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Abstract 

 
When researchers began addressing the electrophysiology of conscious error awareness more 

than a decade ago, the role of the error-related negativity (ERN), alongside the subsequently 

occurring error positivity (Pe), was an obvious locus of attention given the fact that they are 

taken as indices of cortical error processing. In contrast to the clear-cut findings that link the 

amplitude of the Pe to error awareness, the association between the ERN amplitude and error 

awareness is vastly unclear, with a range of studies reporting significant differences in the 

ERN amplitude with respect to error awareness, while others observing no modulation of the 

ERN amplitude. One problem in the studies obtaining null findings is the fact that conclusions 

are drawn based on small sample sizes, increasing the probability of type II error, especially 

given the fact that the ERN elicited using various error awareness paradigms tends to be small. 

The aim of the present study was to therefore address the issue of type II error in order to draw 

more certain conclusions about the modulation of the ERN amplitude by conscious error 

awareness. Forty participants performed a manual response inhibition task optimised to 

examine error awareness. While the early and late Pe amplitudes showed the expected 

sensitivity to error awareness, the ERN results depicted a more complex picture. The ERN 

amplitude for unaware errors appeared more negative than that of aware errors, both 

numerically and on the grand average ERP. The unexpected findings were explained in terms 

of (a) latency issues in the present data, (b) characteristics of the manual response inhibition 

task used and the possibility that it elicits variation in neurocognitive processing, and (c), in 

relation to possible contamination by the contingent negative variation (CNV), an ERP 

component elicited during response preparation. Suggestions for future research on how to 

address the issues raised in the present paper are also discussed.  

 



 

 

 

 

 

 

 

 

 

 

 

 

“What we observe is not nature itself, but nature exposed to our method of questioning.” 

 

— Werner Heisenberg  
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1. Introduction 

The human brain is not a flawlessly functioning machine and performance errors are 

inevitable. Sometimes we become aware of the errors that we make, while at other times errors 

escape our conscious awareness. Error detection is critical for successful task performance in 

everyday life, as it provides us with the opportunity to modify our behaviour in order to meet 

our goals more effectively. The ability to do so may in fact be vital when operating machinery, 

such as driving a car or piloting a plane. Therefore, it is imperative to gain an understanding  

of the neural processes that underlie performance monitoring and error detection and 

correction. This undertaking has, however, been a major challenge for cognitive neuroscience. 

Even though the experimental groundwork was laid back in the 1960s, with Rabbitt (1966, 

1967) conducting the initial behavioural studies on errors, it was only in the early 1990s that 

researchers in neuroscience began investigating how the brain processes performance errors 

by looking at event-related brain potentials (ERPs), that is, by measuring the 

electrophysiological activity embedded in the human scalp electroencephalogram (EEG) that 

is directly tied to a specific sensory, cognitive, or motor event (Luck, 2014).  

Two teams in Germany (Falkenstein, Hoormann, Christ, & Hohnsbein, 2000) and the 

United States (Gehring, Goss, Coles, Meyer, & Donchin, 1993) discovered that an ERP 

component exhibited an amplitude that was contingent on the correctness of a response on 

speeded reaction-time tasks. This ERP component was termed the error-related negativity 

(ERN) and was visible only when an erroneous response was executed, peaking within 100 

ms post-response. The ERN is currently understood to represent the detection of conflict due 

to the presence of a strong tendency to simultaneously execute both the correct and the 

incorrect responses (Botvinick, Braver, Barch, Carter, & Cohen, 2001). Another ERP 

component that was exhibited following the commission of an error is known as the error 

positivity (Pe), which peaks between 200-400 ms post-response and is understood to reflect 

motivation and emotional appraisal of error (Falkenstein et al., 2000). Later, a multitude of 

both ERP and functional neuroimaging indicated the anterior cingulate cortex (ACC) is 

activated in response to error detection (e.g., Dehaene, Posner, & Tucker, 1994). Notably, 

however, researchers tended to ignore the distinction between error detection and conscious 

error awareness, that is, whether the brain processes errors that were consciously executed 
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(aware errors) differently from those that were unconsciously executed (unaware errors). An 

important question that follows from this distinction, for example, is whether conscious error 

awareness is critical for subsequent error correction and future behavioural adjustment. It was 

only recently that the neuroscientific literature on error processing began to address this 

distinction, which is the focus of the present paper. 

It is important to clarify what is meant by ‘error’ in the present context from the outset. 

To this end, it is useful to refer to the distinction made by Reason (1990) between three types 

of errors: mistakes, lapses, and slips. Mistakes are a type of error caused by faulty planning of 

the kind that prevented information of the correct response from being accurately acquired. 

Lapses are errors that occur at the storage (memory) information processing stage, and are 

manifest as missed actions due to lapses of memory or attention. Slips are failures in carrying 

out an intended or planned action, that is, they are errors made due to premature responding, 

even though the representation of the correct response is evoked. For example, in the context 

of typing and spelling words, a wrong spelling of a novel word is a mistake, forgetting to press 

the spacebar on the keyboard to separate two words is a lapse, and incorrectly typing a familiar 

word is a slip. In laboratory tasks, as well as in the research presented here, error refers to 

failures of executing the correct response due to premature responding that rendered the 

processing of a stimulus incomplete (slips) and/or due to lapses in memory or attention 

(lapses), where in both cases the representation of the correct response has been accurately 

formed (Shalgi & Deouell, 2013). Mistakes, which are committed due to not having fully 

understood the task requirement or due to blinking and missing a target stimulus will not be 

considered further.   

As mentioned above, error detection is critical to successful task performance. What 

is less clear, however, is the extent to which conscious awareness is involved in error detection, 

and whether becoming consciously aware of a performance error has any functional 

significance. A number of clinical conditions, such as ADHD (O’Connell et al., 2009), 

psychopathy (Brazil et al., 2009), traumatic brain injury (McAvinue, O’Keeffe, McMackin, & 

Robertson, 2005), and drug addiction (Hester, Nestor, & Garavan, 2009) have been associated 

with reduced error awareness. Other clinical evidence suggests that brain damage reduces 

awareness of one’s deficits and increases the commission of unaware errors on 

neuropsychological tasks (Hart, Giovannetti, Montgomery, & Schwartz, 1998; O'Keeffe, 

Dockree, Moloney, Carton, & Robertson, 2007). Finally, studies have shown that awareness 

of performance errors is associated with strategic post-error behavioural adjustment (e.g., 
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Klein et al., 2007; Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok, 2001; O’Connell et al., 

2007). Therefore, gaining an increased understanding of the neural processes underlying error 

awareness may be of significant practical value. 

Researchers began investigating error awareness by looking at the known 

electrophysiological indices of error processing, namely the ERN and the Pe (Nieuwenhuis et 

al., 2001; Scheffers & Coles, 2000), with the general working hypothesis being that the 

amplitude of these ERP components would be larger on errors that participants are aware of 

than those which participants are unaware of. In such studies, participants are required to 

respond to a speeded reaction-time task and are instructed to explicitly signal their 

performance errors by performing task-related error-signalling responses via an “error 

awareness” button press or by rating the level of their response certainty on a given scale 

(Wessel, 2012). Over the past decade, the dozen studies that have investigated the relationship 

between error awareness and the amplitudes of the ERN and the Pe have yielded an interesting 

pattern of results. Whereas the Pe has been consistently observed in relation to the execution 

of aware errors while being completely absent following the execution of unaware errors, 

findings in relation to the ERN amplitude were more inconsistent. On the one hand, a range 

of studies have found reduced ERN amplitude when unaware errors were committed, 

suggesting that unaware errors are processed similarly to correct responses. On the other 

hand, other studies have observed no differences in the ERN amplitude on aware and unaware 

errors, suggesting that errors are detected subliminally (Shalgi & Deouell, 2013; Wessel, 2012).  

Multiple reasons may account for the existence of contradictory findings. In a review 

by Wessel (2012), it was shown that the use of certain reaction-time tasks and certain error-

signalling methods yields a consistent effect on the ERN amplitude in relation to error 

awareness. However, a broader recurrent problem is noteworthy, namely the use of small 

sample sizes to draw conclusions on the modulation of the ERN amplitude by awareness, 

hence increasing the probability of type II error (Ullsperger, Harsay, Wessel, & Ridderinkhof, 

2010; Wessel, 2012). Wessel (2012) found that the average sample size in ERP studies that 

yielded no significant difference between the ERN amplitude for aware and unaware error was 

14.1. Many of these studies have actually obtained numerical differences between the ERN 

amplitude for aware and unaware errors that have not reached statistical significance 

presumably due to low power and high probability of type II error (e.g., Hughes & Yeung, 

2010). Therefore, the aim of the present study was to address the problem of low power in 

error awareness ERP studies, with a special focus on the ERN, in order to draw more certain 
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conclusions about the modulation of the ERN amplitude by error awareness. This is especially 

important given that the magnitude of the ERN is highly sensitive to the characteristics of the 

task and stimuli used (Gehring, Liu, Orr, & Carp, 2013; Meyer, Riesel, & Proudfit, 2013; 

Wessel, 2012), and the fact that the ERN amplitude elicited in error awareness paradigms 

tends to be small, in general (Ullsperger et al., 2010). Therefore attempting to address the 

problem of low power is needed prior to performing comparisons across tasks, stimuli, and 

error-signalling methods. 
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2. Background 

2.1. Cognitive control and performance monitoring 

Cognitive control is the adaptive recruitment of various cognitive processes, such as 

attention, working memory, reasoning, and planning, in order to guide behaviour in service of 

a goal (Miller & Cohen, 2001). The ability to implement various cognitive control strategies 

depends on the ability to monitor one’s own performance, which is brought about through 

various physiological, psychological, and behavioural processes that signal a discrepancy 

between current and desired outcomes (Botvinick et al., 2001). The presence and detection of 

errors is a particularly salient outcome of performance monitoring, as it provides the impetus 

to correct one’s errors by attempting to override, restrain, or inhibit certain tendencies that 

conflict with one’s goals (Botvinick et al., 2001). Error processing enables successful 

performance on everyday tasks and is especially crucial when carrying out complex behaviours 

such as driving a car, piloting a plane, or performing surgery. In order to understand the 

mechanisms behind performance monitoring and error processing, some researchers have 

resorted to laboratory reaction-time tasks (Botvinick et al., 2001) and have observed how 

electrophysiological markers, such as ERN and the Pe are modulated by various cognitive, 

social, and affective processes. 

2.2. The error-related negativity (ERN) 

Over 25 years ago, researchers began investigating the neural basis that support 

performance monitoring and error processing by focusing on the ERN (Falkenstein et al., 

2000; Gehring et al., 1993). The ERN is a component of the ERP corresponding to the 

commission of an error. Specifically, the ERN is a response-locked pronounced negative 

deflection with an onset at or shortly following an erroneous response on speeded choice 

reaction-time tasks, peaking around 80-100 ms later (see Figure 1).  
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Figure 1. Response-locked ERP activity for correct and incorrect responses, recorded at the Cz 
electrode. The ERN is the sharp negative deflection between 0 and 200 ms. Negative is plotted 
upwards. Adapted from Gehring et al. (1993). 

