
46 

Brain signal analysis using EEG and Entropy to study the effect of physical and 

mental tasks on cognitive performance 
 

Dineshen Chuckravanen 

School of Life Sciences, Department of Sport and Exercise Sciences,  

Northumbria University, Newcastle, NE1 8ST, United Kingdom 
dineshen2013@gmail.com  

 

Sujan Rajbhandari 

Communications Engineering, University of Oxford, United Kingdom 
sujan.rajbhandari@eng.ox.ac.uk 

 

Andre Bester 

Bester Labs, Newcastle Upon Tyne, United Kingdom 
anb@besterlabs.com  

 

 

 

Abstract: 

Some theoretical control models posit that the fatigue which is developed during physical 

activity is not always peripheral and it is the brain which causes this feeling of fatigue. This fatigue 

develops due to a decrease of metabolic resources to and from the brain that modulates physical 

performance. Therefore, this research was conducted to find out if there was finite level of 

metabolic energy resources in the brain, by performing both mental and physical activities to 

exhaustion. It was found that there was an overflow of information during the exercise-involved 

experiment. The circular relationship between fatigue, cognitive performance and arousal state 

insinuates that one should apply more effort to maintain performance levels which would require 

more energy resources that eventually accelerates the development of fatigue. Thus, there appeared 

to be a limited amount of energy resources in the brain as shown by the cognitive performance of 

the participants.  

Keywords: Attention, cognitive performance, EEG analysis, entropy analysis, mental 

fatigue 

 

1. Introduction 

Up to now, very little is known about the psychophysiological mechanisms that underlie 

mental fatigue and the cognitive functions [13]. Specifically within athletics, the ability to allocate 

and maintain attention during sporting competition can be as much taxing as the physical exertion 

associated with the sporting activity for successful performance [42]. However, minimal research 

has evolved in exploring cognitive fatigue as a possible performance mediator within athletics and 

hence, the influence of fatigue on attention and performance is still unclear. The studies that 

examined the impact of either acute or long-term exercise on cognition are equivocal, and it was 

suggested that physical exercise has a possible small positive effect on cognition [20]. Further 

studies are, therefore, needed to investigate the effects of exercise on cognitive performances [20, 

50]. Based on the principle that processing in the brain is competitive, and it has finite metabolic 

resources, a new mechanistic explanation for the effect of exercise on the brain function, called the 

“transient hypofrontality hypothesis” was developed [16]. This hypothesis states that during 

physical exercise the extensive neural activation which is needed to run motor patterns, assimilate 

sensory inputs, and coordinate autonomic regulation causes a decrease in brain activity [16, 17].  

In addition, the limitation of most studies related to the effect of exercise on cognition used 

only reaction time as the sole measure of cognition even in studies employing complex behavioural 

tasks [8]. Those relatively few studies [15, 44] that included response accuracy in their analysis, 

reported that there was either no change or increased accuracy with exercise. Therefore, by 

conducting this cognitive fatigue study, it was hoped to observe the response of cortical activities to 
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an exhausting physical exercise, and how physical activity affects cognitive performance in terms of 

reaction time and accuracy as they seemed to reflect important aspects of cognition. The next 

section describes the methodology used to conduct this experimental case study. 

  

2. Methodology 

2.1 Participants Details 

This research study was approved by the Ethics Committee of the School of Life sciences, 

Northumbria University at Newcastle. Twelve healthy and right-handed participants (6 males and 6 

females) were recruited and their mean (± standard deviation) height was 1.73 (±0.08) m. The 

participants’ age ranged from 25.9 to 33.3 years, and their body mass ranged from 56.6 kg to 82.8 

kg. All the participants came to the neurophysiology laboratory on three separate occasions with at 

least one week apart so as to reduce any learning effect [32, 55]. In addition, these volunteers were 

moderately to highly mentally and physically active as they were required to complete a series of 

cognitive tasks lasting for half an hour on two occasions, and also on one occasion they had to cycle 

as hard as they could for about half an hour or until they felt they could not continue this physical 

activity anymore.  

