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Objectives: Mental fatigue frequently occurs in team sports characterised by 
high cognitive demands and can adversely affect athletes’ decision-making 
and executive functions. This study examines the impact of mental fatigue on 
cognitive flexibility in soccer players, employing event-related potentials (ERP) 
to elucidate the underlying neural mechanisms.
Method: Eighteen football players from the China University Football 
Association (CUFA) participated in the study. The research utilised the Stroop 
task to induce mental fatigue and the More-odd switching task to evaluate 
cognitive flexibility, with measurement indicators comprising accuracy rate 
(ACC), reaction time (RT), and N2 component amplitude. The experimental 
design adhered to a repeated measures protocol, incorporating 2 (time: pre-
fatigue/post-fatigue) × 2 (task type: conversion/non-conversion) × 4 (electrode 
positions: Fz, Cz, Pz, F3) factors. Statistical analyses of behavioural data were 
conducted using non-parametric tests, while ERP data were examined through 
repeated measures ANOVA.
Results: Mental fatigue significantly impaired athletes’ accuracy in the More-
odd switching task, evidenced by decreased performance in both conversion 
and non-conversion conditions (p < 0.05), alongside prolonged reaction 
times (p < 0.01). Event-related potential (ERP) analysis demonstrated a marked 
reduction in the amplitudes of the N2 component post-intervention, with 
notable differences across electrode sites (F = 3.192, p = 0.031). These findings 
suggest a restriction in cognitive control resources within the frontal and parietal 
regions.
Conclusion: This study illustrates that experimentally induced mental fatigue has 
a significant detrimental impact on the cognitive performance of football players, 
leading to slower reaction times and decreased neural electrophysiological 
indicators (specifically, a reduction in N2 wave amplitude), indicating a decline 
in conflict monitoring ability. An integrated examination of both behavioural and 
neurophysiological data indicates that the adverse effects of mental fatigue are 
likely due to the depletion of general cognitive control resources that rely on 
the prefrontal cortex, rather than targeting particular cognitive functions. These 
results offer initial insights into the cognitive and neurological alterations in 
fatigued athletes. While the study did not explore interventions, the findings lay 
the groundwork for the development of tailored cognitive training programmes 
and fatigue management strategies, along with potential evaluation criteria. 
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Notably, the N2 wave amplitude serves as a key metric for assessing cognitive 
resource levels in football players.
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1 Introduction

Mental fatigue is defined as a psychobiological state resulting from 
prolonged and intense cognitive demands (Boksem and Tops, 2008). 
It is characterised by subjective sensations of “fatigue” and “lack of 
energy” (Rozand and Lepers, 2017). This condition is prevalent in 
team sports that require significant cognitive engagement and operate 
within unpredictable environments (Yuan et al., 2023). Research 
indicates that mental fatigue adversely affects both physical and 
tactical performance in soccer players (Coutinho et al., 2017). The 
cognitive challenges inherent in team sports such as soccer are 
particularly formidable (Faubert and Sidebottom, 2012). For example, 
during matches, the movements of both teammates and opponents are 
unpredictable, and the trajectory of the ball cannot be anticipated; 
distractions may necessitate changes in direction, while the 
movements of others can obstruct the path of the incoming ball 
(Smith et al., 2018). These overwhelming streams of information 
hinder decision-making capabilities and ultimately impact athletic 
performance (Skala and Zemková, 2022). Consequently, athletes must 
sustain a high level of cognitive flexibility throughout the duration of 
the match (Sun et al., 2021).

The essence of football resides in the intense confrontations and 
counterattacks between opposing teams and their players, as both 
sides endeavour to outmanoeuvre one another. Beyond the physical 
demands inherent to the sport, players consistently encounter the 
challenge of being marked by opponents. In such high-pressure 
scenarios, they must make decisions that benefit their team (Trecroci 
et al., 2020). Given the multifaceted performance requirements in 
modern football, cognition may be the pivotal factor in achieving and 
sustaining peak performance (Knöbel and Lautenbach, 2023). With 
the evolution of modern football, advanced tactical concepts such as 
high pressing and structured defence have emerged, imposing extreme 
demands on players’ physical endurance (Sally, 2014). Consequently, 
the time and space available to players on the field have significantly 
diminished (Vestberg et al., 2020). In this context, executive 
functions—namely inhibition, cognitive flexibility, and working 
memory—are regarded as essential for effective and goal-oriented 
behaviour (Diamond, 2013).

