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A B S T R A C T   

The optimization of human performance requires the continuous monitoring of behavioral con�icts. According to 
con�ict monitoring theory, the dorsal anterior cingulate cortex registers response con�ict which is re�ected by 
two electrophysiological signatures, the N2 and the Ne/ERN. The theory assumes that, if a stimulus activates an 
incorrect response that competes with the correct response, pre-response con�ict on correct trials (re�ected by 
the N2) is enhanced but post-response con�ict on error trials (re�ected by the Ne/ERN) is reduced. Here, we 
asked whether response con�ict depends on the number of competing incorrect responses activated by a stim
ulus, that is, whether the N2 is further enhanced and the Ne/ERN is further reduced if two incorrect responses are 
activated as compared to one. To this end, we used a modi4ed �anker paradigm, in which the two �ankers were 
associated either with the same incorrect response or with different incorrect responses. Our results indicate an 
increased N2 on correct trials and a reduced Ne/ERN on error trials in the latter as compared to the former 
condition. These results con4rm central predictions of con�ict monitoring theory and demonstrate that response 
con�ict is directly related to the number of competing incorrect responses.   

1. Introduction 

Detecting con�icts in ongoing behavior is crucial for the optimiza
tion of human performance. It is frequently assumed that response 
con�ict indicates the necessity to adjust cognitive control, and that 
con�ict can occur at different stages of task processing, both before and 
after overt behavior (Botvinick et al., 2001; Yeung et al., 2004). To 
identify correlates of response con�ict in neural activity, studies typi
cally used con�ict paradigms, such as the Eriksen �anker task (Eriksen & 
Eriksen, 1974), the Stroop task (Stroop, 1935) or the Simon task (Simon 
& Small, 1969). In these paradigms, a target or target feature has to be 
classi4ed while a distractor or distractor feature is present that is also 
associated with a response. Correlates of response con�ict can be 
measured by contrasting conditions in which the distractor activates 
either a competing incorrect response or the same correct response as 
the target. While this standard scenario de4nes response con�ict as a 
competition between two responses, it is still unclear whether con�ict 
can be further enhanced if a stimulus activates more than one incorrect 
response, and thus, whether response con�ict varies with the number of 
activated competing responses. In the present study, we address this 

question by considering con�ict measures in event-related potentials 
(ERPs) that have previously been identi4ed as correlates of con�ict 
processing. 

Con�ict monitoring theory is an in�uential framework that explains 
how con�ict is registered in the brain and how this affects ongoing 
attention and behavior (Botvinick et al., 2001; Yeung et al., 2004). Ac
cording to this theory, con�ict arises when multiple competing re
sponses are activated simultaneously. It assumes that the dorsal anterior 
cingulate cortex (dACC) detects this response con�ict and generates a 
control signal which then allows for the adjustment of cognitive control 
in other brain areas. A frequently used con�ict task to study response 
con�ict is the Eriksen �anker task (Eriksen & Eriksen, 1974). The stimuli 
in this task consist of a central target (e.g., the letters H or S) that has to 
be classi4ed by manual key presses and that is surrounded by irrelevant 
�ankers. Target and �ankers can activate the same response (congruent 
stimuli; e. g., HHHHH) or different responses (incongruent stimuli; e. g., 
HHSHH). Incongruent stimuli lead to response con�ict, which leads to 
higher error rates and response times (RTs; e.g., Jost et al., 2022; Coles 
et al., 1985; Danielmeier et al., 2009; Gratton et al., 1988). 