 

2.2 Description of the cognitive tasks 

The rapid visual information processing (RVIP) and modified stroop (MST) tasks were used 

in this research study, and the psychological strain which was placed by these tasks on the 

participants was mostly cognitive [6, 12]. Hence, they needed to sustain attention for half an hour 

for them to be accurate and quick in their responses during the cognitive trials. For the modified 

stroop task (MST), the participants had to respond to the colour of the word appearing at the centre 

of a computer screen (Red, Blue, Yellow and Green) by pressing respectively and quickly the 

numerical keys (1, 2, 8 and 9) on the keyboard. Moreover, if the word that appeared on the screen 

was written in grey, they were required to respond to the word. For instance, if the word YELLOW 

was written in grey colour, then the participants would need to press the numerical key ‘8’ which 

was associated to yellow colour. In addition, during the modified stroop task, they had to count 

mentally the number of white squares (size of 9 cm by 9 cm) and white circles (diameter size was 9 

cm) that appeared randomly and sparsely at the centre of the screen. The duration of this type of 

cognitive task was 5 minutes. As for the rapid visual information processing (RVIP) task, the 

participants were required to respond to a specific sequence (odd or even) of integer numbers from 0 

to 9 which appeared one at a time every 600 ms on the computer screen. For example, when they 

noticed three consecutive odd numbers (e.g. 3, 5, 7) or three consecutive even numbers (e.g. 2, 8, 6), 

they had to press the ‘spacebar’ on the keyboard as quickly and accurately as they could. The 

duration of this cognitive task was also 5 minutes. And then, these cognitive tasks were alternately 

presented to the participants for a period of 30 minutes so that there were in all three RVIPs and 

three MSTs which represented the cognitive battery test. 

 

2.3 Hardware and software resources 

The material resources that were used for this study comprised of Research Powerlab, and 

Octal Bio Amp systems (Powerlab, ADInstruments, Australia) for the recording of the 

electroencephalogram (EEG) data. The electro-caps (the electro-cap size can be small, medium or 

large) consist of Ag/AgCl electrodes embedded in the elastic electro-cap fabric to record EEG 

activities from the scalp, and these data was transmitted to the powerlab systems via an electro-cap 

interface (Electro-Cap International, Inc., USA). Moreover, the ECI electro-gel was used to reduce 

the resistance between the EEG electrodes and the scalp, and a digital multimeter (Draper 52320, 

UK) was used to measure this impedance. In addition, a ‘0-volt’ potential 8-lines cable was used as 

a reference baseline voltage to measure the EEG potentials. Couple with that, a parallel 

communication interface port was used to send 8-bit parallel data from the Research Powerlab to the 

installed E-Prime software workstation. This communication interface was used to send 8-bit data to 
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‘timestamp’ the responses of the participants while responding to the visual stimuli on the computer 

screen. These 8-bit data actually represented 2-digit numbers called digital bytes that were assigned 

‘comment texts’ (i.e. blue, red, green, yellow, square, circle, odd and even) to display on the real-

time brain signal data upon the trigger of the corresponding visual stimuli. These would help to 

convert the continuous EEG data into data epochs time locked to specified event types for analysis 

purposes. Finally, the software that were used in this experimental case study were Chart 5 for 

Windows (Research Powerlab) to record and process the physiological signals, the E-Prime 

software version 2.0 to implement and conduct the mental fatigue tasks, and Matlab software 7.0 for 

data analysis.   

 

2.4 Study protocol and procedures 

On the first visit to the physiology laboratory, the participants completed each a screening 

health questionnaire to determine their eligibility for taking part in this research study and then, they 

were each assigned an identification number to protect their anonymity. The right size electro cap 

was identified using the electro-cap head tape measure (Electro-Cap International, Inc., USA) for 

each participant, and then they were given each a practice session on the cognitive tasks that they 

would need to complete during their second and third visits. Moreover, this first visit allowed the 

participants to familiarise themselves with the laboratory environment and the procedures.  

