitual physical activity. 
Prior to each intervention session, participants were 
instructed to abstain from moderate-to-vigorous physical 
activity lasting more than 30 min, maintain 7–9 h of 
nocturnal sleep, and refrain from alcohol and caffeine 
consumption for the entire preceding day.

2.3. Interventions

Four conditions were designed based on two factors: PE 
(high/low) and CE (high/low). High PE was operationalized 

as cycling on an ergometer (894E; MONARK, Sweden), 
whereas low PE involved sitting quietly on the ergometer. 
High CE involved solving Sudoku puzzles on a tablet, while 
low CE required participants to watch Sudoku-related 
videos on a tablet. Accordingly, four conditions were 
defined: (i) solving Sudoku while cycling (high PE+ high 
CE), (ii) watching Sudoku-related videos while cycling 
(high PE+ low CE), (iii) solving Sudoku while sitting on 
a cycle ergometer (low PE+ high CE), and (iv) watching 
Sudoku-related videos while sitting on a cycle ergometer 
(low PE+ low CE). Each intervention lasted 20 min.

In the high PE condition, heart rate was maintained 
between 55% and 65% of maximum using a heart rate 
monitor (Polar V800 with H10 chest strap; Polar, Finland). 
The target heart rate was calculated using Equation 125:

Target HR = (HRmax​− HRrest​) × intensity + HRrest​	 (1)

where maxHR 220 age= − . When heart rate fell within this 
range, participants engaged in moderate-intensity physical 
activity. Research has demonstrated that moderate-
intensity physical activity within a single intervention 
session yields the greatest beneficial effects on executive 
function.12 During the intervention, researchers monitored 
participants’ heart rate in real time and provided prompts 
when necessary to keep it within the prescribed range.

2.4. Cognitive tasks

2.4.1. Working memory

Working memory, as a core component of executive 
function, was assessed using a 2-back task. Five English 
letters (B, D, L, Y, P) were used as stimuli and were 
presented sequentially at the center of the screen for 1,500 
ms, each followed by a white fixation point (“+”). After 
the fixation, the next stimulus appeared. Participants were 
required to indicate whether the current letter matched the 
one presented two trials earlier (i.e., from the third stimulus 
onward). If the letters matched, participants pressed the 
“F” key; if not, they pressed the “L” key. The formal test 
consists of two parts, each with 25 test trials. Performance 
was evaluated based on mean reaction time and accuracy 
rate. Shorter reaction times and higher accuracy rates were 
interpreted as better working memory performance.

2.4.2. Inhibition

Inhibitory control was assessed using the Stroop task, 
following established protocols.13 Each trial began with 
the presentation of a red fixation cross (“+”) to signal the 
start of the task. Subsequently, a color word appeared at 
the center of the screen. Participants were instructed to 
respond based on the congruency between the word’s 
meaning and its font color: they pressed the “F” key when 
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the color and meaning were congruent, and the “J” key 
when they were incongruent. For example, if a red-colored 
“green” character appears, they should press “J”; if a red-
colored “red” character appears, they should press the “F” 
key. Participants were seated with their hands positioned 
on the keyboard before the task began. The experiment 
consisted of 80 trials in total, including 40 congruent and 
40 incongruent trials. Performance was evaluated using 
mean reaction time and accuracy. The Stroop interference 
effect, defined as the difference in reaction time between 
incongruent and congruent trials, served as the primary 
index of inhibitory control, with smaller differences 
indicating better inhibitory performance.

2.4.3. Cognitive flexibility

Cognitive flexibility was assessed using a more–odd task-
switching paradigm. In the experiment, a series of numbers 
(1–9, excluding 5) was displayed in the center of the 
screen, and participants were required to make judgments 
according to predefined rules. The tasks consisted of three 
choices: (i) magnitude judgment, in which numbers were 
displayed in black and participants pressed the “F” key 
if the number was greater than 5 or the “J” key if it was 
less than 5; (ii) parity judgment, in which numbers were 
displayed in green and participants pressed the “F” key 
for odd numbers and the “J” key for even numbers; and 
(iii) switching judgment, in which participants performed 
magnitude judgments for black numbers and parity 
judgments for green numbers. 