Recent studies have highlighted an increasing interest in the 
relationship between mental fatigue and football performance, 
particularly its effects on physical conditioning (Smith et al., 2015; 
Coutinho et al., 2018; Filipas et al., 2020), technical skills (Smith et al., 
2016), tactical execution (Kunrath et al., 2020), cognitive functions 
(Hans-Erik and Daniel, 2019), and training methodologies (Bian et 
al., 2022). For example, mental fatigue significantly influences players’ 
offensive and defensive techniques, notably diminishing both the 
frequency and success rate of tackles (Sun et al., 2022). Another 
investigation revealed that, although mental fatigue does not 
compromise athletes’ maximal strength, explosive power, or anaerobic 
capacity (Van Cutsem et al., 2017), its interaction with motivation 

during endurance training can affect performance (Dantzer et al., 
2014). Moreover, mental fatigue exacerbates the sensation of “I cannot 
do it” by activating inhibitory neural systems in the brain. Cognitive 
research concerning football players has largely concentrated on 
developing assessment tools (Kane et al., 2007) and analysing athletes’ 
inhibitory contro (Soylu et al., 2022), decision-making abilities (Fortes 
et al., 2020), working memory (Zhou, 2021), and visual skills 
(Knöllner et al., 2022). However, further investigation is warranted to 
understand how mental fatigue impacts cognitive flexibility. Cognitive 
flexibility refers to the ability to consciously adjust cognitive strategies 
in response to environmental changes, enabling individuals to adapt 
to new situations and solve novel problems. Essentially, it involves 
switching between different cognitive rules, reflecting an individual’s 
capacity for mental transformation and inhibitory control (Zühlsdorff 
et al., 2023).

The Wisconsin Card Sorting Test (WCST) and the task-switching 
paradigm are currently prevalent methods for assessing cognitive 
flexibility (Schmitter-Edgecombe and Langill, 2006; Nyhus and 
Barceló, 2009). Nevertheless, these approaches predominantly 
concentrate on behavioural data from athletes, with limited 
investigation into the underlying neural mechanisms. Prior research 
has demonstrated a correlation between working memory, cognitive 
flexibility, and goal-scoring performance throughout a player’s season. 
This relationship remains significant even when controlling for 
intelligence, height, and age in partial correlation analyses (Wallace 
and Norton, 2014). Studies suggest that high executive function can 
serve as a predictor of football success among young players. While 
earlier investigations have explored the influence of cognitive 
functions in elite versus novice athletes and across various age groups 
through EEG mapping, no research has yet validated the mechanisms 
by which mental fatigue impacts cognitive flexibility in football 
players, particularly from the perspective of the More-odd shifting 
task (Dong et al., 2022). EEG spectral measurements offer a 
comprehensive overview of rhythmic brain activity, whereas event-
related potentials (ERP) are temporally confined to specific events or 
stimuli, enabling a more precise examination of the neural processes 
that underpin cognitive functions (Sokhadze et al., 2017).

Classical event-related potential (ERP) components encompass 
P1, N1, P2, N2, and P3. The early ERP components, namely P1, N1, 
and P2, are regarded as exogenous factors predominantly influenced 
by the physical properties of stimuli (Luck and Kappenman, 2012). In 
contrast, the later-emerging components, such as N2 and P3, are 
considered endogenous factors closely linked to individual cognitive 
processes, including attention, decision-making, and memory 
updating (Folstein and Van Petten, 2008). The N2 component, which 
appears prior to P3, is characterised by a negative wave occurring 
approximately 200 milliseconds after stimulus onset, reflecting the 
brain’s initial processing of stimuli (Fan et al., 2023). Research suggests 
that goal-directed behaviour relies on control mechanisms associated 
with the prefrontal cortex, and task-switching processes can be 
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employed to investigate cognitive flexibility mechanisms (Rozand and 
Lepers, 2017). In the context of EEG methodologies, switching 
mechanisms are represented by the N2 and P3 ERP components; 
during task switching, the N2 ERP component indicates mechanisms 
involved in resolving conflicts between simultaneously active 
stimulus–response mappings (Gehring et al., 2003). Other studies 
have reported increased N2 amplitudes following prolonged tasks 
(Boksem et al., 2005; Möckel et al., 2015). Additionally, research 
focusing on elderly individuals and patients has demonstrated that 
heightened N2 amplitudes signify increased energy costs associated 
with cognitive control, suggesting that patients utilise more resources 
in response selection (Pinal et al., 2015).

