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Abstract. Performance monitoring tasks generate response-locked event-related 

potentials (ERPs), generated from anterior cingulate cortex (ACC) region of the medial 

prefrontal cortex. However, the quantitative relationship between mental fatigue and 

error monitoring has not been closely investigated, which is the purpose of this study. 

Twenty-one participants were asked to perform a 100-minute 2-back work memory task 

for inducing mental fatigue and assessing error monitoring. The results showed that the 

participants were less accurate and slower during mental fatigue. The error-related 

negativity (ERN) amplitudes were statistically reduced after carrying out the 2-back 

task. The current pattern of results provides evidence that sustained attention plays an 

important role in maintaining error monitoring. 

Introduction 

Human error is considered one of the primary contributors to accidents in complex 

work domains such as trucking, nuclear power plants, aviation and aerospace [1-3]. 

Many factors, including task characteristics, physical environment, and human system 

interaction, result in human error. An especially important factor is performance 

monitoring, which is vital for adapting one's own behavior and enabling effective 

cognitive control. Error monitoring and feedback processing are two important facets of 

performance monitoring [4, 5]. As a critical function of the human cognitive system, 

error monitoring is the ability to monitor and evaluate the outcomes and consequences 

of behavior in order to optimize and adapt subsequent behavior to realize goals such as 

driving vehicles, the rendezvous and docking (RAD) in human spaceflight, and so on.  

Error processing and monitoring usually accompanies a negative deflection 

appearing in the event-related potentials (ERPs) after the time an error is committed, 

called the error-related negativity (ERN) [6-9]. The ERN is a negative potential that has 

a peak amplitude as high as about10 μV, and a peak latency of approximately 50-150 

ms after the onset of electromyography activity associated with an erroneous response, 

which is located at the fronto-central scalp [10-12]. The ERN reflects an error 

monitoring system in the brain, including error detection and error evaluation. Error 

monitoring is known to involve the anterior cingulate cortex (ACC) region of the 

medial prefrontal cortex (PFC) [13].  
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A growing number of studies have investigated the cognitive mechanism of error 

monitoring by recording the ERN. They focused on the aspects of inhibitory control, 

conflict monitoring, and feedback processing [14-17]. Previous researchers examined 

the qualitative relationship between mental fatigue and error monitoring, suggesting 

that changes in task performance due to mental fatigue were accompanied by a decrease 

in ERN amplitude [14, 16-20]. However, the quantitative relationship between mental 

fatigue and error monitoring has been seldom examined [15, 21]. There is a need to 

understand the neurophysiological mechanisms of the link between mental fatigue and 

error monitoring. 

Traditionally, error monitoring has generally been examined during Stop-Signal, 

Go/Nogo, Flanker, oddball, and learning tasks [4, 10, 22-26]. We examined behavior 

and brain responses during a 100-minute 2-back work memory task for error monitoring 

and mental fatigue. The present study aims to extend the previous findings by 

evaluating differences between the first 10 minutes and the last 10 minutes on the 

2-back task in error monitoring using ERN. The second aim of this study is to address 

the quantitative correlation of mental fatigue and error monitoring. Based on prior 

studies, we hypothesized that the fatigued group would show smaller amplitudes on 

ERP components in performing the task relative to the control group, and that 

behavioral response would be poorer in the fatigued group. 

Materials and Methods 

Participants 

Twenty-one right-handed, neurologically normal male volunteers participated in the 

study. All participants were undergraduate or graduate students from the China 

Astronaut Research & Training Center and Beihang University. They reported normal 

or corrected-to-normal vision and were aged between 19 and 34 years (mean age 

26.23.6 years). All of them provided written consent and were financially 

compensated for participation. The use of human participants followed the guidelines 

of the Helsinki Declaration and was approved by the Research Ethics Committee of 

China Astronaut Research and Training Center. Only participants with a minimum of 5 

error trials which yielded distinct ERN peaks were included in further data analysis [27]. 

Four participants had to be excluded from further analysis due to data acquisition 

artifacts (n=2), or due to committing less than 5 errors (n=2). Finally, there were 17 

participants in data analyzing. 