The scalp distribution of the ERN is maximal at the midline frontocentral scalp 

locations, most typically the 10-20 EEG recording sites Fz, FCz and Cz (Falkenstein et al., 

2000; Gehring et al., 1993). Given the findings from the electrical recordings pertaining to the 

scalp distribution of the ERN, Gehring et al. (1993) speculated that the anterior cingulate 

cortex (ACC) and the supplementary motor area (SMA) might play a role in generating the 

ERN. Using Brain Electromagnetic Source Analysis, Dehaene et al. (1994) were the first to 

localise the midline-frontal scalp distribution of the ERN within the ACC. Later studies (e.g., 

Carter & van Veen, 2007; Miltner et al., 2003; van Veen & Carter, 2002) have provided further 

converging evidence, localising the ERN particularly to the dorsal region of the ACC (dACC), 

using various interference tasks and measurement techniques, such as 

electroencephalography (EEG), magnetoencephalography (MEG), and functional magnetic 

resonance imaging (fMRI). In fact, it has been noted that the anterior cingulate sulcus contains 

pyramidal cells with a particular orientation that potentially renders it the generator of 

frontocentral negativity (Holroyd & Coles, 2002). Thus, the evidence strongly points to the 

ACC being the most likely generator of the ERN. 
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The ERN is not the only component that can be observed on an error-related ERP 

waveform. The Pe appears in the response-locked error-trial waveform 200-400 ms following 

the erroneous response, and is thought to reflect an affective response to the error, awareness 

of the error, and the adaptation of response strategies following an error (Falkenstein et al., 

2000). Other components include the correct-response negativity (CRN), which has a similar 

latency and scalp distribution to the ERN, but is much smaller in amplitude and occurs on 

correct trials (Vidal, Hasbroucq, Grapperon, & Bonnet, 2000). The feedback-related 

negativity (FRN) is another negative-going component that possesses similar frontocentral 

scalp distribution to that of the ERN, but occurs approximately 250-300 ms following a 

feedback stimulus indicating incorrect performance (Miltner, Braun, & Coles, 1997). 

The ERN was first elicited using the Eriksen flanker task (Eriksen & Eriksen, 1974) in 

which participants are required to discern the central “target” letter from a string of 

distracting “flanker” letters that surround it. Specifically, congruous letter strings such as 

“SSSSS” or “HHHHH” and incongruous letter strings such as “HHSHH” or “SSHSS” are 

presented on a computer screen. The probability of congruous and incongruence letter strings 

can be varied, but it is usually fifty-fifty (e.g., Rietdijk, Franken, & Thurik, 2014). Subjects are 

requested to respond with the left or right hand according to the identity (H or S) of the letter 

at the centre of the letter array. The flanker stimuli may vary from study to study, and the 

arrow version of the flanker task is another variation that is widely used (congruent stimuli 

“>>>>>, <<<<<” or incongruent stimuli “>><>>, <<><<” stimuli) (Hajcak, Moser, Yeung, & Simons, 

2005). The stimuli are usually presented for a very short time, typically between 50-200 ms 

depending on the cohort and the study paradigm (e.g., Nieuwenhuis et al., 2001; Pontifex et 

al., 2010), and participants are given between 500-1000 ms to respond to the stimulus. The 

ERN can also be elicited using Go-NoGo tasks and the Stroop tasks1 (e.g., Meyer et al., 2013) 

and across various response tasks involving visual, auditory, and tactile stimuli, using 

unimanual, bimanual, foot, and vocal responses (Gehring et al., 2013). Recent evidence 

suggests that the ERN is most reliably elicited using the flanker task (e.g., Meyer et al., 2013; 

Meyer, Bress, & Proudfit, 2014) and that between six and eight error trials are required to 

elicit a reliable ERN (Meyer et al., 2013; Olvet & Hajcak, 2009; Pontifex et al., 2010; Rietdijk 

et al., 2014). In all, the task used should induce time pressure and a sufficient number of errors 

to permit comparison between correct and error trials. It should also be noted that the stimuli 

used should not be too difficult to discriminate visually as to make subjects uncertain about 

                                                
1 See Table 1. in the Appendix for a list of speeded reaction-time tasks used to elicit the ERN. 
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which stimulus actually occurred due to incomplete stimulus processing (Pailing & 

Segalowitz, 2004). 

The latency and amplitude of the ERN may be influenced by a multitude of factors. 

How late the ERN appears in the ERP waveform may vary with the type of the time-locking 

event. It has been found that, when locked to the onset of electromyogram (EMG) activity, the 

ERN will appear later than when time-locked to button press (Falkenstein et al., 2000; 

Gehring et al., 1993). Furthermore, the variability in latency may also rest upon the equipment 

used across laboratories in specific relation to the time needed for a button press to travel from 

a resting position to switch closure (Gehring et al., 2013). Moreover, the amplitude of the ERN 

is sensitive to a range of variables. The earliest findings reported by Gehring et al. (1993) 

suggested that speed emphasis decreases the amplitude of the ERN relative to accuracy 

emphasis, and that corrected errors are accompanied by a larger ERN amplitude than 

uncorrected errors, the latter suggesting that the amplitude of the ERN is predictive of 

behavioural adjustment. Larger ERN amplitude is also associated with a phenomenon known 

as post-error slowing, which is characterised by longer reaction times on correct trials that 

immediately followed errors, the presence of which is taken as a form of remedial action 

(Gehring et al., 1993). Variations in stimulus features also influence the ERN amplitude. For 

example, the ERN amplitude were smaller for dim, in comparison to bright, stimuli; in 

response to congruent, as opposed to incongruent, stimuli on a flanker task; and, in response 

to error trials of perceptually dissimilar stimuli (XO trials; e.g., XXXXX and OOXOO), as 

opposed to perceptually similar stimuli (EF trials; e.g., EEEEE and FFEFF) (Gehring et al., 

2013). 

2.2.1. Functional significance of the ERN 

The question pertaining to what the ERN really signals is still a matter of debate. The 

literature points to at least four branches of theories that may explain the elicitation of the 

ERN on error-related ERP waveforms, and may also explain its amplitude variance. The error 

detection or “mismatch” theories (Coles, Scheffers, & Holroyd, 2001; Falkenstein et al., 2000; 

Gehring et al., 1993) postulate that the ERN reflects a process comparing the output of the 

motor system to the best estimate of the correct response at the time of the ERN occurrence, 

with the ACC being the comparator. More specifically, the ACC compares the representations 

of the correct or appropriate response with representation of the actual response. In speeded-
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response tasks, an error usually occurs because the subject responds before stimulus 

evaluation is complete. As the erroneous response is executed, stimulus processing continues 

and the ERN is elicited due to the presence of a discrepancy between the representation of the 

correct response (derived from continuing stimulus processing) and the representation of the 

current, ongoing response (the efference copy) (Coles et al., 2001). 

The reinforcement learning theory of the ERN, proposed by Holroyd and Coles (2002), 

suggests that the ERN reflects a discrepancy between an expected outcome (i.e., a correct 

response) and an actual outcome (i.e., an error) based on a history of prior reinforcement. 

According to Holroyd and Coles (2002), an error signal is produced when the outcome of an 

event is worse than expected, where an expectation has formed. This comparison is instead 

carried out on the subcortical level of the basal ganglia and is carried forward to the cortical 

generators of the ERN via the midbrain dopamine system. Specifically, the midbrain dopamine 

system serves to establish stimulus-response-reward conjunctions for learning to occur, and 

also conveys the error signal to the ACC in order to improve task performance by controlling 

competing responses in the motor system following error. 

The third perspective, and the most popular cognitive account, explicating the 

function of the ERN is referred to as the conflict-monitoring theory (Botvinick et al., 2001; Yeung, 

Botvinick, & Cohen, 2004). Unlike the error-detection or “mismatch” theories and the 

reinforcement learning theory of the ERN, it eschews the conception that the ERN amplitude 

is determined by the accuracy of an executed response. Instead, it states that the occurrence 

of an error reflects the detection of conflict that was brought about through the simultaneous 

activation of mutually incompatible yet competing representations; namely, correct and 

incorrect responses (Botvinick et al., 2001; Yeung et al., 2004). In other words, the ERN reflects 

post-error continued stimulus processing that signals a certain level of conflict — the 

concurrent presence of two active incompatible tendencies (Yeung et al., 2004). The greater 

the level of conflict, the greater the observed ACC activity as the ACC is responsible for 

detecting conflict during response selection and conveying this information to brain regions 

directly responsible for implementing cognitive control strategies (Botvinick et al., 2001). In 

fact, this has been shown using the arrow version of the flanker task, with incongruent, high-

conflict, stimuli (e.g., >><>>, <<><<) producing greater ACC activity on correct trials than 

congruent, low-conflict, stimuli (e.g., >>>>>, <<<<<) (Botvinick, Nystrom, Fissell, Carter, & 

Cohen, 1999). Following the detection of conflict, cognitive control processes would be 



16 
 

recruited for remedial action and behavioural adjustment to enhance future performance 

(Botvinick et al., 2001; Yeung et al., 2004).  

The emotion/motivation perspective of the ERN, while not an established theory, is the 

product of a multitude of findings implicating the role of arousal in the generation of the ERN. 

Given how densely the ACC is connected to the limbic and prefrontal areas, it was suggested 

that it modulates not only cognitive, but also affective states, including pain, depressed mood, 

and other states of distress (Bush, Luu, & Posner, 2000). For this reason, Luu, Collins, and 

Tucker (2000) then postulated that error processing, reflected in the ERN, signifies an 

affective reaction to error. In support of this, psychophysiological evidence points to increases 

in skin conductance responses, heart rate deceleration, pupil dilation, and defensive startle 

responses following the commission of errors, suggesting that errors are motivationally salient 

and aversive (Hajcak, McDonald, & Simons, 2003; Hajcak & Foti, 2008). Numerous studies 

since then have shown that the ERN is indeed influenced by affective and motivational states. 

For example, in comparison to healthy participants, individuals with anxiety disorders tend 

to exhibit larger ERN amplitudes (see Olvet & Hajcak, 2008 for a review), hinting at 

hypersensitive processing of negative information. This pattern was also evident in depressed 

individuals (Olvet & Hajcak, 2008), and is supported by the presence of a cognitive bias 

encompassing sensitivity to mistakes, negative feedback, and punishment, coupled with 

underestimation and overestimation of correct and incorrect responses, respectively. At the 

other end of the spectrum, reductions in error processing and ACC activity have been observed 

in individuals with substance abuse problems in comparison to healthy subjects (Olvet & 

Hajcak, 2008). Furthermore, it was found that the ingestion of alcohol in moderate doses 

hinders the detection of erroneous responses and post-error adjustment, as reflected in 

attenuated ERN amplitude (Ridderinkhof et al., 2002) primarily due to reduction in 

experiencing negative affect (Bartholow, Henry, Lust, Saults, & Wood, 2012). Despite the lack 

of a coherent theory on the role of emotion and motivation in the elicitation of the ERN, the 

evidence suggests that these effects must be taken into account when explicating the function 

of the ERN. 