During the second visit (also named the ‘control’ experiment), the participants completed 

first the Multidimensional Fatigue Inventory (MFI-20) questionnaire which comprised of 20 items 

assessing the general fatigue, physical fatigue, mental fatigue, reduced activity and reduced 

motivation. Before starting the cognitive battery test, the participants sat comfortably facing the 

computer monitor at a distance of about 60 cm [10] and the appropriate EEG electro-cap was fitted 

onto the participant’s scalp according to the manufacturer’s instructions (Electro-Cap International 

Inc., USA). Next, a blunted needle was used to fill each electro-cap electrode, relevant to this study, 

with the ECI electro-gel to ensure the impedance between the EEG electrode and the scalp was less 

than 5000 Ω using the digital multimeter. Then, EEG activities at the frontal midline (Fz), central 

midline (Cz), and parietal midline (Pz) were recorded while the reference Ag/AgCl electrodes were 

attached to A1 representing the left ear lobe [51], and the ground electrode was located at AFz 

representing the Anterior Frontal of the scalp [3]. The sampling frequency was set at 400 Hz which 

was sufficient to capture the EEG activities based on Nyquist’s criterion [47].  

Then, after each 5 min-block of cognitive task (either RVIP or MST), they had to complete 

the visual analogue scales (VAS) so that their mental fatigue, physical fatigue and concentration 

were quickly and easily monitored during the trial. For these visual analogue scales, the participants 

were required to mark in-between the horizontal scales that consisted of two extreme marks ‘0’ and 

‘10’ representing low and high respectively. Afterwards, at the end of the cognitive experiment, they 

had to fill again the MFI-20 questionnaire to compare any changes in the subjective feeling 

measures between pre and post the cognitive battery experiment. As a preliminary procedure, a pilot 

study was conducted to test the reliability of the MFI questionnaire items using Cronbach’s alpha 

[14, 45]. The value of the Cronbach’s alpha was found to be 0.82 which showed a reliable tool for 

assessing the internal consistency of a psychometric test in representing subjectively the fatigue felt 

by these participants for this type of cognitive experiment [14, 45].  

 

On their third visit (also named as the ‘exercise’ experiment), the participants each 

performed, first of all, an exhausting cycling exercise bout for about half an hour. They wore 

comfortable clothes and footwear to perform this tiring cycling bout on the Velotron (VelotronPRO, 

RacerMate Inc., USA) whereby they were instructed to cycle as hard as they could till they could 

not continue this physical activity anymore. After completing this physical activity, they had to 

complete the MFI-20 questionnaire, and then, during the cognitive trial, they were asked to 

complete the series of RVIP and Modified Stroop tasks similar to the second visit, while EEG data 

were recorded following the same procedure as described for the second visit. Finally, after 
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completing the cognitive battery test, they filled again the MFI-20 questionnaire. As precautions, the 

participants were requested to try not to blink while responding to the visual cues, during the 

cognitive experiments, to reduce interference of the electrooculogram activities [19] to the measured 

EEG signals. Apart from the visual cues on the screen, there were neither other visual stimuli nor 

auditory stimuli that would distract the participants from the cognitive trials. 

 

2.5 Data analysis  

EEG activities were recorded while the participants performed the series of cognitive tasks in 

both experimental conditions (control and exercise). The following subsections explain in more 

details the recording and analysis of the EEG activities as well as the event related potentials (ERP) 

data. 

2.5.1 EEG analysis 

EEG activities were recorded continuously from the midline placements Fz, Cz and Pz 

according to the international 10-20 system electrode placement using the Ag/AgCl electrodes 

embedded in the elastic electro cap fabric (Figure 1). The cortical EEG activities were amplified, 

digitized, sampled at a frequency rate of 400Hz, and online filtered using a pass band of 0.1 to 

100Hz using the powerlab systems [33]. Then, the EEG signals were digitally low pass filtered with 

a cut-off frequency of 30 Hz, and online reduced to a sample frequency of 100 Hz to analyse the 

EEG frequency bands of interest [3]. Moreover, artefacts such as blinking and fast eye movements 

were removed from the recorded signals based on any amplitude greater than ±70 µV [26]. Then, 

these processed signals were used for the EEG analysis.  