An ERP correlate of response con�ict in the �anker task is the N2. 
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The N2 is a negative de�ection emerging between 200 and 300 ms after 
stimulus onset at frontocentral electrodes (Jost et al., 2022; Yeung et al., 
2004; Yeung & Cohen, 2006; Heil et al., 2000; Kopp et al., 1996; Liotti 
et al., 2000). According to con�ict monitoring theory, the N2 is a 
signature of a pre-response con(ict (Yeung et al., 2004; Yeung and Cohen, 
2006), i.e., a con�ict that occurs because a competing incorrect response 
tendency is activated simultaneously with the correct response tendency 
prior to the response (Yeung and Cohen, 2006). Another ERP component 
related to response con�ict is the error negativity (Ne; Falkenstein et al., 
1990) or error-related negativity (ERN; Gehring et al., 1993). The 
Ne/ERN is a negative de�ection that occurs within 100 ms after errors 
relative to correct responses. Similar to the N2, it emerges at fronto
central electrodes (Carter et al., 1998; Dehaene et al., 1994; Ullsperger & 
Von Cramon, 2001). While the N2 is assumed to re�ect a pre-response 
con�ict on correct trials, the Ne/ERN is viewed to be a signature of 
post-response con(ict on error trials (Yeung et al., 2004; Yeung & Cohen, 
2006). After errors, continued stimulus processing eventually leads to 
the activation of the correct response, even if no overt correction occurs 
(Beatty et al., 2021). As a consequence, a response con�ict emerges 
between this corrective response tendency and other activated responses 
including the still active erroneous response (Yeung et al., 2004). 

According to con�ict monitoring theory, the N2 and the Ne/ERN are 
both considered to re�ect the same phenomenon - response con�ict, 
which receives support from studies showing that the neural generators 
of both ERP components lie in the dACC (Van Veen & Carter, 2002; 
Yeung et al., 2004). However, the two components re�ect different 
stages of task processing and are affected by task characteristics in 
different ways (Yeung & Cohen, 2006). Whatever activates incorrect 
responses that compete with the correct response leads to higher levels 
of pre-response con�ict on correct trials and therefore leads to a higher 
N2 (Yeung & Cohen, 2006). This explains why the N2 is typically higher 
on incongruent than congruent, correct trials (Danielmeier et al., 2009; 
Folstein & Van Petten, 2008; Forster & Pavone, 2008; Heil et al., 2000; 
Jost et al., 2022; Kopp et al., 1996; Liotti et al., 2000; Yeung et al., 2004), 
and this N2 con�ict effect increases the more the processing of incon
gruent �ankers is facilitated (e.g., Danielmeier et al., 2009). In contrast, 
whatever facilitates the activation of the correct response (and thus the 
corrective tendency after errors) increases the post-response con�ict and 
leads to a higher Ne/ERN (Yeung & Cohen, 2006). This explains why the 
Ne/ERN is typically higher on congruent (or neutral) trials than on 
incongruent trials (e.g., Forster & Pavone, 2008; Maier et al., 2011; 
Scheffers & Coles, 2000; for simulated data, see Yeung et al., 2004).* 
This opposing pattern in the N2 and Ne/ERN – variables that increase 
the N2 typically lead to a reduced Ne/ERN and vice versa – is a hallmark 
of con�ict monitoring theory and has been found across several studies 
(Danielmeier et al., 2009; Pailing & Segalowitz, 2004a; Yeung et al., 
2004). 

All the above-mentioned studies have in common that response 
con�ict was manipulated across conditions in which the �anker acti
vated either one competing incorrect response (incongruent trials) or no 
competing incorrect response (congruent or neutral trials). The question 
arises whether even higher levels of response con�ict emerge if multiple 
competing incorrect responses are activated. The prediction that the 
level of response con�ict increases with the number of activated 
response can be directly derived from computational models of con�ict 
monitoring theory (Botvinick et al., 2001; Yeung et al., 2004). In these 
connectionist models, con�ict is de4ned as the so-called Hop4eld energy 

(Hop4eld, 1982) over the set of response units, 
E = −

∑

i

∑

j

aiajwij,

where i and j are indexed over all response units, a represents the acti
vation of a speci4c unit, and w indicates the (negative) weight con
necting two units. With two responses, this formula simpli4es to the 
product of the two response activations (multiplied with a constant 
value). With more than two responses, however, con�ict can be char
acterized as the sum of the products of each possible pair of response 
activations. This implies that each additional response with a non-zero 
response activation adds additional components to the overall con�ict, 
thus increasing the potentially observable con�ict in a task.2 Whether a 
higher level of response con�ict is actually obtained depends on how 
strongly the responses are activated and on the dynamics of mutual 
inhibition. However, con�ict monitoring theory predicts that increasing 
the number of competing responses leads to a potentially higher response 
con�ict. While this constitutes a core feature of con�ict in this theory, it 
has never been empirically tested in a con�ict paradigm like the �anker 
task. 