Participants were instructed to respond as quickly and 
accurately as possible. The formal experiment comprised 
three blocks presented in the order A, B, and C. Blocks 
A and B (non-switching condition) each included 16 
trials and did not require task switching, whereas Block 
C (switching condition) included 32 trials and required 
participants to alternate between rules. Performance was 
evaluated using mean reaction time and accuracy for 
both switching and non-switching conditions. Cognitive 
flexibility was indexed by the switch cost, defined as the 
difference in reaction time between the switching and non-
switching conditions, with smaller differences indicating 
greater cognitive flexibility.

2.5. Manipulation check

To test the success of the experimental manipulation, 
subjective and objective methods were used to collect data 
on PE and CE. The Rating of Perceived Physical Exertion 
(RPE) scale was used as the subjective measurement of PE 
26, while heart rate data collected from the Polar V800 and 
H10 chest strap served as the objective indicator of PE. For 
CE, the Rating of Perceived Cognitive Engagement (RCE) 

scale developed by Benzing et al.9 was used as the subjective 
measure. Although no relevant reliability or validity tests 
were conducted, this method has been used in multiple 
studies and has been validated to some extent.9,27 Objective 
assessment of CE was conducted using time-domain 
measures of heart rate variability (HRV), which have 
been reported to be particularly sensitive to CE-related 
changes.28 HRV was used to assess autonomic nervous 
system function.9 Therefore, based on previous research, 
we chose three time points for measurement: 5 min before 
the intervention, 20 min into the intervention, and 5 min 
after the intervention. HRV data were collected using 
a Polar V800 and an H10 chest strap. Cardiac interbeat 
intervals were exported from Polar FlowSync (version 4.0), 
preprocessed, and analyzed with Kubios29 (version 3.5.0; 
Finland). The root mean square of successive differences 
(RMSSD) was calculated as a measure of HRV. 

2.6. Statistical analyses 

Data were analyzed using the Statistical Package for Social 
Sciences software (version 25). ANOVAs were conducted 
to test manipulated variables, and Bonferroni post hoc tests 
were used to compare specific differences between different 
groups. Changes in the three components of executive 
function were analyzed using a repeated-measures 
multivariate ANOVA with a 4 (intervention types) × 2 (test 
timing) within-subjects design. The significance level for 
all analyses was set at p < 0.05.

3. Results

3.1. Manipulation check

The manipulation check indicated significant differences 
in PE and CE among different conditions. Specifically, 
in terms of PE, both subjective RPE and objective heart 
rate data indicated that interventions with high PE have 
significantly higher PE than conditions with low PE 
(RPE: F = 56.330, p < 0.001, η2 = 0.738; heart rate during: 
F = 246.618, p < 0.001, η2 = 0.925) (Table 1). The results 
of the post hoc test showed no significant difference 
between the high PE + high CE group and the high PE 
+ low CE group (RPE: p = 0.788; heart rate during: p = 
0.584). The low PE + high CE group and the low PE + 
low CE group also showed no significant differences 
(RPE: p = 0.283; heart rate during: p = 0.284). Regarding  
CE, subjective RCE data indicated differences across 
conditions (F = 5.954, p = 0.001, η2 = 0.229). The post hoc 
test showed that the CE of the high PE + high CE group was 
significantly higher than that of the high PE + low CE group 
(p = 0.033) and the low PE + low CE group (p < 0.001). 
The CE of the low PE + high CE group was significantly 
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higher than that of the low PE + low CE group (p = 0.008). 
Objective HRV indicators showed significant differences 
in intervention types (F = 14.137, p < 0.001, η2 = 0.414). 
The post hoc test indicated that the CE of the high PE + 
high CE group was significantly higher than that of other 
interventions (RMSSD post: high PE + low CE: p = 0.011; 
low PE + high CE: p < 0.001; low PE + low CE: p < 0.001). 
The CE of the high PE + low CE group was significantly 
higher than that of the two interventions without high PE 
(RMSSD post: low PE + high CE: p = 0.002; low PE + low 
CE: p = 0.016).

The results indicate that cycling and solving Sudoku 
puzzles can manipulate PE and CE. During cycling, 
participants maintained a heart rate of approximately 65% 
HRmax, which falls within the prescribed heart rate range 
for moderate-intensity physical activity. Although the 
subjective and objective data on CE were not completely 
consistent, it can be concluded that cycling while solving 
Sudoku induces greater CE than cycling or solving Sudoku 
alone.