 

                                 
Figure 1. The 10-20 international system electrode placement showing the EEG electrode 

placement, the reference electrode (A1 - left earlobe) and the ground electrode (AFz), Fz (Frontal 

midline electrode), Cz (central midline electrode) and Pz (parietal midline electrode). 

 

For the EEG analysis, the average power in the theta band (4 – 8 Hz), and alpha band (8 – 12 

Hz) were computed at the frontal and parietal electrodes Fz and Pz respectively. Next, the ratio of 

these two powers was determined, and named the ‘cognitive ratio’ as several researchers found that 

the fronto-parietal network play important roles in cognitive activities [2, 9, 22].   

 

2.5.2 Entropy analysis 

Moreover, the entropy (i.e. the amount of information flow or content) of the EEG signals 

(Fz, Cz and Pz) were computed using Matlab software to represent an additional mathematical 

measure to compare the cognitive performance of the participants for each experimental condition 

(i.e. control vs. exercise cognitive trials). The entropy of a signal is becoming an emerging and 

promising mathematical method, especially in current clinical context, in quantifying the amount of 

information flow especially in the electroencephalogram (EEG) signals using both the degree of 
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spatial and temporal integration of neuronal activity in the brain [5]. The mathematical principle of 

entropy is described as follows. 

The information entropy was initially developed to measure and evaluate the information 

content of a transmitted communication signal [47]. Therefore, the entropy (H) is defined as the 

average amount of information per source output and is expressed by following equation: 

 

H = - ∑ pi log2 pi (bits/source output)     (1) 

Where pi represents the probability of occurrence of the i
th 

output, log2 is the logarithm function to 

base 2, and the summation (∑) of all the probabilities is equal to 1. From the entropy measures 

together with the EEG analysis, it was hoped to be able to observe any changes or associations in 

the brain activities with cognitive performance. 

 

2.6 Statistical analysis 

Firstly, all recorded and computed data were tested for normality using Kolmogorov-

Smirnov (K-S) test [21, 31]. Then, a two-way factorial ANOVA (Analysis of Variance) was used to 

investigate the effects of time (6 intervals of 5 minutes) on various variables (e.g. reaction time, 

accuracy, cognitive ratio, heart rate, RR-interval and subjective measures of fatigue) for two 

experimental conditions (control and exercise) for same group of participants. When the main 

analysis indicated a significant interaction (p < 0.05) between the factors, follow-up analysis were 

achieved, adjusting error rates according to Bonferroni correction [4]. Furthermore, paired t-test 

was used to compare the means of any dependent variable subjected to these two experimental 

conditions. 

 

3. Results 

The results are divided into several sections that are namely the subjective measures that  

consisted of the visual analogue scales (mental fatigue, physical fatigue and concentration) and the 

MFI-20 questionnaire that assessed the general fatigue, physical fatigue, mental fatigue, reduced 

motivation, reduced activity pre and post the cognitive battery test; the cognitive performance of the 

participants in terms of both reaction time and percentage accuracy of responses to visual cues 

followed by the EEG and Entropy analysis. 

 

3.1 Subjective measures of fatigue 

A two-way (2 experimental conditions x 6 time intervals) factorial ANOVA with repeated 

measures was conducted on the visual analogue scale data to determine whether there was a 

statistical significance in the means of dependent variables that were mental fatigue, physical fatigue 

and concentration between the two experimental conditions (control vs. exercise) but on the same 

group of individuals. The within-subject variable was the time-on-task repeated measures that were 

denoted as time5, time10, time15, time20, time25, and time30 (i.e. time5 means 5 minutes of the 

cognitive task had elapsed, time10 means 10 minutes of the cognitive task had elapsed, and so on till 

completion of the cognitive task). The model assumptions in terms of normality using Kolgomorov-

Smirnov (K-S) test [21, 31] and homogeneity of covariance using Box’s test [1, 46] were evaluated 

and met in this statistical analysis. Furthermore, the MFI-20 subjective measures were analysed 

using a 2 (two experimental conditions) x 2 (pre and post cognitive tasks) factorial ANOVA with 

repeated measures, and the statistical results of these subjective measures of fatigue are as follows in 

the subsequent subsections.  