Task 

Fatigue is classified as either physical or mental, and mental fatigue is the focus of this 

research. In a mental-fatigue-inducing task session, participants performed 100 minutes 

of 2-back test trials [28], which could not be performed without using working memory. 

The 2-back test procedure is shown in Figure 1. 

In the 2-back test, the stimuli were randomly presented Arabic numerals between 0 

and 9 displayed in white against a black background on a 24-inch computer liquid 

crystal display (LCD) monitor (the refresh rate was 60 Hz). At a viewing distance of 80 

cm, the size of each stimulus was 1.8 cm tall and 1.4 cm wide, and the visual angle was 

1.3. Each Arabic numeral was presented for 500 ms, and the inter-stimulus intervals 

(ISI) were 2,500 ms. Participants were required to determine whether the current 

numeral and the penultimate one were equal, and asked to press the F key if equal and 
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press the J key if unequal. The equal numbers were named matching stimuli, and the 

unequal ones were named mismatching stimuli. Matching and mismatching stimuli 

were randomly intermixed in presentation with a ratio of approximately 2:1. Stimuli 

presentation and behavioral data acquisition were implemented using E-Prime 2.0 

(Psychology Software Tools, Inc.). 

 

Figure.1 The 2-back test procedure 

Fatigue Questionnaire 

In order to assess the fatigue and attention states under the two conditions, participants 

were administered the fatigue questionnaire, which was based on the Japanese 

Association for Industrial Health (JAIH) study done in 1971 [29]. The questionnaire 

was a four-item self-report inventory designed to measure transient or fluctuating 

affecting states on four different scales as follows: mental clarity, attention 

concentration, sleepiness, and comprehensive assessment of fatigue (Fatigue sub-scale). 

Participants were required to describe their feelings using a scale ranging from 1 (very 

low) to 10 (extremely). In the fatigue questionnaire, a low score in mental clarity or 

attention concentration indicated a good state of mind or a good sustained attention 

state, respectively, accompanying a low fatigue level. A high score in sleepiness or 

comprehensive assessment of fatigue meant a high fatigue level. 

Electrophysiological Recording and Processing 

The EEG data was acquired using Brain Vision Recorder 1.03 software and QuikAmps 

72 hardware (http://BrainProducts.com), recorded from 63 Ag/AgCl active electrode 

sensors mounted in an elastic cap (EasyCap, Brain Products GmbH) with a standard 

10/20 system layout. The electrooculogram (EOG) was recorded from two electrodes 

placed above and below the right eye and at the outer canthi. The ground electrode was 

positioned on the forehead at AFz and the reference electrode was positioned at FCz. 

Electrode impedances were kept below 5kΩ. Signals were recorded by using 

BrainVision Recorder (Brain ProductsGmbH) with an online low pass filter (250 Hz). 

When an electrode reached 70% saturation, a DC reset was applied. Sampling rate was 

1000 Hz and signals were amplified in the range of ± 3.27mV at a resolution of 0.1 μV. 

The EEG data were processed offline by using the BrainVision analyzer 2.0. 

software (Brain ProductsGmbH). TP9 and TP10 were selected as the new reference 

(Brain ProductsGmbH). Then EEG data were filtered by a band-pass filter from 0.01 Hz 

to 100 Hz. After filtration, a semiautomatic inspection method was performed to inspect 

raw data. The gradient criteria were 50μV/ms. The maximal absolute difference 

allowed was 200 μV and the interval length was 200 ms. Amplitude was between -200 
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μV and 200 μV. The lowest allowed activity was 0.5 μV. After raw data inspection, the 

EEG signals were corrected for eye-movement artifacts by using artifact rejection 

method based on the algorithm of Gratton and Coles [30]. The ocular correction was 

implemented in BrainVision analyzer 2.0 software. After filtering with a band-pass 

filter from 0.01 Hz to 35 Hz, the data were segmented into: response-locked erroneous 

trials in the task. Artifact rejection removed trials where voltages exceeded ±50 μV. 