Building upon existing ERP literature concerning cognitive 
control and task switching (Trecroci et al., 2020), this study selected 
four electrode sites—Fz, Cz, Pz, and F3—for analysis. Firstly, Fz and 
Cz are situated in the precentral scalp region, representing the most 
prominent areas for conflict-related N2 components, which effectively 
reflect conflict monitoring activity in the anterior cingulate cortex 
(ACC) (Folstein and Van Petten, 2008). Secondly, the F3 site is located 
above the dorsal anterior frontal lobe (DLPFC), a region closely linked 
to task set reconfiguration and executive control, thereby facilitating 
a deeper exploration of the specific neural mechanisms underlying 
cognitive flexibility (Thönes et al., 2018). Finally, the Pz site records 
activity from the parietal cortex, serving dual purposes: confirming 
the anterior distribution characteristics of N2 components and 
preparing for subsequent stimulus evaluation analysis (Kieffaber and 
Hetrick, 2005). In this study, we not only focused on the N2 
components associated with conflict monitoring recorded by midline 
electrodes (Fz, Cz, Pz), but also specifically established the F3 
electrode in the left prefrontal cortex. The F3 electrode, located at the 
standard position of the international 10–20 system, is widely 
recognised for its ability to effectively reflect the neural activity of the 
underlying left dorsolateral prefrontal cortex (Ota et al., 2019).

Mental fatigue, as a critical factor influencing cognitive flexibility, 
necessitates a thorough examination of its relationship with cognitive 
performance. Comprehending this connection is vital for devising 
targeted interventions aimed at enhancing athletes’ capacity to manage 
complex situations and improve their cognitive adaptability. 
Consequently, this study synthesises existing evidence regarding the 
impact of mental fatigue on cognitive flexibility in soccer players, 
while also investigating the neural mechanisms that underpin 
this relationship.

2 Methods

2.1 Participants

An a priori power analysis was conducted using G*Power software 
(version 3.1) (Faul et al., 2009). The analysis selected the t-test for 
means: difference between two dependent means (matched pairs)
model to evaluate differences in ERP components before and after the 
mental fatigue intervention. Based on findings from established 
literature (Boksem et al., 2005), which consistently report large to very 
large effects of mental fatigue on ERP components such as P3 and N2 
(with reported Cohen’s d > 0.8) (Kato et al., 2009), a conservatively 
large effect size (d = 0.8) was set for this study. For a two-tailed test 
with an alpha level of 0.05 and a statistical power of 80%, the analysis 

indicated a required sample size of N = 15 participants. Accounting 
for potential data loss due to signal artefacts (approximately 10%) and 
the specific characteristics of the participant population, a total of 
N = 18 soccer players were recruited. The final sample had a mean age 
of 20.5 ± 1.2 years and a mean training experience of 8.5 ± 2.5 years. 
All participants were right-handed.

The inclusion criteria were as follows: (1) No use of insomnia 
medications or similar drugs; (2) Participants had to be professional 
football players; (3) No history of concussions; and (4) No significant 
differences were found in the two rounds of International Physical 
Activity Questionnaire (IPAQ) assessments. Exclusion criteria 
included: (1) History of chronic or major illnesses; (2) Sports-related 
injuries or fractures within the past 3 years; and (3) Participation in 
high-intensity activities (e.g., basketball, running, skiing) within 48 h 
prior to testing. All participants signed written informed consent 
forms. This study was approved by the Ethics Committee of Northeast 
Electric Power University (No. 2024-1-822).

2.2 Procedure

This experiment utilised a mixed experimental design comprising 
2 (time: pre-fatigue, post-fatigue) × 2 (task type: switching tasks, 
non-switching tasks) × electrode positions (FZ, CZ, PZ, F3). The 
behavioural task results were analysed using accuracy rate and 
reaction time as dependent variables, with time functioning as a 
group-level variable. Behavioural measurements were obtained 
through the More-odd shifting task, where accuracy rate (ACC) and 
reaction time (RT) served as key metrics. Electroencephalographic 
measurements employed event-related potentials (ERP), with a 
specific focus on the amplitude of the N2 component. All procedures 
were executed using E-prime 3. software, and cognitive flexibility was 
assessed via the More-odd switching task. The intervention 
experiment was conducted employing the Stroop paradigm for 
stimulus induction. The Stroop and More-odd conversion tasks 
employed in this study are classic paradigms for measuring cognitive 
control and task-switching, with their reliability and validity well-
established in extensive neuroscience and psychology research 
(Stroop, 1935; Miyake et al., 2000; Schmit and Brisswalter, 2018). 
Notably, these tasks have been successfully applied to cognitive 
assessments in athletes and ERP studies (Verburgh et al., 2014; Sun et 
al., 2022), demonstrating their validity in similar experimental contexts.