First evidence for a relation between the number of activated 
competing responses and response con�ict comes from a study by Maier 
et al. (2010). In their study, an Eriksen �anker task with eight possible 
letters was used. In three groups of participants, these eight letters were 
mapped to either two responses (4:1 mapping), four responses (2:1 
mapping), or eight responses (1:1 mapping). This manipulation led to a 
decreasing Ne/ERN with increasing response-set size. Although each 
single incongruent stimulus could still activate only one incorrect 
response, an increasing number of pre-activated responses might have 
led to a decreasing post-response con�ict because more responses 
competed with the corrective tendency after an error. This is in line with 
con�ict monitoring theory and points to the possibility that response 
con�ict indeed varies with the number of competing incorrect 
responses. 

While Maier et al. (2010) reported only Ne/ERN data, the N2 was in 
the focus of another study by Forster et al. (2011). These authors used a 
standard two-choice version of the Eriksen �anker task but manipulated 
con�ict by varying the degree of incongruency parametrically, i.e., 
stepwise from completely congruent to completely incongruent. Stimuli 
consisted of a target and three �ankers on each side, and incongruency 
was manipulated by varying the ratio of incongruent and congruent 
�ankers within a single stimulus (e.g., on each side, a stimulus could 
contain two incongruent and one congruent �ankers, HHSSSHH, or one 
incongruent and two congruent �ankers, HSSSSSH). Forster et al. (2011) 
found that the N2 con�ict effect increased with increasing incon
gruency, which again is in line with con�ict monitoring theory. The 
higher the degree of incongruency, the higher the pre-response con�ict 
and thus the N2 con�ict effect. Although the experiment of Forster et al. 
(2011) involved only two responses, it demonstrates that response 
con�ict is not an all-or-nothing phenomenon but gradually re�ects to 
which extent competing responses are activated by the stimulus. Taken 
together, both Maier et al. (2010) and Forster et al. (2011) suggest that 
pre-response con�ict as indexed by the N2 and post-response con�ict as 
indexed by the Ne/ERN might depend on how many and how strongly 
competing responses are activated. However, Maier et al. (2010) 
considered only the Ne/ERN and manipulated the number of relevant 
responses instead of responses activated by the stimulus. In contrast, 
Forster et al. (2011) considered only the N2 and investigated conditions 
in which the same two responses were activated by the �ankers to 
different degrees. Thus, it remains unclear whether response con�ict can 1 Congruent error trials are less frequent than incongruent error trials. A 

recent study has shown that peak-to-peak measures but not mean amplitude 
measures are biased towards larger Ne/ERNs with fewer error trials (Fischer 
et al., 2017). Accordingly, imbalanced trial numbers can account for Ne/ERN 
differences between congruent and incongruent trials when peak-to-peak 
measures are used (Scheffers & Coles, 2000) but not when mean amplitudes 
are used to quantify the Ne/ERN (Forster & Pavone, 2008; Maier et al., 2011). 

2 With two response units with activations a1 and a2, con�ict is proportional 
to a1a2w12; with three response units with activations a1, a2, and a3, con�ict is 
proportional to a1a2w12 +a2a3w23 +a1a3w13; and so forth. 
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be further enhanced if the stimulus activates more than one competing 
incorrect response. 