3.2. Executive function

Separate analyses were conducted on accuracy and reaction 
time for the 2-back task. For reaction time, the main effect 
of intervention type was non-significant (F = 0.864, p = 
0.467, η² = 0.054), whereas the main effect of test timing 

reached statistical significance (F = 21.937, p < 0.001, η² 
= 0.594); the interaction effect between intervention type 
and test timing was non-significant (F = 0.115, p = 0.951, 
η² = 0.008).

For accuracy, the main effect of intervention condition 
(F = 3.313, p = 0.028, η²= 0.181) and the main effect of test 
timing (F = 8.887, p = 0.009, η² = 0.372) were significant, 
while the condition × test timing interaction exhibited a 
near-significant trend (F = 2.683, p = 0.061, η² = 0.150). 
Simple effect analysis further elucidated the specific 
group differences and pre–post change patterns: at pre-
test, accuracy in both the high PE + high CE group (p = 
0.045) and the high PE + low CE group (p = 0.010) was 
significantly lower than that in the low PE + high CE 
group; no significant intergroup differences in accuracy 
were observed across all intervention conditions at post-
test (Figure 1). Within-group pre–post changes showed 
that only the high PE + high CE intervention improved 
2-back accuracy (p = 0.002) (Figure 1).

Combined findings from the accuracy and reaction 
time measures revealed a post-intervention improvement 
trend in working memory performance exclusive to the 
two high PE intervention conditions, with this trend more 
pronounced in the high PE + high CE condition.

Separate analyses were conducted on accuracy and the 

Figure 1. Simple effect analysis of 2-back test accuracy
Note: Statistical significance determined at *p < 0.05 and **p < 0.01.
Abbreviations: CE: Cognitive engagement; PE: Physical exertion. 
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Table 1. Descriptive statistics and analysis of variance of the manipulation check

Parameters High PE + high CE High PE + low CE Low PE + high CE Low PE + low CE F, p, η2

Physical exertion

RPE 14.06 ± 1.44 14.25 ± 2.41 8.19 ± 2.04 7.44 ± 1.82 56.330, <0.001, 
0.738

HR pre 80.19±11.21 76.69 ± 10.16 77.06 ± 8.29 79.50 ± 8.07 0.572, 0.635, 
0.028

HR during 134.19 ± 9.24 135.88 ± 8.65 74.50 ± 7.08 77.81 ± 9.49 246.618, 
<0.001, 0.925

HR post 83.31 ± 20.86 85.06 ± 9.04 73.75 ± 6.35 76.25 ± 9.11 2.968, 0.039, 
0.129

Cognitive engagement

RCE 13.13 ± 1.67 11.38 ± 2.03 12.00 ± 2.34 9.81 ± 2.86 5.954, 0.001, 
0.229

RMSSD pre 34.06 ± 16.03 43.19 ± 24.91 37.50 ± 14.49 36.38 ± 17.29 0.694, 0.559, 
0.034

RMSSD during 3.44 ± 1.67 4.63 ± 2.75 44.06 ± 20.00 41.69 ± 19.41 40.978, <0.001, 
0.672

RMSSD post 19.69 ± 6.06 31.19 ± 15.00 45.44 ± 14.81 42.06 ± 11.56 14.137, <0.001, 
0.414

Abbreviations: CE: Cognitive engagement; HR: Heart rate; PE: Physical exertion; RCE: Rating of Perceived Cognitive Engagement; RMSSD: Root mean 
square of successive differences; RPE: Rating of Perceived Physical Exertion.  

Stroop interference effect for the Stroop task. In terms of 
consistent trial accuracy, the main effect of the condition 
was not significant (F = 1.562, p = 0.212, η2 = 0.094). The 
main effect of test timing (F = 0.992, p = 0.335, η2 = 0.062) 
and the interaction effect (F = 0.355, p = 0.786, η2 = 0.023) 
were not significant. In terms of inconsistent trial accuracy, 
the main effect of the conditions with inconsistent trial 
accuracy was not significant (F = 1.562, p = 0.212, η2 = 
0.094). Neither the main effect of the test timing (F = 0.254, 
p = 0.621, η2 = 0.017) nor the interaction effect (F = 0.391, 
p = 0.760, η2 = 0.025) was significant. 