2.3 Measures

As shown in Figure 1, all participants completed the Cognitive 
Flexibility Scale (CFS) test prior to the experiment to assess their 
baseline executive function levels45. The Cognitive Flexibility Scale 
(CFI), originally developed by Dennis and Vander Wal (2010), was 
later adapted into a Chinese version by Wang et al. (2016). This 
20-item scale measures two dimensions (substitution and control), 
with example items such as “I am good at analysing and evaluating 
various situations.” The scale demonstrated a Cronbach’s alpha 
coefficient of 0.847. Results indicated that all participants maintained 
normal executive function levels, with no significant differences 
observed between groups (p > 0.05). This finding effectively ruled out 
baseline differences from influencing experimental outcomes. 
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Subsequently, a 30-min Stroop task (Pinal et al., 2015) was 
administered to induce mental fatigue. After confirming participants’ 
fatigue status through subjective assessment, a modified odd-even 
switching task was employed to evaluate cognitive flexibility.

2.3.1 Mental fatigue task
Prior research has established the Stroop task as a reliable 

experimental model for inducing mental fatigue (Meymandi et al., 
2023). Participants engage in a cognitively demanding process that 
necessitates the suppression of automatic responses, which 

progressively results in mental fatigue. The 30-min duration employed 
in this study was adapted from effective mental fatigue induction 
methods utilised in similar previous studies (Niu et al., 2024). In 
accordance with Catala et al. (2021), the implementation of our Stroop 
task adhered to the principles outlined below (as detailed in Figure 2).

2.3.2 Subjective mental fatigue evaluation
Participants’ subjective levels of mental fatigue were evaluated 

using the Visual Analog Scale (VAS), a specific instrument developed 
for measuring mental fatigue, as noted in previous research (Smith et 
al., 2019). The VAS consists of a 100-millimetre line with endpoints 
designated as mm (“no mental fatigue”) and 100 mm (“maximum 
mental fatigue”). Participants indicated their perceived levels of fatigue 
by marking points along this scale.

Participants were instructed to assess their mental fatigue using a 
10-point scale, with the left end denoting “no mental fatigue” and the 
right end signifying “complete mental exhaustion.” They indicated 
their subjective experiences along this continuum. The Visual Analog 
Scale (VAS) was employed on two occasions: first as a baseline 
measure, and subsequently, one minute after the completion of the 
Stroop task. A score greater than 50 was deemed indicative of 
considerable mental fatigue, as established in the study by Meymandi 
et al. (2023).

2.3.3 More-odd switching task
The formal experiment for the odd-number switching task consists 

of three distinct phases. Phase One requires participants to view a green 
number, assess its parity, and subsequently press the corresponding 
key: “F” for odd numbers and “J” for even numbers. In Phase Two, 
participants will observe a red number, evaluate its magnitude, and 
then press “F” for values less than 5 or “J” for those greater than 5. This 
phase functions as a non-switching trial. Phase Three integrates both 

FIGURE 1

Schematic diagram of the experimental procedure and experimental paradigm.

FIGURE 2

Difference test of Visual Analog Scale (VAS) scores before and after 
Stroop task.
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previous phases into a combined switch trial (Hillman et al., 2006). The 
design and procedure of the odd-number switching task are depicted 
in Figure 3. After implementing the preprocessing pipeline described 
above, we quantified the number of valid trials retained for each 
participant to ensure the reliability of the ERP averaging process. For 
the Stroop task, an average of 102 valid trials per participant (range: 88 
to 114 trials) were retained, resulting in an average trial retention rate 
of 85%. For the More-odd shifting task, an average of 128 valid trials 
per participant (range: 110 to 142 trials) were retained, with an average 
retention rate of 80%. The minimum number of trials retained for any 
participant in any condition exceeded 40, which is well above the 
commonly accepted threshold of 30 trials for obtaining stable ERP 
components (Olvet and Hajcak, 2009), thereby ensuring the robustness 
of our subsequent ERP analyses.

2.3.4 EEG recording, preprocessing and ERP
Electroencephalogram (EEG) data were collected using a 

32-channel head-mounted device (Emotiv FLEX EEG system, 
developed by Emotiv Systems, operating at 128 Hz), in accordance 
with the international 10–10 system guidelines. Prior to the study, 
participants underwent a standardised scalp cleansing procedure to 
minimise sebum interference and reduce electrode impedance. 
Electrolyte gel was applied to each electrode position to ensure 
optimal contact between the electrodes and the scalp, thereby 
maintaining impedance levels below 10 kΩ. EEG recordings were 
obtained at a sampling rate of 500 Hz, with online filtering configured 
to 0.1–0.100 Hz. The configuration of the electrode channels is 
depicted in Figure 4.

The EEG data underwent a series of preprocessing steps aimed at 
enhancing signal quality (Niu et al., 2024). This preprocessing was 
conducted using the EEGLab toolbox within the Matlab 2023b 
environment. The processing workflow is outlined as follows: Initially, 
the raw data were subjected to bandpass filtering within the range of 
0.1–0.40 Hz. During data acquisition, the reference electrode was 
positioned at FCz. In the preprocessing phase, the data were re-referenced 
to the average values of the bilateral mastoid electrodes (TP9/TP10) as 
the offline reference. Subsequently, all data were combined and analysed 
using independent component analysis (ICA) to identify and eliminate 
artefact components associated with blinking, eye movements, and 
electromyographic activity, thereby reconstructing clean EEG data.