The evidence reviewed above suggests that the ERN amplitude is influenced by 

cognitive, affective, and motivational factors. In fact, some evidence suggests that affect, 

specifically the aversive quality of conflict, forms the foundation of cognitive control (Inzlicht, 

Bartholow, & Hirsh, 2015). For example, cognitive control has been found to be attenuated 

when conflict does not possess an aversive quality (i.e., when it is rewarded by gain in 



17 
 

comparison to being punished by loss, or neutral (Van Steenbergen, Band, & Hommel, 2009), 

and when cognitive reappraisals serve to lessen its accompanying negative affect (Inzlicht & 

Al-Khindi, 2012; Hobson, Saunders, Al-Khindi, & Inzlicht, 2014). Taken together, the evidence 

reviewed in this section suggest that the ERN is best conceptualised as reflecting cognitive 

and affective processes that are not mutually exclusive, but are intimately connected, both in 

terms of the brain’s neurophysiological activity and neuroanatomy. 

The ERN has been studied primarily in relation to error detection, with the question 

pertaining to whether subjective awareness of a performance error is critical to the elicitation 

of the ERN only attracting research attention a decade following the discovery of this ERP 

component (Wessel, 2012). The remainder of this section centres around the topic of error 

awareness and highlights the main issues in this area of ERP research. Following that, it 

introduces the present study, the purpose of which was to address low statistical power as 

one of the recurrent issues in error awareness research.  

2.3. Error awareness 

While the ERN, as an electrophysiological correlate of error detection, has been well-

researched, its relationship to error awareness is not nearly as well-established. Error 

awareness is defined as the subjective recognition of a performance error, typically inferred 

from the explicit reporting of such an error (Wessel, 2012). Current literature has been 

exploring how the emergence of conscious awareness of errors and the neuronal correlates of 

error processing relate to one another (Orr & Hester, 2012; Ullsperger et al., 2010; Wessel, 

2012). Establishing this relationship empirically is, in simple terms, critical to understanding 

the processes that underpin behavioural adjustments following errors, such as immediate 

corrective behaviour and post-error slowing, as these behaviours are intentional and not 

automatic.  

As error-related ERP components, the ERN and the Pe, have received a lot of research 

attention when exploring error awareness. In general, the amplitudes of the ERN and the Pe 

have been measured and compared between aware and unaware errors, with the hypothesis 

being that aware errors would elicit larger amplitudes than unaware ones. The method of 

measuring conscious error detection differs across studies (Wessel, 2012), but generally, 

participants are instructed to explicitly signal their performance errors by performing task-

related error-signalling responses via an “error awareness” button press (e.g., Nieuwenhuis et 
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al., 2001; Maier, Steinhauser, & Hubner, 2008; Shalgi, Barkan, & Deouell, 2009), or rating the 

level of response certainty on a given scale (e.g., Scheffers & Coles, 2000; Endrass, Franke, & 

Kathmann, 2005; Endrass, Franke, & Kathmann, 2007; Hewig, Coles, Trippe, Hecht, & 

Miltner, 2011). The remainder of this section centres around discussing the effects of error 

awareness on the ERN and the Pe. 

2.3.1. The ERN and error awareness 

The first study to explore subjective awareness as a variable of interest in error 

processing research was conducted by Scheffers and Coles (2000). In this study, the authors 

probed the level of subjectively perceived accuracy and its influence on the ERN’s amplitude 

by instructing participants to respond to the identity of the target letter in the letter version 

of the Eriksen flanker task. Particular to Scheffers and Coles’ (2000) study was that the stimuli 

were degraded by reducing the contrast between the letter strings and the background. This 

was done for the purpose of reducing the level of certainty and hence subjectively perceived 

accuracy. Following each trial, participants were asked to rate their response accuracy on a 

five-point scale, ranging from “sure incorrect” to “sure correct”. The authors found that the 

amplitude of the ERN covaried  with participants’ perceived accuracy, regardless of whether 

the actual response made was correct or incorrect. Specifically, larger ERN amplitudes were 

evident on trials where participants judged their responses to be surely incorrect, even though 

they were objectively correct. Similarly, smaller ERN amplitudes were observed on trials 

judged to be surely correct, when they were in fact objectively incorrect. Scheffers and Coles 

(2000) concluded that what characterises aware errors is that they have been responded to 

prematurely while stimulus evaluation was still occurring, hence permitting the 

representation of the correct response. However, unaware errors are those that occurred due 

to data limitations, which in itself prevented the representation of the correct response, 

following which a weaker ERN signal would emerge.  

The decade following Scheffers and Coles’ (2000) study witnessed the publication of 

a range of studies on the electrophysiological correlates of error awareness, using various tasks 

and error-signalling methods, some of which supported their study, and some of which 

contradicted it. A frequently-cited study that was published shortly thereafter (Nieuwenhuis 

et al., 2001) failed to observe an effect of error awareness on the ERN amplitude. Specifically, 

the authors used an anti-saccade task and instructed the participants to press a button if they 

made an erroneous saccade. They then compared corrected (aware) errors with uncorrected 
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(unaware) errors. It was found that the ERN amplitude was not modulated by awareness of 

errors and was therefore taken to represent a preconscious error processing mechanism that 

is dissociated from awareness. In support of this, Nieuwenhuis et al. (2001) found that post-

error slowing was not present on unaware error trials despite the elicitation of the ERN, 

suggesting that the ERN may be uninvolved in this form of behavioural adjustment.  

Following the contradictory findings of Scheffers and Coles (2000) and Nieuwenhuis 

et al. (2001), the past decade witnessed the publication of a range of studies on this research 

topic. Unfortunately, the picture seemed to become more and more blurry as more and more 

contradictory findings emerged. Several studies found that ERN amplitude was reduced for 

unaware errors (Dhar, Wiersema, & Pourtois, 2011; Hewig et al., 2011; Maier et al., 2008; 

Steinhauser & Yeung, 2010; Woodman, 2010; Wessel, Danielmeier, & Ullsperger, 2011), while 

other studies failed to observe a modulation of the ERN amplitude by awareness (Endrass et 

al., 2005, 2007; O’Connell et al., 2007, 2009; Shalgi et al., 2009). Those who failed to find an 

effect of awareness on the ERN amplitude suggest that it occurs too early in the ERP 

waveform, sometimes even prior to the execution of a response, for awareness to have emerged, 

and that it is a product of preconscious error detection mechanisms (e.g., Nieuwenhuis et al., 

2001; O’Connell et al., 2007). Those who do find an effect, on the other hand, hold no consensus 

as to why it is the case. Some suggest that when the ERN amplitude is modulated by 

awareness, it signals that sufficient information about an error has accumulated due to the 

presence of efference copy, proprioceptive, somatosensory, visual, and auditory feedback that 

permitted the emergence of conscious awareness (e.g., Wessel et al., 2011). Others suggest that 

the modulation of the ERN amplitude by awareness is highly dependent on participant’s 

individual criteria for error reporting (e.g., reporting errors only when they are highly 

confident they have committed them) (Shalgi & Deouell, 2013). Yet other researchers suggest 

that the ERN amplitude would be larger not in exclusive relation to error detectability, but 

also due to the significance of the error committed (Maier et al., 2008).  

2.3.2. The Pe(s) and error awareness 

A complex of positive deflections are present on an error-related ERP waveform 

following the ERN. These are commonly referred to as the Pe (Falkenstein et al., 2000), which 

is said to encompass two distinct components (early and late Pe) that are at least partially 

dissociable from one another (Overbeek, Nieuwenhuis, & Ridderinkhof, 2005; Ridderinkhof, 

Ramautar, & Wijnen, 2009). 
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The Pe has received less systematic study in comparison to the ERN. In a review of 

findings examining the functional significance of the Pe, Overbeek et al. (2005) found some 

support for three possible functions of the Pe: (i) that the Pe may reflect emotional appraisal 

of errors or its consequences, (ii) that the Pe reflects conscious awareness of having committed 

an error, and (iii) that the Pe is involved in behavioural adjustments following errors, such as 

post-error slowing. Currently, the Pe is thought to be a delayed P3 — as they both occur at the 

same relative latency in relation to the locking event — where the former reflects the 

motivational significance of salient performance errors, and the latter is associated with the 

motivational significance of rare target stimuli (Ridderinkhof et al., 2009).  

In relation to the present discussion, many error awareness ERP studies have observed 

the modulation of the Pe by awareness. However, few studies tend to dissociate between the 

early and the late Pe even though the evidence suggests that they correlate with activity in 

different brain regions, with the early Pe corresponding with caudal ACC, and the late Pe with 

rostal ACC and superior parietal cortex (Van Veen & Carter, 2002). In general, in error 

awareness research, the Pe is only elicited on aware error trials and the amplitude of the Pe 

tends to be significantly diminished on unaware errors and correct responses (e.g., Endrass et 

al., 2005, 2007; Hewig et al., 2011; Hughes & Yeung, 2010; Nieuwenhuis et al., 2001; O’Connell 

et al., 2007; Shalgi et al., 2009; Steinhauser & Yeung, 2010; Wessel et al., 2011). Among the two 

studies that isolated the Pe component into early and late Pe, the early Pe was defined as the 

most positive peak at FCz between 140 and 240 ms (Hewig et al., 2011; O’Connell et al., 2007) 

or between 200 and 300 ms (Endrass et al., 2007) post-response. Interestingly, all studies 

revealed no modulation of the early Pe amplitude by awareness, and concluded that conscious 

awareness of error emerges around 300 ms following response onset.  

In summary, whereas studies on the electrophysiological markers of error awareness 

have consistently supported the modulation of the Pe amplitude by conscious perception of 

errors, some studies found that ERN amplitude was reduced for unaware errors, while other 

studies failed to observe a modulation of the ERN amplitude by awareness. The early Pe was 

shown to be uninfluenced by error awareness. Given that the ERN and the early Pe share 

common scalp topography, as their amplitudes are maximal at FCz (e.g., Endrass et al., 2007), 

current view in the field holds that they reflect the same functional significance with regards 

to awareness, namely, that they reflect automatic error monitoring processes based on 

preconscious evaluation of behavioural requirements, leaving the late Pe as the only error-

related ERP component that covaries with conscious awareness (Endrass et al., 2007; 



21 
 

O’Connell et al., 2007; see Figure 2 for an illustration of the modulation of error-related ERP 

components by awareness in line with the above view).  

 

Figure 2. Error-related ERP components elicited in an error awareness paradigm. The ERN and the early 
Pe are maximum at FCz and exhibit no differences in amplitudes across error types (aware and unaware 
errors). The late Pe is maximum at CPz and appears only when an aware error is executed. Positive is 
plotted upwards. Adapted from O’Connell et al. (2007).  

2.3.1. Methodological considerations in relation to the ERN 

Several factors may explain the inconsistent findings in relation to the ERN’s 

amplitude modulation by conscious awareness. For example, differences in the ERN 

amplitude between aware and unaware errors emerge when using stimulus masking, reducing 

the ability to visually discriminate stimuli, or when resorting to difficult tasks (e.g., Scheffers 

& Coles, 2000). However, errors that occur due to data limitation may not reflect lack of 

awareness, instead they may reflect merely attenuated ERN due to the impaired 

representation of the correct response as the task progresses.  

Other authors have argued that differences in the precise methods of signalling error 

awareness can influence whether ERN differs between aware and unaware errors or not. 