For the Stroop interference effect, the main effect of 
conditions was not significant (F = 1.622, p = 0.198, η2 
= 0.098). The main effect of test timing (F = 12.261, p = 
0.003, η2 = 0.450) and the interaction effect (F = 4.079, p 
= 0.012, η2 = 0.214) were significant. The simple effect test 
results (Figure 2) indicated that, across the test timing, the 
improvement effect of the high PE + high CE condition 
on the Stroop interference effect after intervention was 
significantly greater than that of the low PE + low CE 
condition (p = 0.026). Within-group pre–post changes 
showed that only the high PE + high CE intervention 
improved the individual’s inhibitory control performance 
(p = 0.001).

Based on indicators of accuracy and reaction time, a 
high PE + high CE condition can significantly improve 
an individual’s inhibitory control performance. The 
other three conditions showed no improvement in the 
individual’s inhibitory control performance, and there was 
no difference among the conditions. 

The accuracy and response time of the more–odd 
shifting task were verified under different conditions. In 
terms of the non-switching trial accuracy, the main effect 
of the conditions (F = 1.775, p = 0.166, η2 = 0.106), the 
main effect of test timing (F = 0.644, p = 0.435, η2 = 0.041), 
and the interaction effect (F = 1.540, p = 0.217, η2 = 0.093) 
were not significant. In terms of switching trial accuracy, 
the main effect of the conditions (F = 0.488, p = 0.692, η2 = 
0.032), the main effect of test timing (F = 3.333, p = 0.088, 
η2 = 0.182), and the interaction effect (F = 0.192, p = 0.901, 
η2 = 0.013) were not significant. In terms of response time, 
the main effect of the conditions (F = 0.766, p = 0.519, η2 
= 0.049), the main effect of test timing (F = 11.289, p = 
0.004, η2 = 0.429), and the interaction effect (F = 0.082, p = 
0.969, η2 = 0.005) were not significant. Based on indicators 
of accuracy and reaction time, there was no difference in 
the impact of different intervention types on the cognitive 
flexibility of university students.  
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Figure 2. Simple effect analysis of the Stroop interference effect
Note: Statistical significance determined at *p < 0.05.
Abbreviations: CE: Cognitive engagement; PE: Physical exertion. 

4. Discussion
The main purpose of this study was to explore the impact 
of CEPA on executive function in university students. 
Overall, the findings indicated that the intervention 
modality combining physical exercise with cognitive 
tasks demonstrated greater potential to enhance executive 
function performance compared with physical exercise 
interventions alone. 

Current research suggests that there are two possible 
pathways through which physical activity can promote 
executive function. The first, which is widely supported, 
proposes that exercise-induced changes in energy 
metabolism can increase the availability of growth 
factors (such as brain-derived neurotrophic factors) in 
the brain, and enhance brain plasticity by strengthening 
the underlying system, including synaptogenesis and 
angiogenesis in brain regions related to executive 
function and memory.30 The second pathway involves 
the influence of physical activity on CE.31 In this context, 
CE has been manipulated based on Tomporowski4’s 
proposal (contextual interference, mental control, and 
discovery)4 and the CE activity features proposed by 
Vazou.3 Accordingly, previous studies have designed 
different CEPA interventions11,27,32,33; however, findings 
remain inconsistent across studies. Overall, current 

research findings support activities that involve top-down 
cognitive control, complex multi-limb sequencing, rapid 
decision-making, and non-automated motor behavior.34 
Interventions of approximately 20 min in duration3, 
performed at moderate intensity and incorporating social 
interaction, have been shown to produce beneficial effects 
on executive function.35 However, these findings are largely 
derived from quasi-experimental studies conducted in 
naturalistic settings, which are constrained by participant 
characteristics and ecological validity.

In recent years, researchers have focused on the 
cognitive benefits of CEPA for other age groups and have 
also adopted acute interventions in laboratory settings, 
mostly in the form of a dual-task paradigm, which involves 
completing cognitive tasks while exercising.19,21 Existing 
studies have found that CEPA can lead to individual 
fatigue due to the need for excessive cognitive resources, 
both in children and adolescents32,33, as well as in adults19, 
thereby offsetting the benefits of physical activity. To 
prevent this situation, in this study, CE tasks were selected 
to avoid traditional intervention methods in laboratory 
settings, and Sudoku was chosen, which increased the 
individual’s perceived interest and may have accounted for 
the inconsistent results. This study found that combining 
exercise with cognitive tasks can improve performance on 
working memory and inhibitory control. Thus, in future 
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intervention designs, it is necessary to consider individual 
emotional factors, as emotions may affect executive 
function.34,36