	(1)	 Behavioural Data: The behavioural data were merged and 
preprocessed using E-Merge. Instances of trials with erroneous 
responses were excluded, followed by the removal of abnormal 
trials in which reaction times were either shorter than 100 ms 
or longer than 200 ms within correct trials. Statistical analyses 
of behavioural metrics, specifically accuracy rate and reaction 
time, were conducted using SPSS 26. software, with a 
significance level set at α = 0.05.

	(2)	 EEG Data: Recording and Analysis EEG data were collected 
using the Emotiv FLEX system and subsequently analysed 
offline within the Matlab 2023b environment. The 
preprocessing workflow commenced with re-referencing the 
data to a whole-brain average reference. This was followed by 
the application of band-pass filtering within the range of 0.1 to 
30 Hz. Independent Component Analysis (ICA) was employed 

FIGURE 3

Heat map of the correlation between mental fatigue and cognitive flexibility.
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to semi-automatically identify and remove eye movement 
artefacts. Brainwave epochs were recorded from 200 ms prior 
to stimulus presentation to 800 ms following it, with baseline 
calibration conducted using the period from 200 ms before to 
ms prior to the stimuli. Trials deemed invalid, characterised by 
amplitudes exceeding ±100 μV, were automatically excluded.

Drawing upon the overall average T-wave waveform and 
referencing previous literature (Kopp et al., 1996), the analysis time 
window for N2 components in the More-odd shifting task was 
established as 150–200 ms (Smith et al., 2016). The average amplitudes 
from four electrode sites (Fz, Cz, Pz, F3) within this time window were 
extracted and subjected to statistical analysis using SPSS 26. For the 
Stroop task, we compared pre-and post-intervention differences in 
“congruent reaction time”, “incongruent reaction time”, and “Stroop 
interference effect (incongruent-congruent)” between mental fatigue 
groups. As all differences followed a normal distribution (p > 0.05), we 
conducted paired t-tests for analysis.

For the More-odd conversion task, we compared mental fatigue 
intervention effects on conversion cost (conversion trial reaction time 
minus repetition trial reaction time) and average accuracy. The 
conversion cost data showed non-normal distribution (p < 0.05), so 
we used Wilcoxon’s sign-rank test—a nonparametric test—for 
analysis. All tests were conducted with a p < 0.05 significance threshold.

3 Results

3.1 Nonparametric test results for the 
More-odd shifting task under neural 
fatigue intervention

As shown in Table 1, the accuracy rates of conversion and 
non-conversion responses (p = 0.013, p = 0.032) and response times 
(p = 0.026, p = 0.100, p = 0.026, p = 0.026) before and after mental 
fatigue did not follow a normal distribution. Therefore, the rank sum 
test was applied. As shown in Table 2, the rank-sum test revealed 
statistically significant differences in the accuracy and reaction time of 
conversion and non-conversion responses before and after mental 
fatigue. Specifically, the conversion response accuracy (Z = −2.1, 

p = 0.036) and reaction time (Z = −1.9, p = 0.048) showed statistically 
significant differences, while the non-conversion response accuracy 
(Z = −3.8, p = 0.015) and reaction time (Z = −4.2, p = 0.028) also 
demonstrated statistically significant differences.

TABLE 1  Normality test for the More-odd shifting task.

Time Type 
of test

Statistic df p

Accuracy

Pre-

mental 

fatigue

Switch 0.152 32 0.013

Non-

switch

0.342 32 0.018

Post-

mental 

fatigue

Switch 0.391 32 0.032

Non-

switch

0.511 32 0.000

Reaction 

Time

Pre-

mental 

fatigue

Switch 0.923 32 0.026

Non-

switch

0.882 32 0.002

Post-

mental 

fatigue

Switch 0.944 32 0.100

Non-

switch

0.923 32 0.026

TABLE 2  Wilcoxon signed-rank test for the More-odd shifting task.

Pre-
mental 
fatigue

Post-
mental 
fatigue

Statistics

M (p25, p75) Z p

Accuracy

Switch 90% (85, 

94%)

87% (82, 

91%)
−2.21 0.036*

Non-

switch

95% (92, 

98%)

93% (89, 

96%)
−1.90 0.048*

Reaction 

time

Switch 810 (720, 

950)

890 (770, 

1,050)
−3.80 0.015*

Non-

switch

680 (600, 

790)

750 (650, 

880)
−4.20 0.028*

*indicates p < 0.05.