According to Wessel (2012), awareness can be signalled using multiple methods that generally 

differ in (i) whether awareness is signalled solely on error trials, or also on correct trials, (ii) 

whether binary or parametric signalling is required, (iii) whether a neutral option is present 

on a response certainty rating scale (e.g., “sure”, “unsure”, “I don’t know”), and (iv) whether 
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unlimited or limited time is given to signal awareness. Usually, there is enlarged ERN 

amplitude on aware in comparison to unaware errors when participants report their 

confidence or response certainty on all trials, as opposed to reporting their errors only on error 

trials (Wessel, 2012). One drawback of signalling awareness solely on error trials is the 

likelihood that non-signalled errors might have been contaminated by partial awareness 

(Wessel, 2012). Furthermore, using this method might introduce a response bias towards not 

reporting an aware error simply because pressing a secondary response button, “awareness 

button”, is more effortful than not pressing anything. On the other hand, using a scale to 

inquire about participant’s confidence in their responses on all trials might result in a long 

experimental session as there is usually no time limit for response evaluation. Furthermore, 

this method might introduce different confounding variables such as how much effort is put 

into evaluating one’s response and the extent to which participants are motivated to do so 

accurately (Wessel, 2012). In spite of these limitations, the choice of awareness signalling 

method ultimately rests upon the research aim in question.  

Another methodological consideration that must be taken into account is that 

modulation of the ERN amplitude by awareness may at least partially relate to task 

demands/characteristics. Wessel (2012) observed that studies that have utilised stop-

signal/Go-NoGo paradigms (Endrass et al., 2005; O’Connell et al., 2007; Shalgi et al., 2009) 

generally tend to yield null findings, whereas those using versions of the flanker task (Hughes 

and Yeung, 2010; Maier et al., 2008; Scheffers & Coles, 2000) yield enlarged ERN amplitudes 

for reported compared to non-reported errors. It is not yet known why such differences exist, 

but it is probably due to the different forms of conflict introduced by each task, and how that, 

in turn, acts upon different neural mechanisms that may enhance or attenuate ACC activity as 

reflected in the ERN. To illustrate, mechanisms that filter out distracting visual information 

may be useful in the flanker, Stroop, and Simon tasks, in which conflict is produced by 

competing irrelevant stimuli, but these same mechanisms would not be relevant for the Go-

NoGo task, in which there are no visual distractors (Wager et al., 2005). Furthermore, while 

inhibition is supposedly common to both Go-NoGo task and the flanker task, there are 

differences in the stage at which it occurs. In the Go-NoGo task, inhibition may occur only at 

the response-selection or execution stages, whereas in the flanker task, inhibition may occur 

at the perceptual or response-selection levels (Wager et al., 2005). Therefore, it is possible that 

the neural mechanisms underlying conflict resolution differ at least slightly given the task-

specific processing stages in which inhibition occurs.  
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The above view was supported by Nee, Wager, and Jonides (2007), who performed a 

quantitative meta-analysis on 47 neuroimaging studies involving tasks purported to require 

the resolution of interference. The tasks included Stroop, flanker, Go-NoGo, stimulus–

response compatibility, Simon, and stop-signal tasks. The meta-analysis revealed that the 

ACC, dorsolateral prefrontal cortex (DLPFC), inferior frontal gyrus (IFG), posterior parietal 

cortex (PPC), and anterior insula may be important sites for the detection and/or resolution 

of interference. It is important to note that individual task analysis reveal differential patterns 

of activation among the tasks. Of relevance to the present issue are two findings: (a) the Go-

NoGo task produced a prominent cluster in the right DLPFC, extending inferiorly into the 

right IFG and insula. There were also significant clusters in the left DLPFC, ACC, and right 

PPC, but these were smaller in extent; and (b) the flanker task produced a significant cluster 

in the right DLPFC. Another smaller cluster was found in the right insula, but the extent of 

the inferior cluster was not nearly the size of the one found in the Go-NoGo task. While it is 

yet not fully understood how such differences in the activation of task-specific underlying 

neural mechanisms might attenuate or enhance ACC activity, and hence weaken or strengthen 

the ERN amplitude, these findings are nonetheless of high relevance to the error awareness 

ERP research and should be addressed empirically to further understand the reasons behind 

contradictory findings obtained using different tasks.  

2.3.2. Neural correlates of error awareness 

As mentioned above, neuroimaging studies have localised the ERN to the ACC. 

However, this was done independent of controlling for participants’ subjective awareness of 

the error committed. Converging with the finding obtained by Nieuwenhuis et al., (2001), who 

failed to find a difference in ERN amplitude with respect to error awareness, an fMRI study 

conducted by Hester, Foxe, Molholm, Shpaner, and Garavan (2005) found that it was the 

bilateral prefrontal and parietal brain regions that were associated with error awareness. 

According to these authors, error-related activity in the ACC was not predictive of conscious 

error awareness. 

A later study conducted by Klein et al. (2007) provided converging evidence to the 

study conducted by Hester et al. (2005). Klein et al. (2007) found that the ACC seems to be 

active to a similar degree in both consciously perceived (aware) and unperceived (unaware) 

errors, concluding that the ACC, while possibly the generator of the ERN, given its location 

with respect to the scalp, is not sufficient for conscious error awareness. Instead, there was 



24 
 

significantly greater activity in the anterior inferior insula that correlated with aware errors, 

but not unaware errors. Given the fact that the insula is heavily engaged in interoceptive 

awareness (Ullsperger et al., 2010), it was later suggested that increased activity in this region 

may be attributable to increased autonomic reactivity to errors. Empirical findings supporting 

this hypothesis come from studies that found enlarged skin-conductance responses (SCRs), 

post-error heart-rate deceleration, and pupil dilation evident on aware but not unaware errors 

(O’Connell et al., 2007; Wessel et al., 2011).  

2.3.3. Type II error 

The problem of type II error has been repeatedly pointed out by prominent figures in 

the field of error awareness research, not only in relation to the ERN as an electrophysiological 

signal whose amplitude is sensitive to error awareness, but also in relation the dACC as a brain 

region whose activity may be modulated by error awareness (Orr & Hester, 2012; Ullsperger 

et al., 2010; Wessel, 2012). A study would have a low probability of committing type II error if 

it had one or both of the following: (i) high power, that is, a high probability of rejecting a false 

null hypothesis; or (ii) large effect sizes, that is, a large magnitude of a given difference 

independent of sample size. Type II error is a common problem in the neurosciences, especially 

given the fact that data collection incurs numerous expenses and is very time-consuming, 

resulting in few samples and hence low probability of rejecting a false null hypothesis (Wessel, 

2012).  

The fMRI studies that have explored error awareness in relation to ACC activity are 

good examples of the problem of type II error in this research field, showing how small sample 

sizes may result in inconsistent and contradictory conclusions (Hester et al., 2005, 2009; Klein 

et al., 2007). Hester et al. (2005) administered the error awareness task (EAT), a response 

inhibition task designed to elicit unaware errors, on 13 subjects and reported no significant 

differences in the ACC activity in relation to aware and unaware errors (p=0.59). Later, 

however, with 16 subjects performing the EAT, Hester et al. (2009) reported a significant main 

effect of awareness on the ACC activity. In the study conducted by Klein et al. (2007), the 

blood-oxygen-level dependent (BOLD) signal in the ACC was numerically smaller for 

unaware in comparison to aware errors, however, with 13 subjects, this difference failed to 

reach significance (p=0.211). 
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Interestingly, using a composite sample of 56 participants who performed the EAT in 

previous studies, Orr and Hester (2012) reassessed the relationship between dACC activity 

and error awareness given the ERP studies that reported larger ERN amplitude for aware 

versus unaware errors (Steinhauser & Yeung, 2010; Wessel et al., 2011). As mentioned 

previously, the ERN is taken to signal activity in the dACC. In line with previous findings 

(Hester et al., 2005, 2009), the insula and the bilateral IPL showed a significantly greater 

BOLD signal for reported versus unreported errors. Importantly, however, a significantly 

greater BOLD signal change was found in the dACC for reported but not for unreported errors. 

Given the fact that the number of ERP studies investigating error awareness are far 

more numerous than fMRI studies, it is not surprising that more contradictory results emerge 

in the former, which could well be due to the problem of low power. In an extensive review of 

the findings pertaining to the ERN and error awareness, Wessel (2012) found that the average 

number of participants across all studies was 14.7, while the average number of participants 

in the studies that obtained null findings being 14.1, with many of them noting numerically 

smaller ERN amplitudes for unaware errors, in line with other studies (e.g., Maier et al., 2008; 

Steinhauser & Yeung, 2010; Wessel et al., 2011), only failing to reach significance level, most 

probably due to low power. A case in point is a study conducted by Hughes and Yeung (2010), 

where the ERN amplitude for unaware errors was smaller than that for aware errors, but not 

statistically significantly different as it was based on the analysis of only eight participants 

who met the inclusion criterion of committing at least six artifact-free error trials of both 

types. Wessel (2012) points out that had the total number of subjects in the study met the 

inclusion criteria, the p-value would have approached statistical significance, provided that 

the effect size remained the same. Indeed, the problem of high probability of type II error in 

error awareness studies investigating the ERN was also highlighted by Ullsperger et al. (2010), 

with a special emphasis on the fact that the ERN magnitude elicited by various paradigms that 

are designed to elicit unaware errors tends to be very small (see Figure 2 for an illustration of 

one such study). Taken together, the problem of low power in error awareness ERP studies 

may be a serious one and the acceptance of the null hypothesis may not be warranted based 

on the use of small sample sizes in relation to the evidence mentioned above.  

2.4. Rationale of the present study 

The purpose of the present study was to address the problem of type II error in error 

awareness ERP research, specifically in relation to the ERN. Two studies have administered 
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the visual EAT on a sample of 12 participants (O’Connell et al., 2007) and the auditory version 

of the EAT on 16 participants (Shalgi et al., 2009) and found that the ERN amplitude was not 

modulated by error awareness. Given that the EAT is becoming a popular task, used among 

various populations (Hester et al., 2005, 2012; Hester, Nestor, & Garavan, 2009; Logan, Hill, 

& Larson, 2015; O’Connell et al., 2009; Shalgi, O’Connell, Deouell, & Robertson, 2007) as it 

elicits a large number of unaware errors without resorting to degradation of stimuli, the 

present study sought to replicate the findings by O’Connell et al. (2007) on a larger sample in 

order to increase statistical power and reduce the probability of type II error. It was 

hypothesised that the ERN amplitude would therefore be similarly negative for aware and 

unaware errors, whereas the late Pe amplitude would be more positive for aware errors in 

comparison to unaware errors and correct responses. Finally, it was also of interest to examine 

the effects of awareness on the early Pe, and it was expected that the early Pe amplitude would 

not differ between aware and unaware errors in line with previous studies (e.g., Endrass et al., 

2007; O’Connell et al., 2007). 
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3. Methods 

3.1. Participants 

A total of 40 participants, 24 females and 16 males, between the ages of 19 and 36 years 

(M = 23.62 years, SD = 3.74) volunteered in the study. All participants reported normal or 

corrected-to-normal vision, no use of psychoactive drugs, and no history of epilepsy or 

neurological disorders. They were further instructed to refrain from taking caffeine on the day 

of the experiment. All participants gave written informed consent and were told that they 

were free to withdraw from the experiment at any time they wished. Thirteen participants 

were excluded from the analysis due to committing fewer than eight errors of each type (aware 

and unaware errors). Ethical guidelines were in accordance with the Declaration of Helsinki 

(World Medical Association, 2013). 