Data were baseline-corrected from -400 to -200 ms for response-locked epochs before 

computation of averages for each condition. The minimum number of trials used for 

ERN (0-120 ms) was not less than 5 [27], and the ERN mean amplitudes were 

quantified at Fz/Cz/FC1/FC2 sites. 

Results 

Fatigue Questionnaire Results 

Paired t-tests were used to compare the questionnaire data for the first 10 minutes and 

the last 10 minutes. Table 1 shows scores and statistical results for the fatigue 

questionnaire. The last 10 minutes' scores were substantially higher than the first 10 

minutes' scores for 4 sub-scales. The mental clarity (t(32)=-2.153, p=0.039) and 

sleepiness (t(32)=-2.379, p=0.024) were higher for the last 10 minutes compared with 

the first 10 minutes. Furthermore, the attention score (t(32)=-2.150, p=0.039) indicating 

the sustained attention level was significantly higher for the last 10 minutes, and the 

fatigue sub-scale score (t(32)=-2.673, p=0.012) indicating fatigue level was also higher 

for the last 10 minutes.  

Table 1 Mean summary data for fatigue questionnaire sub-scales 

 Mental clarity Attention score Sleepiness Fatigue 

First 10 min 2.7 (2.0) 3.1 (2.1) 3.4 (2.2) 3.4 (2.0) 

Last 10 min 4.4 (2.4)* 4.6 (2.0)* 5.1 (2.0)* 5.3 (2.2)* 

Note: * p<0.05 ** p<0.01. Standard deviations are provided in parentheses. 

Behavioral Results 

Paired t-tests were used to compare the behavioral data in the first 10 minutes and in the 

last 10 minutes. Table 2 shows the statistical results of behavioral data in the first 10 

minutes and the last 10 minutes for the 2-back task. The error rate (t (16) =-3.432, 

p=0.003) in the last 10 minutes was significantly higher than in the first 10 minutes, and 

the accuracy rate (t(16)=2.537, p=0.022) in the last 10 minutes was substantially lower 

than in the first 10 minutes. The RT correct (t(16)=3.641, p=0.002) and the RT error 

(t(16)=2.793, p=0.013) were remarkably smaller in the last 10 minutes than in the first 

10 minutes; however, the omission rates (t(16)=-0.239, p=0.814) were almost the same 

level in the first and last 10 minutes. 

Table 2 Behavioral data in the first 10 minutes and the last 10 minutes of 100 minutes 2-back task 

 First 10min Last 10min t Significance 

Error rate (%) 8.0(5.0) 13.4(7.9) -3.432 0.003 

Accuracy rate (%) 90.6(5.3) 82.3(12.7) 2.537 0.022 

Omission rate (%) 1.5(2.4) 1.7(4.7) -0.239 0.814 

RT correct (ms) 670.3(134.3) 543.4(130.2) 3.641 0.002 

RT error (ms) 810.2(209.7) 629.2(273.9) 2.793 0.013 

Note: Standard deviations are provided in parentheses. 
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ERP Results 

Figure 2 shows the grand average waveforms of ERN at Fz/Cz/FC1/FC2 sites and 

topographic maps at 43ms post response for the 2-back task in the first 10 minutes and 

the last 10 minutes with waveforms for erroneous responses (black lines indicate the 

first 10 minutes; red lines indicate the last 10 minutes). The ERN amplitudes were more 

negative in the first 10 minutes than in the last 10 minutes. Additionally, the ERN active 

areas were wider in the first 10 minutes than in the last 10 minutes for topographic 

maps. 

 

Figure.2 ERN waveforms and topographic maps of the 2-back task 

As presented in Table 3, the ERN have been affected by mental fatigue. These 

differences have been analyzed by repeated measures ANOVAs with the 

between-subjects factor being Time-block (first 10 minutes or last 10 minutes) and 

within-subjects factors being Electrode (Fz, Cz, FC1, FC2). Across all conditions, the 

ERN mean amplitudes were substantially more negative in the first 10 minutes than in 

the last 10 minutes. There was a significant main effect of Time-block (F(1, 32)=7.782, 

p=0.012, p
2
=0.291), but a main effect of Electrode (F(3, 96)=1.345, p=0.273, 

p
2
=0.066) was not found. There were no interactions of Electrode×Group (F(3, 

96)<1.0).  