FIGURE 4

Histogram of test results for accuracy and reaction time in the More-odd shifting task before and after mental fatigue (BMF: before mental fatigue; 
AMF: after mental fatigue).
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3.2 Results of difference test before and 
after mental fatigue

Figure 5 illustrates that the paired-sample t-test identified a 
significant difference in Visual Analog Scale (VAS) scores before and 
after the Stroop task (t = −13.436, p < 0.001). The pre-task average 
VAS score was 24.667 ± 9.726, while the post-task average score was 
64.166 ± 10.798, indicating that the 30-min Stroop task effectively 
induced mental fatigue in participants.

3.3 Results of correlation analysis between 
mental fatigue and cognitive flexibility in 
football players

Illustrates a notable negative correlation between mental fatigue, 
measured at electrode points Fz, Cz, Pz, and F3, and cognitive 
flexibility, assessed at the same electrode points (r = −0.781, p < 0.01). 
This finding suggests that as participants’ levels of mental fatigue 
increase, their cognitive flexibility decreases.

3.4 Results of the correct rate of More-odd 
shifting task under mental fatigue 
intervention

Table 3 illustrate that, in conversion tasks, the correct 
response rate for the More-odd shifting task prior to the mental 
fatigue intervention was (0.96 ± 0.17)%, whereas subsequent to 
the intervention, it decreased to (0.78 ± 0.42)%. In 
non-conversion tasks, the correct response rate before the 
intervention was (0.97 ± 0.16)%, which subsequently dropped to 
(0.89 ± 0.31)%. These results indicate that participants  
exhibited a decline in the correct response rate for the More-odd 
shifting task following mental fatigue, thereby suggesting a 
reduction in conversion ability within this cognitive domain. The 
repeated measures ANOVA results revealed a significant main 
effect of time [F(1, 17) = 2.953, p = 0.012, η2p = 0.148], while the 
main effect of trial type was not significant [F(1, 17) = 0.660, 
p = 0.418, η2p = 0.037]. Additionally, the time × trial type 
interaction was not significant [F(1, 17) = 0.165, p = 0.685, 
η2p = 0.010].

TABLE 3  ANOVA of repeated measurements of accuracy under the More-odd shift task.

Before mental fatigue After mental fatigue Repeat the F-test

M ± SD M ± SD F P η2p

Switch 0.96 ± 0.17 0.78 ± 0.42

NO-switch 0.97 ± 0.16 0.89 ± 0.31

Time 2.953 0.012 0.148

Type of test 0.660 0.418 0.037

Time × type of test 0.165 0.685 0.010

FIGURE 5

Changes in potential waveforms and topographic maps at each electrode site before and after mental fatigue.
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3.5 Reaction time results of More-odd 
shifting task under mental fatigue 
intervention

Table 4 illustrate that during conversion trials, the reaction time 
for the More-odd shifting task was (1017.069 ± 426.924/ms) prior to 
the mental fatigue intervention, whereas it increased to 
(1158.098 ± 494.587/ms) following the intervention. In 
non-conversion trials, the response time remained at 
(811.608 ± 377.291/ms) pre-intervention but rose to 
(911.670 ± 419.075/ms) post-intervention. Analysis of variance 
(ANOVA) results indicated significant main effects of time [F(1, 
17) = 5.638, p = 0.030, η2p = 0.249] and trial type [F(1, 17) = 3.998, 
p = 0.042, η2p = 0.0190]. while no significant interaction was observed 
between time and trial type [F(1, 17) = 3.746, p = 0.070, η2p = 0.181].

3.6 Electroencephalographic 
measurements of the More-odd shifting 
task under cerebral fatigue intervention

To examine the alterations in cognitive flexibility preceding and 
following mental fatigue, we utilised the latency of the N2 component 
from the More-odd shifting task as the dependent variable. The 
amplitude of the event-related potential N2 component was assessed 
through repeated measurements of differences (RMD) employing a 
two-way ANOVA design that incorporated three factors: time (mental 
fatigue before versus after), trial type (transition trials versus 
non-transition trials), and electrode positions (FZ, CZ, PZ, F3).