3.2. Stimuli and Apparatus 

Participants performed the error awareness task (EAT) developed by Hester et al. 

(2012) (see Figure 3). The EAT is a motor response inhibition task, where words (e.g., blue, 

green) are written in different colours (e.g., blue written in red, green written in yellow) and 

are presented one at a time for participants to respond to. For each presented word, 

participants are asked to respond with a button press (’1’ on a standard keyboard) and to 

withhold their response when one of two conditions occur. The first condition is if there was 

congruency between the word and the colour (e.g., red written in red) (Congruent NoGo), 

and the second is if a word was flashed on two consecutive trials (e.g., the word green was 

followed by the word green on the subsequent trial) (Repeat NoGo). The main function of the 

task was to vary the strength of the stimulus-response relationships by eliciting two 

competing types of response inhibition, one engaging a Stroop-like effect and one engaging 

working memory. The presence of both conditions meant that the representations of rules 

competitively and continuously suppress one another such that the more prepotent rule 

would suppress the weaker rule and lead to the production of a large number of errors. For 

example, if the prepotent rule was to keep the preceding word in memory so as to correctly 

inhibit a response on the Repeat NoGo condition, then the rule dictating how to respond to 
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the Congruent NoGo condition would be weaker, and hence produce errors. A proportion of 

these errors may go unnoticed depending on the strength of the representation of the 

prepotent rule (Hester et al., 2012). In the case of a commission error (failure to withhold 

response to either NoGo conditions) participants were trained to press a second ‘awareness 

button’ (spacebar on a standard keyboard) as soon as they realised their errors.  

The EAT was administered using E-prime 2.0 (https://www.pstnet.com/eprime.cfm). 

Participants completed a single practice block following extensive instruction and a 

demonstration of how to respond to the task. Participants then completed six blocks of the 

EAT. Each EAT block contained 200 Go trials and 25 NoGo trials (total of 225 trials). Of the 

25 NoGo trials, 12 belonged to the Congruent NoGo condition and 13 belonged to the Repeat 

NoGo condition, or vice versa. In total, 1350 trials were administered during EEG acquisition, 

excluding the practice block. All stimuli were presented for 600 ms followed by an inter-

stimulus interval of 900 ms and appeared on a HP Compaq LA2306x 23-inch LED Backlit LCD 

Monitor with a brightness of 250 nits (cd/m2), a response rate of 5 ms (on/off), and a native 

resolution of 1920 x 1080 @ 60 Hz. The words were typed with Arial, with a font size of 40, 

and were centred across the screen against a black background. Each block lasted for 5.4 

minutes and participants were given unlimited break-time following each block. The entire 

experimental session lasted a maximum of 45 minutes.  

 

 

Figure 3. The error awareness task (EAT), adapted from Hester et al. (2012). SB = spacebar. 
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3.3. Procedure 

EEG was recorded continuously with Ag/AgCl electrodes from 12 scalp sites 

(according to the 10/20 electrode system: Fz, FCz, Cz, CPz, POz, Oz, FC1, FC2, C1, C2, CP1, 

CP2), using g.tec’s active biosignal electrodes (g.tec, Austria; http://www.gtec.at/). Impedance 

level was not checked as active electrodes have an additional built-in ultra-noise pre-amplifier. 

The biosignal amplifier used was g.USBamp, with an input range of ± 250 mV, which allows 

recording of DC signals without saturation. Furthermore, the amplifier had 24-bit resolution 

with simultaneous sampling of 16 DC-coupled wide-range input channels with up to 38.4 

kHz, digital signal filtering and pre-processing, connected via USB 2.0 (g.tec, Austria; 

http://www.gtec.at/). The ground electrode was the 10/20 system scalp site AFz. Blinks and 

eye movements were monitored using two vertical (V) electrooculogram (EOG) electrodes 

placed above and below the right eye, and two horizontal (H) EOG electrodes at the outer 

canthus of each eye. The EEG was continuously sampled at 512 Hz, and filtered online with a 

bandpass of 0.1-100 Hz.  

Analysis was conducted using ERPlab toolbox (version 5) (www.erpinfo.org) within 

EEGlab (http://sccn.ucsd.edu/eeglab/) inside the Matlab environment (version R2014a, 

http://www.mathworks.com/). The EEG data was referenced online to the right earlobe and 

were subjected to offline low-pass filtering at 30 Hz (zero-phase 12dB/octave IIR Butterworth 

filter). The data were response-locked, epoched into segments of 600 ms (200 ms before to 

400 ms after response), and baseline-corrected relative to 200 ms before response. Artifact 

rejection was applied to all electrodes using the moving window peak-to-peak artifact 

rejection function in ERPlab, which is sensitive to both rapid and slow voltage changes. This 

artifact rejection function computes the peak-to-peak voltages within a series of windows 

within each epoch and compares the largest detected value with a specified threshold value, 

after which the epoch will be marked for rejection if the value exceeds the threshold. In the 

present study, a voltage threshold of ±50 uV for the entire length of the epoch (-200 to +400 

ms) with a window size of 200 ms and a step size of 100 ms was used. All trials that survived 

artifact rejection were averaged separately for each response type: correct responses (correct 

Go presses), aware errors (incorrect Go presses followed by awareness button press within 

the next 2500 ms), and unaware errors, (incorrect Go presses after which participants did not 

press the awareness button within 2500 ms). 
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The practice block was excluded from the analysis, and averaged ERPs were calculated 

for all the trials within the remaining blocks. Only those participants who made at least eight 

aware and eight unaware errors that survived artifact rejection criteria were included in the 

averaged ERPs. The inclusion criterion is in accordance with reliability studies indicating the 

minimum number of trials to compute the ERN (e.g. Meyer et al., 2013; Olvet & Hajcak, 2009; 

Pontifex et al., 2010; Rietdijk et al., 2014), as well as with previous studies on error awareness 

(e.g., Hughes & Yeung, 2010). This meant that only 28 participants were included in the 

averaged ERPs. These participants made an average of 56.39 aware errors, ranging between 12 

and 104 (SD = 20.87), and an average of 20.89 unaware errors ranging between 8 and 39 (SD = 

7.75). 
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4. Results 

4.1. Inspection of grand average waveforms 

Despite the variance in the number of trials between error responses and correct 

responses, and also between aware and unaware errors, error processing literature suggests 

that between six to eight trials are sufficient to compute a reliable ERN and Pe (Meyer et al., 

2013; Pontifex et al., 2010; Rietdijk et al., 2014) and some error awareness studies have adopted 

this criteria as well (e.g., Hughes & Yeung, 2010). Participants’ ERP waveforms were 

combined using weighted averages, in accordance with Luck’s (2014) recommendation, where 

averaging is done in a manner that is weighted by the number of trials contributing to each 

average, thus treating all datasets as one big dataset, which results in lower noise level. 

Inspection of the grand average waveforms (see Figure 4) revealed an ERN following both 

commission error types with an onset at approximately -25 ms and an offset at approximately 

75 ms following response. A negative deflection was also exhibited at the same latency 

following correct responses. For all response types, the ERN was maximal at FCz, both in the 

grand average and across participants. However, unaware errors exhibited the largest ERN 

amplitude at FCz (Figure 4a). Peaking around 150 ms following each response type was the 

early Pe, a positive deflection with maximal amplitude also at FCz. The grand average shows 

that unaware errors exhibited a smaller early Pe amplitude than both correct response and 

aware errors, with little difference between the latter two. The early Pe was followed by 

another positive deflection (the late Pe), which was only exhibited on aware error trials and  

was maximal at CPz. As shown in Figure 4b, the late Pe was markedly reduced for unaware 

errors and correct responses.  
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Figure 4. Grand-average ERP waveforms for the ERN and the early Pe (a), maximum at FCz, and 
the late Pe (b), maximum at CPz, with negative upwards. The ERN amplitude appears most 
negative on unaware errors, and does not seem to differ between aware and correct response. 
The early Pe amplitude appears least positive on unaware errors in comparison to aware errors 
and correct responses. The late Pe is evident solely on aware errors and is markedly reduced 
on unaware errors and correct responses (N = 28).  
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4.2. Statistical analysis and quantification of ERP components 

4.2.1. The ERN 

In the studies that have used the visual or auditory version of the EAT (O’Connell et 

al., 2007, 20092; Shalgi et al., 2009), the ERN amplitude was quantified using peak amplitude 

— where the ERN is defined as the most negative peak occurring within a specific time 

window post-response, or using peak-to-peak measurement — where the ERN is defined as 

the most negative peak at a specified interval post-response, relative to the most positive peak 

at a given interval pre-response. This is also the most widely used quantification method of 

the ERN, regardless of awareness being an independent variable (Falkenstein et al., 2000).  

In the present study, there was a large variance between participants in terms of the 

ERN latency. Specifically, the onset latency ranged between -50 to 50 ms following button 

press (M = -16.96, SD = 26.33), and the offset latency ranged between 50 and 175 ms following 

button press (M = 112.68, SD = 27.13), with the duration between the onset and offset of the ERN 

being anywhere between 55 ms to 200 ms. The ERN was therefore quantified separately for 

each participant as judged by visual inspection. Specifically, the ERN amplitude was measured 

between two fixed latencies that were applied to all waveforms (correct responses, aware 

errors, and unaware errors). For example, if the aware error waveform had an onset at -25 ms 

and an offset at 75 ms post response, while the unaware error waveform had an onset at 0 ms 

and an offset at 100 ms, then the two fixed latencies that were used for the ERN’s 

quantification were -25 ms to 100 ms, in order to encompass all individual waveforms. Hence, 

the ERN was defined as the maximum negative peak at FCz within a specific search window 

relative to each participants ERP waveforms.  

A repeated-measures analysis of variance (ANOVA), with Greenhouse-Geisser 

correction, was performed on the ERN peak amplitude for the three types of responses. The 

analysis indicated a main effect of the type of response F(1.73, 46.68) = 6.944, p = .003, partial 

eta-squared = .205). The mean peak amplitudes were: correct go responses, -.03 ± 1.68 µV; 

aware errors, -1.09 ± 2.40 µV; unaware errors, -1.55 ± 2.82 µV. The observed power for the effect 

was 0.9. Even though sphericity was assumed as indicated by Mauchly’s test (p = .109), it is 

recommended that a correction for heterogeneity should be applied if any factor contains more 

                                                
2 The sample in O’Connell et al. (2009) overlaps with the sample used in O’Connell et al. (2007). 
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than two levels (see Luck, 2014). Post hoc tests using Bonferroni correction for multiple 

comparisons revealed that, in line with expectations, the ERN mean amplitudes for aware and 

unaware errors did not differ significantly from one another (p = .992). The mean amplitude for 

correct responses was significantly smaller than that of aware errors (p = .009) and unaware 

errors (p = .008).   