More research is needed on the cognitive benefits of 
physical activity among university students, as they often 
engage in sedentary behavior for extended periods.14 
Compared to the elderly or children and adolescents, 
the executive function of university students is relatively 
stable, but they are also affected by unhealthy habits that 
affect their future work and life in middle or elderly age.17 
Current research suggests that more university students 
who participate in physical activity exhibit better executive 
function.18,37 However, there is currently a lack of integration 
of CE into physical activity, and little exploration of the 
impact of PE and CE on executive function. The results of 
this study confirm that the 20-min PE + CE task does not 
impair subsequent executive function and yields greater 
cognitive benefits than either simple physical activity or 
cognitive engagement alone. This suggests that college 
students can engage in physical exercise while completing 
cognitive tasks that rely on logical reasoning and sustained 
attention (e.g., Sudoku)—a task similar to the one used in 
this study—without experiencing significant mental fatigue 
that would impair subsequent cognitive performance. This 
finding holds important implications for college students, 
who often face high academic pressure during specific 
semesters due to academic schedules. If students abandon 
physical activity to devote more time to academic learning, 
they may increase sedentary behavior, which is detrimental 
to the long-term maintenance of executive function. 
Although the cognitive task in this study was Sudoku (a 
logical reasoning task) and cannot be directly equated with 
review or memorization tasks that rely on verbal memory 
and associative processing, our results still provide a 
valuable reference for designing integrated physical and 
cognitive activity patterns for college students. It suggests 
that college students may be able to combine moderate-
intensity aerobic exercise with low-to-moderate difficulty 
cognitive tasks with processing characteristics similar to 
Sudoku (e.g., logical problem-solving, focused attention 
tasks) during fragmented time (e.g., between classes, 
after self-study). This integrated pattern can help reduce 
sedentary behavior while maintaining CE and, indirectly, 
create more favorable physical and cognitive conditions 
for subsequent academic learning involving review and 
memorization.

In addition, HRV was also used in this study to 
quantify individual CE in different conditions. The 
measurement of CE has long been an unresolved issue in 
CEPA research. Unlike the consensus on measuring PE 
based on heart rate, there is currently no gold standard 

for measuring or evaluating CE. There are currently two 
evaluation methods: subjective evaluation and objective 
measurement. Subjective evaluations include observations 
by others8 and self-evaluation.27 Currently, only Benzing  
et al.9 have proposed using HRV after intervention for 
objective measurement. In this study, we used RCE and 
HRV as evaluation methods for CE and found differences 
compared with previous studies. The RCE and HRV data 
for the low PE + high CE and high PE + low CE groups 
were inconsistent, possibly due to the heart rate’s impact 
on HRV. Even after intervention, there was a significant 
difference in heart rate between the high PE and low PE 
groups. Therefore, our research results confirm that the 
combination of high PE + high CE yielded the highest CE, 
but we cannot compare the differences between the low 
PE + high CE and the high PE + low CE interventions. 
Future studies should consider incorporating additional 
physiological indicators, such as eye-tracking measures and 
electroencephalography38, to enable more comprehensive 
and objective quantification of CE.

This study is not without limitations. In terms of CE 
manipulation, although designating Sudoku solving as 
a high-CE task and watching Sudoku tutorial videos as 
a low-CE task is intuitively rational, the two conditions 
are not equivalent across multiple dimensions. Drawing 
on recent research paradigms for CE manipulation in 
laboratory-based interventions, most extant studies 
modulate CE by adjusting the quantity or presentation 
frequency of cognitive stimuli within the context of a 
single, uniform task.39,40 In this regard, future research 
could achieve more rigorous control over CE levels by 
varying the frequency or difficulty of cognitive stimuli 
while maintaining a consistent cognitive task framework. 
Additionally, the present study only examined the short-
term effects following a single 20-min intervention. It 
remains unclear whether such effects can be transferred 
to real-world learning task scenarios or sustained over an 
extended time horizon.

5. Conclusion
In the dual-task context of combined physical activity and 
CE, the synergistic intervention of high PE and a high-
difficulty cognitive challenge may yield short-term benefits 
for the accuracy of working memory and the processing 
efficiency of inhibitory control.
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