The examination of Tables 5, 6 reveals that mental fatigue (time 
factor) and brain regions (electrode point factor) exert a significant 
influence on the N2 latency period, while the task type and its 
interactions with other factors do not show significant effects. The 
main effect of time was significant [F(1, 17) = 8.401, p = 0.010, 

η2p = 0.331], revealing considerable variations in N2 amplitude across 
different time intervals. Similarly, the main effect of electrode point 
was significant [F(3, 51) = 3.192, p = 0.031, η2p = 0.158], indicating 
notable differences in N2 latency across various brain regions (different 
electrode recording points). The interaction effect between time and 
electrode point was also significant [F(3, 51) = 2.854, p = 0.041, 
η2p = 0.144], suggesting that the influence of mental fatigue on N2 
latency differs among brain regions. In contrast, the main effect of task 
type was not significant [F(1, 17) = 0.662, p = 0.423, η2p = 0.037], 
implying that, after controlling for fatigue and time factors, different 
types of odd-even conversion tasks did not yield significant differences 
in N2 latency. All interactions involving task type were non-significant: 
time × task type (p = 0.572), electrode point × task type (p = 0.415), 
and the third-order interaction electrode point × time × task type 
(p = 0.529) showed no significant effects. This suggests that the manner 
in which mental fatigue influences N2 latency is consistent across 
various task types, indicating that task type does not moderate the 
relationship between fatigue and brain responses.

4 Discussion

This study provides robust evidence that a 30-min Stroop task 
effectively induces mental fatigue in soccer players, as demonstrated 
by significant subjective reports, prolonged reaction times, and 
decreased accuracy. Notably, our neurophysiological data reveal that 
this behavioural impairment is underpinned by a specific neural 
mechanism: a marked reduction in N2 amplitude and an increased 

TABLE 4  ANOVA of repeated measures of reaction time under the More-odd shifting task.

Before mental fatigue (ms) After mental fatigue (ms) Repeat the F-test

M ± SD M ± SD F P η2p

Switch 1017.06 ± 426.92 1158.0 ± 494.58

NO-switch 811.60 ± 377.29 911.67 ± 419.07

Time 5.638 0.030 0.249

Type of test 3.988 0.042 0.190

Time × type of test 3.746 0.070 0.181

TABLE 5  Latency of N2 component under mental fatigue intervention in 
More-odd shift task.

Before mental fatigue 
(M ± SD)

After mental fatigue 
(M ± SD)

Switch NO-
switch

Switch NO-
switch

CZ 13.360 ± 1.034 12.699 ± 0.801 3.104 ± 3.654 2.515 ± 5.843

FZ 14.055 ± 1.073 13.902 ± 1.861 4.444 ± 3.461 3.834 ± 5.025

PZ 18.346 ± 1.487 18.542 ± 2.680 6.133 ± 1.773 5.199 ± 1.407

F3 23.744 ± 0.742 24.642 ± 1.460 16.766 ± 3.433 17.018 ± 4.169

TABLE 6  Repeated measures ANOVA of N2 component latency under 
More odd shift tasks.

df F P η2p

Electrode points 3 3.192 0.031 0.158

Time 1 8.401 0.010 0.331

Type of test 1 0.662 0.423 0.037

Time × type of 

test

1 0.324 0.572 0.018

Time× electrode 

points

3 2.854 0.041 0.144

Electrode points 

× test type

3 0.951 0.415 0.053

Electrode points 

× time × test 

type

3 0.753 0.529 0.042
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latency during the More-odd shifting task (Liu et al., 2025), 
particularly observable at the Cz electrode site. The synthesis of these 
behavioural and electrophysiological findings allows us to propose a 
coherent model: mental fatigue compromises athletic cognitive 
performance primarily by depleting the neural resources essential for 
early conflict monitoring and cognitive control (Norman and Bobrow, 
1975), as indicated by the diminished N2 component, which directly 
leads to slower and less accurate responses.

A Coherent Neuro-Behavioural Model of Fatigue-Induced 
Impairment The observed decline in behavioural performance aligns 
with the well-established concept of finite attentional resources 
(Hancock and Desmond, 2001). Our study extends this principle by 
identifying a plausible neural correlate. The N2 component, generated 
in the anterior cingulate cortex (ACC) and dorsolateral prefrontal 
cortex (DLPFC), is a well-established neural marker of conflict 
detection and cognitive control (Folstein and Van Petten, 2008; 
Nieuwenhuis et al., 2003). The significant reduction in N2 amplitude 
following fatigue indicates a less efficient neural response in these key 
prefrontal regions (Petruo et al., 2018). This means that the soccer 
players’ brains became less adept at rapidly detecting and signalling 
the cognitive conflict inherent in the task-switching paradigm. This 
“neural inefficiency” at the early stage of information processing 
(~200–300 ms) forces subsequent cognitive processes to operate on a 
degraded signal, ultimately manifesting as the delayed reaction times 
and increased errors we recorded. Therefore, the N2 attenuation is not 
merely an parallel observation; it is the mechanistic link that explains 
why behaviour deteriorates under fatigue—the core computational 
machinery for cognitive control is compromised (Sarter et al., 2006).