Despite the fact that the quantification method and the statistical analysis have yielded 

the expected results, there are reasons to doubt the reliability of the results at least in relation 

to the data collected for the present study. First, during data analysis, a priori criterion was 

set were participants were excluded if the averaged ERP waveforms contained less than eight 

errors of each type, in line with reliability studies (Meyer et al., 2013; Olvet & Hajcak, 2009; 

Pontifex et al., 2010; Rietdijk et al., 2014). This lead to the automatic exclusion of 12 

participants from the analysis. For the remaining 28 participants, the percentage of total trials 

that were excluded from the averaged ERP were recorded. According to Luck (2014), where a 

large percentage of trials have been rejected, even if artifacts occur during the inter-trial 

interval, participants should be completely excluded as the signal-to-noise ratio increases as 

the artifacts contaminate the baseline period. In the present study, the percentage of total 

rejected trials ranged between 8.9% to 70.2% (M = 30.06 %, SD = 17.38). Based on the criterion 

recommended by Luck (2014), which suggested that in cases where over 25% of total trials are 

rejected, subject should be completely excluded from the analysis, 15 participants in the 

present study should have been initially excluded from the analysis. Therefore, post-hoc 

repeated-measures ANOVA, with Greenhouse-Geisser correction, was performed on the 

remaining 13 subjects, also indicating a main effect of the type of response (F(1.34, 16.13) = 7.71, 

p = .009, partial eta-squared = .391). The mean peak amplitudes were: correct go responses, -.40 

± 1.08 µV; aware errors, -1.22 ± 1.21 µV; unaware errors, -2.56 ± 1.21 µV. The observed power for 

the effect was 0.82. Post hoc tests using Bonferroni correction for multiple comparisons revealed 

that the ERN mean amplitudes for unaware errors were significantly larger (more negative) 

than that for aware errors (p = .024) and correct responses (p = .034). No reliable difference 

between aware errors and correct responses was shown (p = .329).  

The post-hoc ANOVA results are interesting for two reasons. First, it was believed that 

the presence of noisy data were the primary reason why the grand average (Figure 4a) looks 

strange. However, even following the exclusion of the 15 noisy datasets based on the 25% of 

total number of rejected trials criterion (Luck, 2014), the pattern remained in the grand 
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average (Figure 5), with unaware errors exhibiting the most negative ERN amplitude. Second, 

with 28 participants, there was already a more negative ERN amplitude for unaware in 

comparison to aware errors that failed to reach significance. However, following the exclusion 

of the 15 participants, the difference between unaware and aware errors was augmented and 

was rendered significant. The grand average of 13 participants (Figure 5) shows a similar 

pattern to that of 28 participants (Figure 4), namely the ERN on the unaware errors waveform 

is markedly more negative. 

 

 

Figure 5. Grand-average ERP waveforms for the ERN based on 13 participants, with negative 
upwards. Despite the exclusion of data that potential reduced signal-to-noise ratio, the ERN 
remained most negative for unaware errors and did not differ between aware and correct 
responses (N = 13).  

 

4.2.2. Early Pe 

In contrast to the latency variability of the ERN, visual inspection of the ERP average 

for each of the 28 participant revealed that the early Pe was occurring consistently in the time 

window between 100 ms and 175 ms following button press across all participants. For this 

reason, the early Pe was defined as most positive peak at FCz between 100 ms and 175 ms post-

response. 

A repeated-measures ANOVA, with Greenhouse-Geisser correction, on the early Pe 

peak amplitude for the three Response conditions indicated no reliable difference across 
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conditions (mean amplitudes: aware errors, 5.43 ± 2.76 µV; unaware errors, 4.59 ± 3.67 µV; 

correct go responses, 5.75 ± 2.83 µV; F(1.98, 53.53) = 2.47, p = .095, partial eta-squared = .084). 

The observed power for the within-subjects effects was 0.5.  

4.2.3. Late Pe 

Similar to the early Pe, the late Pe was consistent across participants, occurring in the 

time window between 200 ms and 400 ms following button press. Given that the Pe is a more 

sustained, low frequency wave, it was defined as the mean amplitude between 200 and 400 

ms at CPz.  

A repeated-measures ANOVA, with Greenhouse-Geisser correction, was also 

performed on the Pe amplitudes for the three Response conditions. The analysis indicated a 

main effect of the type of response (F(1.80, 48.63) = 31.98, p < .001, partial eta-squared = .542). 

The mean peak amplitudes for each type of response were: correct go responses, 1.08 ± 2.72 µV, 

aware errors, 4.92± 3.77 µV; unaware errors, -.09 ± 2.96 µV. The observed power for the effect 

was 1.00. Post hoc tests using Bonferroni correction for multiple comparisons revealed that the 

Pe amplitude was significantly larger following aware errors in comparison to correct 

responses (p < .001) and unaware errors (p < .001). The analysis further revealed that the Pe 

amplitude for correct responses did not differ significantly from that for unaware errors (p = 

0.150). 
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5. Discussion 

Error monitoring encompasses at least two general neurocognitive processes, one in 

which conscious awareness is present and one in which it is absent. In order to gain 

comprehensive understanding of how the brain processes errors, researchers are exploring 

whether error detection is contingent on conscious awareness of errors by observing the 

influence of error awareness on error-related ERP components. Previous research has 

consistently associated the late Pe with emergence of conscious awareness during error 

monitoring (Dhar et al., 2011; Endrass et al., 2005, 2007; Hewig et al., 2011; Maier et al., 2008; 

Steinhauser & Yeung, 2010; Woodman, 2010; Wessel et al., 2011; O’Connell et al., 2007; Shalgi 

et al., 2009; Nieuwenhuis et al., 2001). However, while some of these studies have observed 

differences in the ERN amplitude in relation to awareness, with aware errors eliciting a larger 

ERN amplitude than unaware errors (Dhar et al., 2011; Hewig et al., 2011; Maier et al., 2008; 

Steinhauser & Yeung, 2010; Woodman, 2010; Wessel et al., 2011), others have failed to observe 

a modulation of the ERN amplitude by awareness (Endrass et al., 2005, 2007; Nieuwenhuis et 

al., 2001; O’Connell et al., 2007; Shalgi et al., 2009). Given the need to address the problem of 

low power in error awareness research, the primary aim of the present study was to reduce the 

probability of type II error by recruiting twice the number of participants as in previous error 

awareness studies that have obtained null effects in relation to the effects of conscious 

awareness on the ERN amplitude. EEG data were analysed from 28 participants who 

performed the EAT, a Go-NoGo Stroop task that was designed by Hester et al. (2012) to elicit 

unaware errors.  

Following an erroneous response, three components appeared on the averaged ERP 

waveform. The earliest ERP component was the ERN, however, stating whether its amplitude 

was or was not modulated by awareness is unwarranted without taking into account the 

issues discussed below. Briefly, inspection of the grand average at FCz revealed a more 

negative ERN on unaware errors in comparison to both aware errors and correct responses. 

This was contradictory to expectations, as the ERN was predicted to exhibit the same 

amplitude for both aware and unaware errors, and a significantly smaller amplitude on correct 

responses. Further complicating the matter was the fact that statistical analysis, while 

numerically reflecting the effects observed in the grand average, produced  two different 
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results depending on the criteria applied. The second error-related ERP component was the 

early Pe. The early Pe immediately followed the ERN and was maximal at FCz around 150 ms 

post-response. The early Pe was not modulated by participant’s error awareness. The third 

component was the classic late Pe, which followed the early Pe and had a centro-parietal 

distribution. In line with expectations, the late Pe was only visible on aware errors and did not 

differ significantly between unaware errors and correct responses. 

5.1. The ERN 

The unexpected finding that the ERN amplitude for unaware errors produced the 

largest negative deflection was never reported in previous ERP studies using EAT (O’Connell 

et al., 2007; Shalgi et al., 2009) or other tasks (Maier et al., 2008; Steinhauser & Yeung, 2010; 

Woodman, 2010; Dhar et al., 2011; Hewig et al., 2011; Wessel et al., 2011; Endrass et al., 2005, 

2007). However, O’Connell et al. (2007) did find a numerically more negative ERN amplitude 

for unaware errors in comparison to aware errors, but the difference was slight (see Table 1). 

In the present study, a priori criterion and a post hoc inclusion criteria were employed, yielding 

different statistical results but similar patterns in the grand average. Therefore, it is best to 

discuss the findings separately in relation to each one of them.  

The priori criterion that guided ERP analysis was concerned solely with the presence 

of at least eight errors of each type (aware and unaware errors) in the averaged ERP per 

participant. This criterion was derived from reliability studies that have shown that between 

six to eight error trials are required to compute a reliable ERN and Pe (Meyer et al., 2013; Olvet 

& Hajcak, 2009; Pontifex et al., 2010; Rietdijk et al., 2014). On these bases, 28 participants 

were included in the study, only 3 of whom had a single-digit count of one type of errors (8, 8, 

and 9 unaware errors), with the remaining participants having over 13 errors of both types in 

the averaged ERP. The ERN was then quantified as the peak amplitude between two fixed 

latencies that was specified for each participant and that was wide enough to encompass the 

onsets and offsets of the three waveforms: correct responses, aware errors, and unaware errors. 

The statistical analysis produced the expected results that were in line with previous studies 

using the EAT (O’Connell et al., 2007, 2009; Shalgi et al., 2009). Specifically, the ERN did not 

differ between aware and unaware errors, both of which were significantly larger than correct 

responses.  In light of previous studies, the lack of difference in the ERN amplitude between 

both error types would suggest that the ERN is not engaged in the emergence of conscious 
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awareness during error monitoring, but that it reflects preconscious processing of response 

conflict. 

In the present study, as in O’Connell et al.’s (2007) study, an ERN-like response was 

found on correct trials that was significantly smaller than that elicited on error trials. The 

authors suggested that the strong ERN waveform on correct trials may be due to the presence 

of two competing NoGo conditions in the EAT, resulting in a higher degree of uncertainty on 

Go trials and therefore increased engagement of monitoring processes. Drawing on both the 

statistical analysis conducted based on the priori criterion, as well as on the grand average 

waveform, O’Connell et al.’s (2007) speculation applies here. Importantly, it is in line with the 

conflict monitoring theory of the ERN (Botvinick et al., 2001; Yeung et al., 2004), which 

suggests that greater level of conflict results in greater ACC activity during response selection.  

In the present study, the grand average waveform looked problematic, with the 

unaware error waveform showing the largest negative deflection within the ERN time 

window. It was initially thought that this may be the case due to excessive noise that is 

contaminating the baseline period. Therefore, a post hoc criterion was employed based on the 

percentage of total trials rejected for each participant, which were then recorded in order to 

check whether participants with excessive portions of rejected trials were included in the 

initial ERP analysis. Applying the criterion recommended by Luck (2014) lead to the exclusion 

of 15 out of 28 participants, all of whom had more than 25% of total trials rejected from the 

averaged ERP waveform. Comparing the grand averages for both groups of participants 

revealed that the unexpected pattern persisted even following the exclusion of potentially very 

noisy data. Namely, the ERN for unaware errors remained more negative than that for aware 

errors and correct responses, with the latter two exhibiting similar amplitudes. The statistical 

analysis, however, has revealed different results in comparison to that obtained based on the 

priori criterion with 28 participants. In particular, the mean amplitude of ERN elicited on 

unaware errors was significantly more negative than that elicited on aware errors and correct 

responses, with the latter two showing no reliable difference between one another. However, 

it should be noted that based on the priori exclusion criteria, the ERN elicited on unaware 

errors was numerically more negative than that elicited on aware errors. Therefore, with the 

exclusion of potentially high levels of noise, the true effect might have been augmented.  