The present study aims to 4ll this gap by explicitly addressing the 
question whether activating further competing incorrect responses 
additionally increase pre-response con�ict on correct trials and decrease 
post-response con�ict on error trials as re�ected by the N2 and Ne/ERN, 
respectively. If such a result were observed, this would con4rm another 
central prediction of con�ict monitoring theory and would validate its 
formal de4nition of con�ict as Hop4eld energy. To achieve this, we used 
a four-choice color �anker task, in which only incongruent trials could 
occur. Participants had to classify the color of a central square while 
ignoring two adjacent �anker squares. The number of activated 
competing responses was manipulated by introducing conditions in 
which both �ankers were shown in the same incongruent color and thus 
activated the same incorrect response (e.g., red green red; same-(ankers 
condition) or in which each �anker was shown in a different incongruent 
color and thus activated different incorrect responses (e.g., red green 
blue; different-(ankers condition). Based on the assumptions of con�ict 
monitoring theory, we expected the different-�ankers condition to 
generate higher pre-response con�ict on correct trials, and thus a higher 
N2, than the same-�ankers condition. This results because the stimuli in 
the different-�ankers condition activate more responses that compete 
with the correct response than the same-�anker condition. For the Ne/ 
ERN, we expected the opposite pattern. We expected the different- 
�ankers condition to produce lower post-response con�ict on error tri
als, and thus a less pronounced Ne/ERN, than the same-�ankers con
dition, because the corrective response tendency after errors should be 
more strongly impaired if the stimulus activates two competing incor
rect responses as compared to one competing incorrect response. 
Finally, we expected slower RTs and higher error rates for the different- 
�ankers condition, because higher degrees of pre-response con�ict 
typically increase RTs and error rates. 

2. Method 

2.1. Participants 

Twenty-seven participants (20 females and four left-handed) 
recruited at the Catholic University of Eichstätt-Ingolstadt participated 
in the study. This lies in the range of sample sizes used in previous 
studies that employed this task (Maier & Steinhauser, 2016; Maier et al., 
2019). The participants had an age between 18 and 36 years (M = 22.5; 
SD = 3.9), had normal or corrected-to-normal vision, and either received 
course credits or 11 € per hour for their participation. The study was 
approved by the ethics committee of the university, and informed con
sent was obtained from all participants. 

2.2. Task and stimuli 

Stimulus presentation and response registration was controlled by 
Presentation software (Neurobehavioral Systems, Albany, CA). A 21- 
inch color monitor was used for stimulus presentation. The task was a 
four-choice color version of the Eriksen �anker paradigm (e.g., Maier 
et al., 2019). Participants had to respond to the color of a target while 
they had to ignore adjacent �anker stimuli. The stimuli consisted of 
three horizontally arranged squares, a centrally presented target square 
and a left and right �anker square. Each square was displayed in one of 
four colors (red, green, blue, yellow) and had a side length of 0.74◦ at a 
viewing distance of about 70 cm. As shown in Fig. 1, the target color 
always differed from the color of the two �ankers. The two �ankers had 
either the same color (same-�ankers condition; e.g., blue yellow blue) or 
different colors (different-�ankers condition; e.g., blue yellow red). All 
possible color combinations were realized for each condition, resulting 
in 12 possible stimuli in the same-�ankers condition and 24 possible 
combinations in the different-�ankers condition. Each of the four colors 
was assigned to one of four keys (‘W′, ‘S′, ‘L′, ‘P′) of a standard computer 

keyboard, which had to be pressed with the left middle 4nger, the left 
index 4nger, the right middle 4nger, or the right index 4nger, respec
tively. The mappings between color and response were fully counter
balanced across participants for the 4rst 24 participants. In three 
additional participants, a randomly drawn color-response mapping was 
used. 

At the beginning of each trial, a black screen with a central 4xation 
cross was shown for 500 ms. The duration of the subsequent stimulus 
array was 150 ms. After a response key was pressed, an interval with a 
randomized duration between 1500 ms and 2500 ms was presented, and 
this interval was restarted whenever an additional response (e.g., a 
spontaneous error correction) was given before the interval was over. 
The 4xation cross remained on the screen at all times and was turned off 
only during presentation of the stimulus. 