 

3.1.1 Visual analogue scales (VAS) subjective measures 

As shown in Figure 2, it was found that there was a statistically significant interaction in the 

percentage of mental fatigue between the condition type and time-on-task factor times (F(6, 22) = 

492.19, p < 0.001) as well as there was a significant main effect of time-on-task (time5 to time30) 

(F(5, 22) = 463.794, p < 0.001). In addition, there was also a significant main effect in the condition 
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type (F (1, 22) = 713.133, p < 0.001) which represented a large effect size. For the physical fatigue 

subjective measure, there was a significant difference between the two experimental conditions (p < 

0.001), and within the subject test times (p < 0.001). However, there was no significant difference 

between the means of the concentration visual analogue scale for these two experimental conditions 

(p = 0.057) despite a significant difference (p < 0.001) in the time-on-task repeated measures. 

 

 
 

Figure 2. Energy-VAS subjective measures for the participants (n=12) under 

two conditions (control and exercise involved cognitive task). 

 

3.1.2 Multi-Fatigue Inventory (MFI) subjective measures 

A summary of results is shown in Table 1 depicting the mean value together with the 

respective standard deviation for each subjective measure, and for each experimental condition 

(control vs. exercise-involved) at the start and at the end of the cognitive tasks. There was a 

significant difference between the mean of each dependent variable subjected for both experimental 

conditions and also between pre and post each experimental condition (p < 0.05).  
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Table 1. Summary of the MFI measures obtained from the participants (n = 12) under these two conditions 

(control and exercise involved cognitive tasks). The double asterisk (**) denotes a statistical significance at p 

< 0.01 between the means of the subjective measures for pre-control and pre-exercise whereas the single 

asterisk (*) denotes a statistical significance between the means for post-control and post-exercise 

experimental condition with statistical significance p < 0.05. 

    Type of   

         Fatigue 

 

 

Type of  

Trial 

 

General 

Fatigue 

 

Physical 

fatigue 

 

Reduced 

Activity 

 

Reduced 

Motivation 

 

Mental 

fatigue 

 

Control 

(Pre) 

 

5.5±1.8
** 

 

5.4±2.2
** 

 

5.3±1.9
** 

 

4.5±1.7
** 

 

4.3±1.2** 

 

Control 

(Post) 

 

10.6±2.6
* 

 

7.3±2.9
** 

 

9.0±2.9
** 

 

9.6±3.2
* 

 

13.3±1.7
* 

 

Exercise 

(Pre) 

 

11.6±3.1
** 

 

11.8±2.6
** 

 

13.4±4.0
** 

 

9.6±2.7
** 

 

8.4±2.6
** 

 

Exercise 

(Post) 

 

15.4±2.2
* 

 

15.5±2.3
** 

 

14.9±2.7
** 

 

14.0±4.2
* 

 

15.0±1.9
* 

 

3.2 Cognitive performance (Reaction Time and Accuracy) 

The cognitive performance, in terms of reaction time of the participants in choosing the 

correct responses by pressing the appropriate key as well as the mean percentage of accuracy for all 

the participants subjected to these two experimental conditions, was evaluated for each 5 minutes 

time-on-task interval. The dependent variables that were reaction time and accuracy were analysed 

using two-way (2 experimental conditions x 6 time intervals) factorial ANOVA with repeated 

measures. 

 

3.2.1 Reaction time performance  

The mean reaction time of the participants in responding to the visual cues over the whole 

duration of the cognitive task for the control experiment was 475 ± 19.2 ms, and that for the 

exercise-involved experiment was 410.6 ± 16.6 ms.  

It was observed that the reaction times decreased linearly with increasing time-on-task for 

the control experiment with reaction times at time5 (5 minutes elapsed) of cognitive task was 550 ± 

20 ms and at time30 (30 minutes elapsed) was 405 ± 20 ms (p < 0.01), and the contrary was found 

for the exercise-involved task whereby reaction times increased linearly till to the completion of the 

cognitive experiment (time5 was 320 ± 10 ms vs. time30 was 470 ± 20 ms, p < 0.01). It was found 

that there was also a significant interactive effect between the repeated measures of time-on-task and 

experimental conditions (F(6, 22) = 1418.8, p < 0.001). 