It would be highly arbitrary to choose either one of the above results from the 

statistical analyses to base the conclusions on. Therefore, the remainder of the discussion on 

the effect of awareness on the ERN amplitude will focus on the commonalities obtained using 
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both analyses, namely, the pattern observed in the grand average ERP waveforms and the 

numerical pattern observed in the mean peak amplitudes of the ERN. The statistical 

significance will not be considered further. However, it is worth noting that the ERN mean 

peak amplitudes computed in this study are comparable in magnitude to the single study using 

the visual version of the EAT task (O’Connell et al., 2007). In their study, O’Connell et al. 

(2007) have also obtained small ERN magnitudes for the three response conditions as shown 

in the Table 1 below. As previously mentioned above, the ERN amplitude and latencies are 

influenced by a multitude of variables, and as will be explained later, they are also sensitive to 

the task demands (Meyer et al., 2013). Therefore, it is possible that the small magnitude 

obtained in this study and the study by O’Connell et al. (2007) are attributable to the nature 

of the EAT, which will be further discussed below.  

 

Table 1 

Comparison of the mean ERN amplitudes and standard deviations across response conditions 
between the present study and O’Connell et al.’s (2007) study. 
 

Condition Present study  O’Connell et al. (2007) 

 Mean SD  Mean SD 

Aware errors -1.09 2.40  -2.7 1.5 

Unaware errors -1.55 2.82  -2.9 1.4 

Correct responses -.03 1.68  -1.9 1.2 

Note. The ERN amplitudes are in microvolts (µV) and are computed at FCz for 
both the present study (N = 28) and O’Connell et al.’s (2007) (N = 12).   

 

5.1.1. Potential reasons for the unexpected grand average waveform 

5.1.1.1. Latency and duration variability 

The first and most likely reason for enlarged ERN amplitude for unaware errors may 

be due to the variability in the latency and duration of the ERN not only across participants, 

but also within participants. That is, the onset and offset of the ERN did not only differ from 

one participant to another, but further, the three response conditions within each 

participant’s averaged ERP had the ERN occur at different latencies and for different 

durations. For example, there were cases in which the ERN exhibited by unaware errors 
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occurred earlier than that exhibited by aware errors, or vice versa. There were also cases in 

which the duration for the ERN elicited by aware errors had longer duration than that elicited 

by unaware errors. In yet other cases, it was a combination of inconsistent latency and 

duration. It remains unclear why the latency and duration issues has occurred, but it may be 

due to the variability in the number of trials included in the average of each condition or the 

neurocognitive processes that underpin each response condition (as will be discussed below).  

The problem with the latency and duration must have influenced the quantification 

method of the ERN. Computing the peak amplitude by specifying a wide time-window that 

encompasses all three waveforms (correct responses, aware errors, and unaware errors) 

relative to each participant’s averaged ERP might have induced a systematic bias in the 

statistical analyses performed both using the priori criterion and the post hoc criterion, even 

though it was performed in order to accurately reflect the amplitude of the ERN. In other 

words, even if there is a remote possibility that the findings obtained are unlikely to be purely 

due to chance, there is a high likelihood that they are due to an inflated probability of type I 

error. It is standard practice to draw on the grand average ERP to estimate the latency of the 

component of interest, however, looking at the averaged ERPs for each participant suggested 

that this might have been even more misleading in the present study.  

5.1.1.2. Characteristics of the EAT 

The second possible reason for the unexpected findings may have to do with the 

presence of several EAT/Go-NoGo task-specific characteristics that might have influenced the 

individual and the grand average ERP waveforms. In this section, I focus on the following 

potential issues: the neurocognitive processes that underpin performance on the EAT and how 

they might influence the ERN latency, the reliability of the EAT as a version of the Go-NoGo 

and Stroop tasks, and the potential consequences of the length of EAT.  

The fact that the EAT is a version of the Go-NoGo and Stroop tasks might have 

contributed to the unexpected pattern exhibited in the grand average waveform, as both the 

Go-NoGo and Stroop tasks recruit different neurocognitive processes. The recruitment of 

different neurocognitive processes may be especially relevant if the time period in which 

response conflict that underlies the ERN is elicited differed from trial-to-trial, and between 

the different EAT conditions, namely the Repeat and Incongruent NoGo conditions. Indeed, 

Wager et al. (2005) pointed out that in the Go-NoGo task, response inhibition may simply 

occur only at the response-selection or execution stages, whereas in the Stroop task, inhibitory 
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processes may occur at the perceptual, semantic, or response-selection stages, hence triggering 

different cognitive strategies to resolve them. The fact that it is possible that response conflict 

occurred at varying stages throughout the task might have contributed to the latency issues 

and the unexpected pattern exhibited in the grand average waveform. One way to address this 

issue would be to separately analyse both NoGo conditions to check for latency variability.  

Furthermore, the ERN as elicited by the EAT may not have been sufficiently stable. In 

fact, in a study conducted by Meyer et al. (2013), Go-NoGo and Stroop tasks were shown not 

to have as robust reliability as other speeded reaction-time tasks that are used to elicit the 

ERN, such as the flanker task. Specifically, the authors found that after six to eight errors on 

the Go-NoGo task, a single subject’s ERN amplitude highly correlated with the grand average. 

Furthermore, the Go-NoGo task exhibited moderate reliability after 12 errors (Cronbach’s 

alpha = .70), suggesting a good overall reliability. However, the magnitude of the ERN kept 

increasing with the increasing number of errors, rendering participants who committed more 

errors to exhibit larger ERN amplitudes. This, in turn, suggests that the magnitude of the ERN 

is highly dependent on the number of errors included in the ERP average, bringing in the 

confound of performance-based differences between participants. Regarding the Stroop task, 

Meyer et al. (2013) found that even after 20 error trials, the Stroop task failed to reach even 

moderate reliability (Cronbach’s alpha = .50 at best), suggesting that there is high trial-to-trial 

variability in the ERN in this task. In contrast, for comparison purposes, the flanker task 

reached high reliability (Cronbach’s alpha between .70 and .90) with only seven error trials, 

and the ERN’s magnitude did not increase with the increasing number of trials (Meyer et al., 

2013). Based on these finding, it is possible that the inconsistent ERN elicited by the Go-NoGo 

and Stroop tasks might have contributed to the results in the present study, especially since 

the EAT engages different neurocognitive processes as, as previously mentioned, the Go-NoGo 

and Stroop tasks vary in terms of the amount and type of cognitive conflict they induce (Wager 

et al., 2005). In basic terms, for example, whereas Go-NoGo tasks require total response 

inhibition on NoGo trials, the Stroop tasks requires a response on every trial, and demand that 

participants inhibit visual distractor elements only some of the time. 

In addition to the difference in cognitive demands discussed by Nee et al. (2007), it is 

possible that the representation of the correct response is more active in working memory for 

flanker task than for Go-NoGo task, thereby inducing a greater level of conflict when an error 

is committed (Coles et al., 2001), hence rendering the ERN elicited on the Go-NoGo task less 

stable. In relation to this, it is also possible that it takes longer to learn to correctly inhibit 
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responses on NoGo trials in Go-NoGo tasks in comparison to flanker tasks, simply because, 

as dictated by the task’s structure, there are fewer opportunities to ‘practice’ error commission 

in the former but not the latter task. Specifically, in a typical flanker task, half of the trials are 

incongruent in which errors are most likely. However, in the EAT in the present study, only 

one in 10 trials require response inhibition. According to Holroyd and Coles (2002), the ERN 

increases in magnitude over the course of learning as errors become less and less expected to 

occur, and hence the lack of sufficient practice opportunity in Go-NoGo tasks may explain 

why the ERN’s amplitude increases with the increasing number of errors in the average 

(Meyer et al., 2013). 

It could be argued, then, that more practice blocks are needed in order to enhance the 

Go-NoGo tasks reliability. However, increasing the number of practice blocks may come at a 

cost. In the present study, a total of seven blocks were administered (one of which was a 

practice block), lasting between 40-45 minutes. Even though previous fMRI and ERP studies 

have administered the EAT over 8 to 14 blocks in order to elicit a minimum of 20 artifact-free 

unaware errors (Hester et al., 2005, 2009, 2012; O’Connell et al., 2007; Shalgi et al., 2009), 40-

45 minutes is a very long time to maintain an adequate concentration level as well as 

motivation to avoid errors on a repetitive computerised task. In a 40 minute experimental 

session, many variables might influence working memory and response behaviour, and 

participants might switch between moments where attention is generally enhanced, to 

moments where attention is divided to keep the two NoGo conditions active in memory, to 

periods of automatic responding. For example, it is possible that, due to lapses of attention 

elicited by the duration of the task, participants might have forgotten to press the awareness 

button when they committed errors that they were consciously aware of. This could have 

potentially contaminated the unaware error waveform not only with residual awareness or 

moderate to high certainty of response, as previously mentioned, but with explicit conscious 

awareness that was simply not signalled.  

Another possible effect of task duration weakening the strength of the ERN may be 

due to effects of fatigue (Boksem, Meijman, Monicque, & Lorist, 2006; Kato, Endo, & Kizuka, 

2009; Xiao et al., 2015). For example, Xiao et al. (2015) presented participants with a one-hour 

fatigue-inducing task prior to a four-choice reaction time task, the latter through which the 

ERN was elicited. In comparison to the control group, which responded solely to the four-

choice reaction time task, the ERN amplitude in the fatigue group was significantly smaller, 

leading to the conclusion that sustained attention was associated with error processing and 
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that decreased attention due to fatigue is likely the cause of error processing impairment as 

evident in decreased ERN amplitude. Similarly, Boksem et al. (2006) observed decreases in 

ERN amplitude with time on task, using a 2-hour flanker compatibility task. They 

demonstrated that mental fatigue results in impaired action monitoring in the ACC as well as 

a decrease in the amplitude of the contingent negative variation (CNV), which reflects reduced 

response preparation with increasing fatigue. The effects of fatigue on the ERN amplitude 

were also predictive of less engagement in post-error strategic behavioural adjustment, namely 

error correction and post-error slowing. However, if fatigue had indeed played a role in the 

present results, then it should be expected that unaware errors would have smaller ERN 

amplitude than aware errors, which is not the case.   