Each block consisted of 72 randomized trials with 36 trials belonging 
to each condition. Whereas each of the same-�ankers stimuli were 
presented three times within each block, different-�ankers stimuli were 
selected according to the following procedure: The 24 stimuli in this 
condition were randomly divided into two subsamples, such that the two 
mirrored variants of each color combination were assigned to different 
subsamples (i.e., red-yellow-blue in one subsample, blue-yellow-red in 
the other subsample). The 4rst subsample was assigned to odd block 
numbers, the second subsample was assigned to even block numbers. As 
for the same-�ankers stimuli, the respective subsample for the different- 
�ankers stimuli were presented three times in each block. This ensures 
that within each block, target colors, �anker colors as well as their 
combination occur equally frequent within each block. Three randomly 
drawn practice trials preceded the 72 trials of each block, but were later 
excluded from data analysis. 

The experiment consisted of two sessions distributed across two 
days. On the 4rst day, the participants practiced eight blocks of the 
�anker task. On the second day, they 4rst performed one randomly 
drawn practice block before 12 test blocks (duration about 1–1.5 h) 
were administered resulting in 864 trials for data analysis. Participants 
were able to take breaks between blocks if they desired. To obtain an 
appropriate number of error trials for the analysis, an oral speed in
struction between blocks was given depending on the number of errors 
in each block. Participants were instructed to respond faster if the error 
rate in the preceding block was below 15 % and were instructed to 
respond slower if the error rate was above 20 % Fig. 1. 

2.3. Psychophysiological recording 

The electroencephalogram (EEG) was recorded only for the test 
blocks using a BIOSEMI Active-Two system (BioSemi, Amsterdam, The 
Netherlands) with 64 Ag-AgCl electrodes from channels Fp1, AF7, AF3, 
F1, F3, F5, F7, F17, FC5, FC3, FC1, C1, C3, C5, T7, TP7, CP5, CP3, CP1, 
P1, P3, P5, P7, P9, PO7, PO3, O1, Iz, Oz, POz, Pz, CPz, Fpz, Fp2, AF8, 
AF4, AFz, Fz, F2, F4, F6, F8, FT8, FC6, FC4, FC2, FCz, Cz, C2, C4, C6, T8, 

Fig. 1. Typical trial sequences, where participants had to respond to the color 
of centrally presented target squares and to ignore adjacent �anker squares. 
Left: Same-�ankers condition. Right: Different-�ankers condition. 
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TP8, CP6, CP4, CP2, P2, P4, P6, P8, P10, PO8, PO4, O2. Furthermore, 
the left and right mastoids were additional channels. As reference and 
ground electrodes, the CMS (Common Mode Sense) and DRL were used. 
The vertical and horizontal electrooculogram (EOG) was recorded with 
electrodes above and below the right eye as well as on the outer canthi of 
both eyes. The sampling rate of EEG and EOG data was 512 Hz, and EEG 
data were referenced to the average of both mastoids and band-pass 
4ltered between 0.1 and 40 Hz. 

2.4. Data analysis 

2.4.1. Behavioral data 
Trials with RTs deviating more than three standard deviations from 

the mean of each condition were excluded from RT analyses (1.1 %). RTs 
were analyzed using a repeated-measurement ANOVA with the vari
ables �anker condition (same-�ankers vs. different-�ankers) and cor
rectness (error vs. correct). Error rates were arcsine-transformed prior to 
statistical analysis (Winer et al., 1971), and were compared between 
�anker conditions using a paired t-test. 