 

3.2.2 Accuracy performance 

The participants performed significantly better (F(1, 22) = 93.875, p < 0.01) in the control 

trial with a mean percentage accuracy of (91.3 ± 1.2)% as compared to their accuracy of response 

performance for the exercise-involved cognitive trial which was (89.1 ± 1.4)%. However, there was 

no significant interactive effect between time-on-task and the two experimental conditions (p = 

0.236, non-significant). 
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In both cognitive trials, it was found that the percentage accuracy of the responses decreased 

linearly based on the 6 data time intervals from time5 to time30. Furthermore, there was no 

significant difference (p > 0.05) in the percentage of accuracy of the responses of the participants for 

the control and exercise experimental conditions in counting mentally the low probability target 

visual cues that were the white squares and white circles randomly shown up on the screen for the 

Modified Stroop task. 

 

3.3 EEG Analysis  

In Figure 3, the notation Fzθ represents the theta band power at the frontal midline, the 

notation Pzα represents the alpha band power at the parietal midline of the brain and the cognitive 

ratio is the ratio of the frontal theta band power to the parietal alpha band power. For the whole 

duration of the cognitive trial, the mean (± standard deviation) of the theta band power, at the 

fronto-midline (Fz) for all the participants, was 6.76 (±1.74) μV
2
 for the exercise-involved cognitive 

trial vs. 6.59 (±1.68) μV
2
 for the control cognitive trial. Whilst the mean (± standard deviation) of 

the alpha band power of the participants at the parieto-midline (Pz) was 4.25 (±0.928) μV
2
 for the 

exercise experiment as compared to 4.37 (±0.725) μV
2
 for the control experiment. From the fronto-

parietal network data analysis, it was found that there was no significant difference between the 

cognitive ratios computed for both exercise and control cognitive trials (F(1, 22) = 3.140; p = 0.09) 

even though the cognitive ratios were slightly higher for the exercise-involved cognitive trial than 

that of the control trial. However, there was a significant effect of the within subject factor time-on-

task (p < 0.01), and there was also a significant difference in the cognitive ratio between the first 10 

minutes (2.82 ± 0.31) of the cognitive trial as compared to that for the last 20 minutes (1.14 ± 0.16) 

of the cognitive trial for both experimental conditions (control vs. exercise-involved cognitive task 

trials, p < 0.01).  

 

 
 

Figure 3. Cognitive ratio for both exercise-involved and no exercise (control) 

involved cognitive tasks (n = 12). 

 

3.4 Entropy Analysis 

A further investigation was conducted by analysing the entropy of the EEG signals in order 

to find out the amount of information flowing in the frontal and parietal regions in both conditions 
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(See Table 2). A 2-way factorial ANOVA with repeated measures (2 experimental conditions x 3 

locations in the brain) was applied to the entropy data, and the statistical analysis revealed that there 

was a significant difference in the mean entropy between the frontal region (Fz) and the parietal (Pz) 

region (p < 0.05). In fact, the ratio of the entropy of the EEG signals at Fz to that of Pz for the 

control experiment was 0.867, and the ratio of the entropy of the EEG signals at Fz region to that of 

Pz for the exercise-involved cognitive task trial was 1.25. 

Table 2 shows a summary of the entropy results of the EEG signals for the three brain 

regions (Cz, Fz and Pz) analysed in two experimental conditions (control vs. exercise) for 12 

participants. The asterisk symbol * represents a statistical significance between the means of the 

entropy of EEG activities at Pz and Fz for both conditions with statistical p < 0.05. 