5.1.1.3. Contamination from overlapping components: The CNV 

The third possible explanation for the larger ERN amplitude for unaware in 

comparison to aware errors may be due to contamination from other ERP components that 

occurred in preparation for the motor response. One such component may be the CNV. The 

CNV is a frontocentral slow negative deflection that usually depends on the association 

between two stimuli (Walter, Cooper, Aldridge, McCallum, & Winter, 1964). Specifically, the 

CNV occurs in the interval between a warning (eliciting) stimulus and a target (imperative) 

stimulus, the latter typically requiring a motor response (see Figure 6). If the interval between 

the two contingent stimuli is prolonged, the CNV may appear as a negative deflection 

following the eliciting stimulus that returns to baseline and begins again in the period 

preceding the imperative stimulus (Loveless & Sanford, 1975). The first negative deflection is 

thought to exhibit processing of the eliciting stimulus, and the second negative deflection is 

thought to represent readiness to respond to the target stimulus. Walter et al. (1964) 

associated the CNV with cognitive processes such as expectancy, anticipation, and response 

preparation. Other researchers suggest that the CNV is tied to attention, motivation, and 

arousal functions (e.g., Tecce, 1972). Among other brain regions, the CNV has been localised 

to the SMA, primary motor cortex, and the anterior cingulate (Nagai et al., 2004). 
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Figure 6. The CNV elicited in the interval between S1 (warning stimulus) and S2 (target 
stimulus), the latter which required a motor response. Adapted from Hillyard (1969).  

In relation to the findings in the present study, the CNV is relevant for two reasons. 

First, the present study utilised a Go-NoGo task in which the stimulus duration and the inter-

stimulus interval were fixed (600 ms and 900 ms, respectively), and it is possible that some 

psychological association, as well as related anticipation or expectancy, have been formed 

between the consecutively-presented stimuli. Indeed, the CNV is thought to be a potential 

confound in ERP experiments in general (Luck, 2014), especially if the degree of anticipation 

differs across conditions or trials as might have been the case in the present study. In fact, 

cognitive-processing ERP waveforms, such as the N2 and P3, have been found to be influenced 

by the CNV in Go-NoGo tasks (e.g., Kok, 1986; Simson, Vaughan, & Ritter, 1977). One way in 

which the CNV and its related activity could be corrected for is by performing principal 

component analysis as demonstrated by Oddy, Barry, Johnstone, and Clarke (2005). However, 

this was not done in the present study because it is unknown whether or how CNV influences 

the ERN in the first place.  

The second reason that points to the potential contamination of the ERN waveform by 

CNV activity has to do with the observation that it is associated with timing of motor 

responses, decision of when to take an action, and preparation for motor action (Kononowicz 

& Penney, 2016). This has been shown to be the case when motor timing paradigms are used 

to elicit the CNV. As opposed to perceptual timing, where participants psychologically judge 

the interval between the warning stimulus and the target stimulus, in motor timing paradigms, 

participants perform motor responses to demarcate the target interval (Kononowicz & 

Penney, 2016). In other words, participants press a button in order to indicate that a stimulus 

has been presented for a given, pre-defined duration. 
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An interesting study by Macar, Vidal, and Casini (1999) is useful to show how motor 

timing-induced CNV could potentially have contaminated the ERN signal in the present 

study. In their study, participants learned to produce an interval of 2500 ms by pressing a 

button twice while the CNV activity was being measured at FCz, which typically measures 

SMA activity. Participants eventually produced intervals of 2200 ms up to 2800 ms, and the 

trials were then categorised into three categories, namely short (2200 ms – 2400 ms), correct 

(2400 ms – 2600 ms), and long (2600 ms – 2800 ms) productions. The authors found that the 

CNV was largest in the long category, smallest in the short category, and moderate in the 

correct category. This is particularly interesting as, in addition to fixed stimulus duration and 

inter-stimulus interval, unaware errors have exhibited the longest reaction times across blocks 

in comparison to aware errors in the present study and in previous research. Hence, it makes 

conceptual sense that, if the CNV activity indeed was contaminating the ERN, it might be 

doing so differently for the two error types. 

To speculate on how that might have been the case is, however, beyond the scope of 

the present paper, as other studies (e.g., Hillyard, 1969) have suggested that CNV may relate 

differently to the execution of a motor response. Specifically, Hillyard (1969) found that the 

faster the motor response was executed following the target stimulus, the larger the CNV 

amplitude was. This line of thinking would entail that the CNV might have influenced the 

ERN amplitude of aware errors and correct go responses differently than unaware errors, since 

they generally are associated with faster reaction times. However, it is not entirely clear which 

one of the above speculations holds better as the main issue is not knowing how the CNV 

might have been elicited throughout the EAT. Is it (a) due to the psychological association 

that developed from the fixed inter-stimulus interval and stimulus duration? (b) due to the 

psychological association that developed from the intervals between reaction times across 

responses? Or (c) due to differences in reaction times across responses, with aware errors and 

correct go responses being, on average, faster than the reaction times for unaware errors? At 

any rate, future research on the ERN in general, and error awareness in particular, should 

investigate whether the ERN is sensitive to CNV activity and how to correct for it. This is 

especially important given not only how small and sensitive the ERN amplitude is in error 

awareness paradigms (Ullsperger et al., 2010), but also given that the magnitude of the CNV 

averages -20.9 µV when participants are prompted to make a motor response and exhibits a 

negative peak between 10 and 40 µV, based solely on the warning-target pairs where motor 

responses are not required (Hillyard, 1969).  
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Whether any of the above-mentioned possibilities qualify as an adequate alternative 

explanation of the unexpected grand average waveform is, of course, an empirical question. 

However, it can be proposed that the pattern exhibited in the grand average, with unaware 

errors showing the most negative ERN in comparison to both aware errors and correct 

responses, is highly likely due to latency issues. While it cannot be claimed with certainty 

what caused the large variation in the onset and offset of the ERN between subjects, it is 

possible that either the neurocognitive processes that underlie performance on the EAT or the 

contamination from the CNV, or both, have contributed to latency variability, and hence the 

unexpected grand-average waveform.  

5.2. The early and late Pe 

The lack of significant differences in mean early Pe amplitudes across response 

conditions supports previous findings (Endrass et al., 2007; O’Connell et al., 2007). The early 

Pe is said to occur too early for the emergence of conscious awareness and, like the ERN, is 

generally thought to reflect internal error monitoring mechanisms that operate in response to 

pre-established task requirement and motor demands. In fact, the early Pe and the ERN tend 

to be highly associated (Wessel, 2012). The mean amplitudes of the ERN in the present study 

indeed showed similar modulation by awareness to that of the early Pe. If the statistical 

analysis were to be taken into account, the results would support the argument that both the 

ERN and the early Pe reflect preconscious neurocognitive processes, mainly dealing with 

response conflict.  

In line with expectations, the late Pe was only evident on aware errors and was severely 

diminished on unaware errors and correct responses. This finding supports a range of previous 

studies that have demonstrated the effects of awareness on the late Pe (e.g., Nieuwenhuis et 

al., 2001; O’Connell et al., 2007; Shalgi et al., 2009). These researchers argue that given that  

neither the ERN nor early Pe are modulated by awareness, then the late Pe is indicative of the 

time period in which conscious recognition of errors emerges. The late Pe is viewed as a 

delayed P3 time-locked to a response as opposed to a stimulus (Ridderinkhof et al., 2009). Just 

as the P3 is thought to reflect the motivational significance of rare target stimuli, in the sense 

that it follows the presentation of a rare stimulus, the late Pe is taken to reflect the salience of 

errors or error-inducing stimuli, in the sense that the individual is motivated to initiate or 

change a course of action in order to sustain optimal performance.   
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6. Conclusion 

Researchers have only just begun investigating the relationship between conscious 

error awareness in relation to error processing by looking at error-related ERP components. 

While some conclusions can be confidently drawn from error awareness literature, no 

consistent pattern in the findings pertaining to the role of the ERN in relation to error 

awareness is apparent, rendering strong conclusions from this line of research premature and 

potentially questionable. The present study attempted to contribute to the debate by 

addressing the problem of the high probability of type II error as (a) the sample sizes in studies 

investigating the effects of error awareness on the ERN are very small, and (b) the magnitude 

of the ERN elicited using error awareness paradigms tends to be very small. However, the 

study failed to reach its primary aim and no conclusions in relation to the ERN amplitude’s 

sensitivity to conscious error awareness were drawn. This is because, surprisingly, the grand 

average ERP waveform showed that unaware errors elicited the largest negative deflection in 

the ERN latency range, which is not only contradictory to previous research, but also 

counterintuitive. 

Looking at each participants averaged ERP, it was concluded that one reason for the 

unexpected pattern exhibited in the ERP grand average waveform is the large variance of the 

ERN latency and duration across participants, and potentially, across conditions. A second 

reason that might explain the unexpected results may relate to task-specific variability in the 

timing of underlying conflict-related neurocognitive processes and subsequent cognitive 

control strategies, as well as the possibility that the ERN induced using the EAT may not be 

as robust as to accurately exhibit subtle differences pertaining to the effects of error 

awareness. A third possibility may relate to potential contamination from ERP components 

that occur in preparation of a motor response, such as the CNV. The CNV was found to differ 

in relation to reaction times, and given the tendency for unaware errors to be associated with 

slower reaction times than both aware errors and correct responses, the CNV might have 

introduced a systematic effect across response conditions that results in the unexpected ERN 

grand average waveform. Furthermore, given that the CNV is elicited at FCz, it is likely to 

have had an impact primarily on the ERN but not the Pe, as the latter is exhibited at centro-

parietal scalp sites.  While it is conceivable that any one of the above reasons suffices to explain 

the present results, the most likely explanation is that both task-specific characteristics and 
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contamination from the CNV resulted in large latency variations, and hence a strange ERN 

grand average.  

In relation to the other ERP components that were examined in this study, namely the 

early and late Pe, the expected pattern of results emerged, suggesting that the late Pe is the 

only error-related ERP component that consistently indexes the time period in which 

conscious recognition of errors emerges. Neither the early nor late Pe components suffered 

from latency variability, suggesting that the ERN is more susceptible to other variables and 

confounds, and more importantly, that the present unexpected findings deserve attention and 

should not be dismissed. Future research could advance the observations presented in this 

paper by (a) gaining a better understanding of how certain neurocognitive processes, such as 

interference and inhibition, as elicited by various tasks, may influence the ERN’s magnitude 

and latency with and without accounting for error awareness, (b) perform a comparison 

across error awareness paradigms and observe whether any reliable differences in magnitude 

and latency exist, (c) devise more effective error awareness paradigms that produce sufficient 

numbers of aware and unaware errors in a short experimental session in order to eliminate 

potential confounds such as fatigue and reduced motivation, and (d) directly investigate 

whether the CNV is induced in error awareness paradigms, whether and how it influences the 

ERN and other error-related ERP components, and how to correct for it.   
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Appendix 

Table 1 

List of speeded reaction-time tasks. 

Task Brief description 

Flanker task Subjects attend to a centrally fixated stimulus while ignoring 

flanking stimuli. 

Go-NoGo task Subjects are required to respond to one stimulus (e.g., the 

letter “Y”) but to withhold a response to another stimulus 

(“X”). Responses are labelled go trials, whereas trials on 

which a response is to be withheld are called no-go trials. 

Simon task A relevant stimulus is presented at various spatial locations. 

The stimulus (say, a coloured circle) might appear either to 

the right or to the left of fixation. The circle is mapped onto 

a left or a right response (e.g., red–left, blue–right), and 

subjects must respond to the stimulus while ignoring the 

potentially distracting spatial placement of the stimulus. 

Stop-signal task Subjects are required to cease executing a readied response. 

In a typical stop signal task, a subject is required to respond 

to a stimulus but to withhold the response if a tone is heard. 

Stroop task Subjects must identify the hue in which a word is printed 

while ignoring the referent of the word. 

 

 