2.4.2. ERP data 
ERP data were analyzed with custom routines based on EEGLAB 

v14.1.1 (Delorme & Makeig, 2004) and implemented in MATLAB 
R2017b (The Mathworks, Natic, MA, USA). Response-locked ERP data 
were derived by extracting epochs from 400 ms before and 1000 ms 
after the response, and baseline-corrected using a baseline from 150 ms 
to 50 ms before the response (taking into account that the Ne/ERN 
typically starts before the response; e.g., Steinhauser & Yeung, 2010). 
Stimulus-locked ERP data were obtained by extracting epochs from 
200 ms before and 800 ms after the stimulus, and a baseline between 
100 ms and 0 ms relative to the stimulus was applied. Electrodes were 
interpolated using spherical spline interpolation if the joint probability 
criterion (threshold 5) or the kurtosis criterion (threshold 5) was met in 
EEGLAB’s channel rejection routine (pop_rejchan). To remove artifacts, 
response- as well as stimulus-locked epochs were excluded whenever a) 
activity exceeded a threshold of ± 200 µV, or b) whose joint probability 
deviated more than 5 SDs from the epoch mean in EEGLAB’s joint 
probability function (pop_jointprob). Artifact rejection was based on all 
channels except AF1, Fp1, Fpz, Fp2, and AF8 to ignore blink artifacts 
which were corrected at a later stage. In this way, an average of 19.4 % 
of trials (SE = 3.8%) of the response-locked data and an average of 
14.5% of trials (SE = 3.5%) of the stimulus-locked data were rejected. 
Next, any trial that contained a second response (e.g., because of 
spontaneous error corrections) were removed, because the preparation 
of further responses can distort the post-response ERP waveform. ERP 
data were then subjected to a temporal independent component analysis 
(ICA; Makeig et al., 1996) applying the infomax algorithm (Bell & Sej
nowski, 1995). Using CORRMAP v1.02 (Viola et al., 2009), independent 
components (ICs) representing blink artifacts were automatically iden
ti4ed and removed from the data by means of an inverse matrix multi
plication. Finally, averaged ERP data were calculated for error and 
correct trials in both conditions, separately for each participant. For the 
response-locked ERP data, an average of 736.5 trials (SE = 25.5) were 
entered into the ERP analysis for each participant (correct, 
same-�ankers: 293.1, SE = 13.1; error, same-�ankers: 57.0, SE = 4.0; 
correct, different-�ankers: 291.1, SE = 13.7; error-different-�ankers: 
55.3, SE = 3.3). For the stimulus-locked data, an average of 828.6 tri
als (SE = 3.4) were entered into the ERP analysis for each participant 
(correct, same-�ankers: 309.3, SE = 11.7; error, same-�ankers: 61.3, SE 
= 3.6; correct, different-�ankers: 308.3, SE = 12.2; error, 
different-�ankers: 59.6, SE = 3.1). 

The N2 for correct trials and error trials was quanti4ed as the mean 
amplitude in the time interval between 200 ms and 300 ms (e.g., Jost 
et al., 2022; Kopp et al., 1996) after stimulus onset at electrode FCz. 
Same-�ankers and different-�ankers conditions were compared using a 
paired t-test. To investigate whether the conditions also differ with 

respect to peak amplitude and peak latency, we additionally determined 
the N2 peak as the lowest amplitude in the interval between 250 and 
350 ms of each condition and analyzed the resulting amplitude and la
tency. This interval was based on the approximate time point of the peak 
identi4ed through visual inspection. The Ne/ERN was quanti4ed as the 
mean amplitude in the time interval between 0 ms and 100 ms after the 
response (e.g., Di Gregorio et al., 2018; Maier et al., 2008) at electrode 
FCz, and subjected to a two-way repeated measures ANOVA with the 
variables �anker condition (same-�ankers vs. different-�ankers) and 
correctness (error vs. correct). Paired t-tests were then applied to test the 
difference between errors and correct responses separately for each 
condition. 

3. Results 

3.1. Behavioral data 

Table 1 shows error rates and mean RTs in all conditions. In the error 
rates, there was no signi4cant difference between the same-�ankers 
condition and the different-�ankers condition, t(26) = 0.15, p = .885, 
d = 0.028. In mean RTs, the ANOVA revealed no signi4cant main ef
fects, neither for �anker condition, F(1, 26) = 0.021, p = .887, ηp2 

= 0.001, nor for correctness, F(1, 26) = 1.375, p = .252, ηp2 
= 0.05, and 

no signi4cant interaction, F(1, 26) = 0.005, p = .944, ηp2 
= 0.000. 