 

       

 
       Table 2. Descriptive statistics for entropy 

Brain Locations Conditions Mean Range N 

Cz 

Control 2.0325 0.23542 12 

Exercise 2.0392 0.57619 12 

Total 2.0358 0.43046 24 

Fz 

Control 1.9958
* 

1.49913 12 

Exercise 2.3033
* 

0.92830 12 

Total 2.1496 1.22949 24 

Pz 

Control 2.3008
* 

1.31144 12 

Exercise 1.8408
* 

0.43025 12 

Total 2.0708 0.98300 24 

 

4. Discussions 

4.1 Questionnaire analysis (Fatigue-related subjective measures)  

The visual analogue scales subjective measures showed that the participants felt more 

fatigued mentally and physically in the exercise-involved cognitive trial than the control experiment. 

Furthermore, there was an increase in the physical fatigue and mental fatigue as well as a decrease 

in concentration with increasing cognitive time-on-task trials for both experimental conditions. In 

the same line of thought, certain researchers [18, 38] showed that the subjective measures of fatigue 

were significantly greater than initial fatigue ratings as time-on-task increased. From the MFI 

results, both mental and physical fatigue subjective measures were significantly greater in the 

exercise-involved cognitive experiment than that of the control experiment. Furthermore, the 

participants felt more reduced motivation and reduced activity for the exercise-involved cognitive 

experiment than the control experiment as well as they felt more reduced motivation and reduced 

activity at the end than at the start of the experimental conditions. In addition, McMorris and 

Graydon (1996) stated that motivation would not increase with increasing time-on-task as the task 

demands were maintained same across trial blocks. In fact, for the exercise-involved cognitive trial, 

the author observed that most of the participants around time20 (20 minutes of the cognitive task 

had elapsed), started to feel very sleepy or tired (initiation of yawning processes) [24, 30] and they 

stated as post-study comments that they needed a ‘good nap or sleep’. 

 

4.2 Cognitive performance (Reaction time and Accuracy of responses) 

Interestingly, the participants subjected to the exercise-involved cognitive experiment had 

overall a lower mean reaction time (or faster speed) in pressing the numerical keys when presented 

with a particular visual stimulus or when the chunk of odd or even numbers was found. However, 

the reaction time of the participants in the exercise-involved cognitive task increased exponentially 

with increasing time on task. In contrast to that, the reaction time of the participants for the control 

experiment decreases exponentially, and hence they performed at faster speed during the last time 
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interval (time30) of the cognitive trial. Several researchers indicated a relationship between 

cognitive task length and response time. Firstly, one research study [29] found a non-monotonic 

effect on reaction time while another study [35] found a positive relationship between response time 

and cognitive task length. Furthermore, a mixed relationship was found [4] based on post error 

responses which was negative and post correct responses which was positive after either a medium 

or long-haul physical task performance. In this research study, the participants were more accurate 

in their responses during the control experiment than during the exercise-involved cognitive 

experiment. Couple with that, the accuracy of the responses to the visual cues decreased 

significantly for both experimental conditions as time-on-task increased. Lorist et al. (2000) 

emphasized a negative relationship between task duration and performance as response accuracy 

decreased significantly across the participants with increasing time-on-task. Another subjective 

report of fatigue [33] showed that as fatigue increased, response accuracy decreased independent of 

time-on-task. Certain researchers [53, 54] demonstrated that when the subjective reports of fatigue 

increased, the number of visual fixations increased as more fixations were needed to extract 

sufficient information from the visual scene which might contribute to a greater sensation of fatigue. 

Following a physical and a series of mental fatiguing task, the participants’ arousal decreased based 

on the subjective measures of fatigue where they seemed to disengage from the task even though 

that the cognitive task demand was same across the cognitive block trials. Overall, the participants 

subjected to the control experiment performed better in terms of higher percentage accuracy of their 

responses but with slower reaction times than in the exercise-involved cognitive experiment. The 

following sections elaborate the results from the EEG analysis. 

 

4.3 EEG analysis 

There was no difference in the means of alpha band power at Pz and theta band power at Fz 

subjected to both experimental conditions. Moreover, there was no difference in the cognitive ratio 

(frontal theta band power to parietal alpha band power) between the two experimental conditions. 