A critical analysis of the existing literature and the theoretical 
implications of our study reveal a significant discovery. We found a 
consistent reduction in N2 amplitude during both switch and 
non-switch trials, suggesting that mental fatigue impacts a broad 
cognitive control mechanism rather than just the switching process. 
This observation provides empirical backing for the Limited Cognitive 
Control Theory (Hockey, 2013; Baumeister et al., 1998), which posits 
that prolonged cognitive exertion depletes a central pool of cognitive 
resources (Ishii et al., 2014).

When placed in the wider context of existing literature, our findings 
demonstrate both similarities and differences that enrich the field. The 
discovery of compromised cognitive adaptability under fatigue 
corresponds with various studies in sports (Smith et al., 2018; Sokhadze 
et al., 2017). Nonetheless, the particular decrease in N2 amplitude we 
have identified offers a more intricate viewpoint. Previous research has 
indicated an increase in N2 among non-athletes or in different fatigue 
scenarios, suggesting heightened neural exertion (Lorist et al., 2005). In 
contrast, our distinct reduction in N2 may be elucidated by participant 
characteristics and task specificity. Elite footballers, accustomed to 
streamlined and automatic cognitive processes, may operate near their 
neural capacity thresholds. Consequently, when fatigue diminishes their 
resources, their capacity for neural compensation may be rapidly 
depleted, resulting in a reduced neural reaction rather than the 
heightened effort seen in other groups. This highlights that the neural 
effects of fatigue are not uniform but are shaped by individual diversities 
and task requirements (Tran et al., 2020).

It is crucial to translate these findings into practical applications 
to bridge the theory-practise gap. Our research suggests that cognitive 
performance, a key factor in soccer success, is vulnerable to mental 
fatigue (Smith et al., 2016). Therefore, practitioners should consider 

the following strategies: Firstly, coaches should manage cognitive load 
during training sessions similar to physical load periodization. 
Sessions with high tactical and cognitive demands should be followed 
by sufficient recovery or lighter cognitive activities to prevent 
cumulative fatigue that could impede learning and decision-making 
(Schmit and Brisswalter, 2018). Secondly, athletes should avoid 
mentally fatiguing activities (prolonged studying, intense video 
gaming, stressful work) in the 24 to 48 h before a competition to 
maintain the sharp cognitive control needed during the game. 
Additionally, athletes could benefit from “cognitive reset” techniques 
such as brief breathing exercises or temporarily shifting focus during 
halftime or breaks to replenish cognitive resources and potentially 
improve performance in the second half (Nédélec et al., 2015). Lastly, 
training programmes should include specific exercises to enhance 
cognitive endurance and efficiency under fatigue, strengthening 
compromised neural systems (as indicated by the N2) (Nédélec et al., 
2013; Van der Linden et al., 2003).

5 Conclusion

This study illustrates that experimentally induced mental fatigue 
has a significant detrimental impact on the cognitive performance 
of football players, leading to slower reaction times and decreased 
neural electrophysiological indicators (specifically, a reduction in N2 
wave amplitude), indicating a decline in conflict monitoring ability. 
An integrated examination of both behavioural and 
neurophysiological data indicates that the adverse effects of mental 
fatigue are likely due to the depletion of general cognitive control 
resources that rely on the prefrontal cortex, rather than targeting 
particular cognitive functions. These results offer initial insights into 
the cognitive and neurological alterations in fatigued athletes. While 
the study did not explore interventions, the findings lay the 
groundwork for the development of tailored cognitive training 
programmes and fatigue management strategies, along with 
potential evaluation criteria. Notably, the N2 wave amplitude serves 
as a key metric for assessing cognitive resource levels in 
football players.

5.1 Limitations and future prospects

A key limitation of this study is the use of a single-group 
pre-post design without a control group that performed neutral 
tasks while undergoing identical measurements. Although we 
have minimised potential confounding factors through 
experimental design, this limitation may still compromise the 
internal validity of the results. Future research should incorporate 
well-designed control groups to more rigorously isolate the 
specific neurophysiological effects of mental fatigue, while 
further exploring the potential impacts of different types of 
control tasks.

Although this study preliminarily revealed the negative impact of 
mental fatigue on cognitive flexibility of soccer players by combining 
behavioural and neurophysiological indicators, there are still some 
limitations: small sample size: this study only included 18 college 
soccer players, and the limited sample size may affect the stability of 
statistical inference and the extrapolation of results.
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High homogeneity of participants: All participants were from the 
same college football association (CUFA), with similar training 
background and competitive level, which limited the applicability of 
the research conclusions to athletes at different levels.

Single way of inducing fatigue: only Stroop task was used to 
induce mental fatigue, without football-specific cognitive tasks or real 
game situation, which has limited support for ecological validity.
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