Table 3 ERN mean amplitudes in the first 10 minutes and the last 10 minutes of 100 minutes 2-back task 

ERN mean amplitudes First 10min Last 10min 

Fz(μV) -2.21(3.30) 1.15(5.36) 

Cz(μV) -1.91(3.02) 1.16(3.19) 

FC1(μV) -2.02(2.86) 1.22(3.64) 

FC2(μV) -1.86(2.97) 1.81(5.09) 

Note: Standard deviations are provided in parentheses. 

Correlation 

A bivariate Spearman correlation was found between the last 10 minutes ERN and the 

performance change trend in the 2-back task. The behavioral difference between the last 

10 minutes and the first 10 minutes indicated the variation trend of the 2-back task 
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performance. The ERN mean amplitude at the Cz site for the last 10 minutes was 

negatively correlated with Δ Accuracy rate (Δ Accuracy rate = (Accuracy rate in the first 

10 min) - (Accuracy rate in the last 10 min)) in the 2-back task (r=0.772, p<0.001). 

Based on the negative polarity of ERN, the correlation reflected that the participants 

whose accuracy rate decreased more had smaller ERN amplitudes on the 2-back task. 

Discussion 

The major findings could be summarized as follows: Across all conditions, the fatigue 

questionnaire revealed worse mental clarity and attention, greater sleepiness, and higher 

level of mental fatigue in the last 10 minutes, which confirmed a clear behavioral 

pattern. As hypothesized, smaller ERN amplitudes for the task demonstrated that the 

performance monitoring system was impaired during mental fatigue. There were 

significant correlations between the behavioral performance and the ERN amplitudes. 

This indicated that the participants who had invested more effort showed a stronger 

reduction in ERN amplitudes, which had further demonstrated that mental fatigue was 

induced successfully.  

Error monitoring is a central function of cognitive control, including error detection 

and error evaluation, in order to monitor and regulate performance after erroneous 

responses. In line with previous studies, our research found support for the 

hypothesized attenuation in the ERN amplitudes as a result of mental fatigue for the 

2-back task. The ERN can be considered an index of error monitoring. The results were 

accordance with previous studies [14,16-18,20,31]. These data reflect impairment in the 

performance monitoring system, which may more specifically reflect deficits in error 

detection and compensation processes [10], conflict detection processes [32], or the 

dopaminergic negative reinforcement learning system [33]. 

The correlation analysis can let us focus narrowly on objective behaviors and brain 

activations associated with the mechanism for mental fatigue on error monitoring. The 

accuracy rate and ERN amplitude were very highly correlated, suggesting that the lower 

the accuracy rate was, the smaller the ERN was. This relationship is in line with 

previous studies [8,10], which reported that the ERNs were smaller when the 

participants made more errors and that those participants who had lower error rates 

produced larger ERNs. The relationship between the ERN and the accuracy rate could 

represent a "habituation" response to making errors. The ERN is reduced with a higher 

error rate, because errors become less salient. Since the ACC is a salience detector, error 

monitoring with ACC lesions due to mental fatigue would have reduced error 

awareness and diminished or absent ERNs following errors [34]. The habituation effect, 

which is reported by previous studies [8,33], could achieve the consequence of 

attenuation in the ACC activity because more and more repeated errors occurred and 

entered the ACC via the dopamine system. 

Conclusion 

This study has demonstrated the correlation of mental fatigue and error monitoring. 

Deficits in error monitoring were evidenced by the diminished ERN amplitudes and 

decreased performance level. This deficit was caused by mental fatigue. Participants 

clearly felt mental fatigue after the experiment, and their performances deteriorated 

with time on task. The close relationship between mental fatigue and error monitoring 

contributed to explaining the mechanism of the function between them. Understanding 
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of the neural basis of this relationship is particularly important for preventing human 

error, selecting personnel, and training crews in spaceflight.  
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