However, there was a difference in the cognitive ratio with increasing time-on-task including an 

abrupt reduction in cognitive ratio after 10 minutes of the cognitive trial had elapsed for both control 

and exercise cognitive experiments. The decrements in cognitive function (cognitive ratio and poor 

accuracy) that were observed during the sustained mental work can be regarded as cognitive fatigue 

which subsequently prevented the alert participants to continue high mental performance [25, 40]. In 

addition, a progressive increase was found [36] in the EEG power in the frequency range of 4 Hz to 

14 Hz as alertness decreased and error rates increased in a vigilance mental task. Cheng et al. (2007) 

found that there was a significant difference between the theta band and alpha band frequency 

power before a mental fatigued 3-hour visual display task session as compared to post session. 

When people feel fatigued during or after prolonged periods of cognitive activity, they have the 

tendency to lose concentration and cannot focus their attention on the tasks they are performing [3]. 

Furthermore, some researchers found that when arousal level dropped, EEG activities changed from 

fast and low amplitude waves to slow and high amplitude waves, and this decrease in arousal 

brought about a corresponding increase in low-frequency alpha and theta activities [27, 28, 43] 

which might be reflecting a decrease in cortical activation [11]. Hence, the amount of alpha and 

theta power can provide an indication of the level of fatigue which one experiences during mental 

fatiguing tasks [4].  

 

4.4 Entropy analysis 

As the cognitive ratio is based on a particular frequency range principle, the advantage of 

using the entropy mathematical method was that it considers the total information content of the 

EEG signal across the brain regions under investigation [52]. It was found that the mean entropy 

was significantly different between the fronto-midline and the parieto-midline regions of the brain, 

and the ratio of the entropies of these two brain areas was higher during the exercise-involved 

experiment than in the control experiment.  Therefore, it appeared that there was an "overload" of 
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information that prevented the participants in performing well, and remarkably, the cognitive ratio 

was also slightly higher during exercise than that of the control session. During competitive sporting 

environments, Mathews and Desmond (2002) stated that high task difficulty, prolonged task 

exposure and multiple task demands could induce a great level of information processing which 

subsequently increased the mental workload. Such increments in mental workloads caused a 

depletion of the cognitive system’s resources that were available for task completion and 

consequently promoted the development of fatigue [37].  According to activation theory [23], the 

continuum ranging from low activation (e.g. sleep) to high activation (e.g. excited states) is a 

function of cortical bombardment by the ascending reticular activating system [49], and the 

relationship between activation and level of performance is represented by the inverted U curve 

[56]. This means that, with an increasing activation level, the level of performance increases 

monotically but after exceeding an optimal point, the relation becomes nonmonotonic which implies 

that further increase in activation level beyond this optimal point decreases the level of 

performance; this reduction in performance is related to the amount of increase in the level of 

activation. Therefore, the overflow of information as shown by the entropy ratio prevented the 

participants to focus properly their attention which might contribute to the reason why their 

response accuracy decreased specifically during the exercise-involved cognitive trial.  

 

5. Conclusions 

This research investigated whether there were finite metabolic resources in the brain by 

performing exhausting physical and cognitive tasks. The decreasing cognitive performance in terms 

of poor accuracy of responses, and faster reaction times following a tiring exercise-involved 

cognitive trial showed that there was definitely a change in the cognitive behaviour in the central 

system as compared to the control cognitive trial. According to the subjective measures of fatigue 

(i.e. reduced  activity, motivation and concentration as well as increased mental fatigue and general 

fatigue), it was certain that the cognitive load which was perceived by the participants post a tiring 

physical activity seemed to increase even though the cognitive task demand placed mentally on 

them was kept constant throughout the cognitive trials. This insinuates that for a perceived 

‘cognitive load’ to increase, there should be a decrease in the level of arousal or metabolic energy in 

the brain. In this research, the high cognitive ratio and information processing (i.e. entropy) across 

the fronto-parietal network during the exercise-involved cognitive trial impaired cognitive 

performance by decreasing the arousal state according to the inverted-U relationship of performance 

with increasing arousal level. It may be deduced from the research findings that the brain appeared 

to have finite metabolic resources. Therefore, for sport performance to be a peak level, the central 

systems should be equipped with necessary metabolic energy resources to reach optimum arousal 

and complete successfully a physical activity. 
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