3.2. ERP data 

N2. Fig. 2AB shows the stimulus-locked waveforms and the differ
ence wave between the same-�ankers and different-�ankers conditions 
together with the corresponding topographies for correct trials 
(Figs. 2EF). The difference wave shows the expected larger negativity for 
the different-�ankers condition and the statistical analysis con4rms that 
the mean amplitudes are signi4cantly larger in the different-�ankers 
condition (M = −4.94 μV, SE = 0.17 μV) than in the same-�ankers 
condition (M = −4.17 μV, SE = 0.17 μV) between 200 and 300 ms, t 
(26) = 3.25, p = .003, d = 0.625. However, although the con�ict effect 
in this time interval is in accordance with the literature (Jost et al., 2022; 
Yeung et al., 2004; Yeung & Cohen, 2006; Heil et al., 2000; Kopp et al., 
1996; Liotti et al., 2000), Fig. 2A shows that the peak of the N2 occurs 
later at around 300 ms. When increasing the time window for the mean 
amplitude analysis to 200–350 ms, we still obtain a signi4cant differ
ence, t(26) = 2.276, p = .031, d = 0.438. However, to investigate 
whether the con�ict effect also occurs at the N2 peak, we additionally 
analyzed peak amplitudes and latencies. The peak amplitude revealed 
no signi4cant difference (same-�ankers: −9.49 μV, SE = 0.25 μV; 
different-�ankers: −9.9 μV, SE = 0.25 μV), t(26) = 1.18, p = .247, 
d = 0.227. The same holds for the peak latencies (same-�ankers: 
300 ms, SE = 2 ms; different-�ankers: 294 ms, SE = 2 ms), t(26) = 1.7, 
p = .101, d = 0.327. In sum, we obtained a N2 that was larger in the 
different-�ankers condition than in the same-�ankers condition when 
quanti4ed as mean amplitude in the typical time interval between 200 
and 300 ms, whereas the N2 peak amplitudes and latencies did not differ 
signi4cantly between both conditions. 

For completeness, we additionally investigated whether this effect is 

Table 1 
Behavioral results.   

Error rates in %  
Same-�ankers Different-�ankers  
11.5 ( ± 1.5) 11.5 ( ± 1.1)   

Response times in ms  
Same-�ankers Different-�ankers 

Correct 534 ( ± 11) 532 ( ± 11) 
Error 560 ( ± 33) 559 ( ± 23)  
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Fig. 2. A: Stimulus-locked waveforms for correct trials in the same-�ankers and different-�ankers conditions at electrode FCz. B: Difference wave for correct trials 
representing the different-�ankers condition minus the same-�ankers condition. CD: Stimulus-locked waveforms and difference wave for error trials. E: Topographies 
of each condition from the time window between 200 and 300 ms. F: Topographies of the difference waves. The time point zero indicates the stimulus onset. Gray 
areas indicate the time range in which mean amplitudes were analyzed. 
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also present on error trials. Although the stimulus-locked waveforms 
and the difference wave in Figure 2CD reveal a very similar pattern as 
for correct trials with a more negative mean amplitude for the different- 
�anker condition (−4.25 μV, SE = 0.24 μV) than for the same-�anker 
condition (−3.50 μV, SE = 0.24 μV), this difference failed to reach sig
ni4cance, t(26) = 1.824, p = .080, d = 0.351 (and the same holds for the 
larger time window between 200 and 350 ms, t(26) = 1.753, p = .090, 
d = 0.337). This failure to 4nd a similarly robust effect for error trials 
might be due to the smaller trial numbers for errors but could also re�ect 
that the dynamics of response activation differ between correct trials 
and errors. 

Ne/ERN. Fig. 3 shows the response-locked waveforms and the dif
ference waves between the correct and error trials (Fig. 3AB) together 
with their topography (Figs. 3CD) separately for the same-�ankers and 
different-�ankers conditions. The difference waves show a typical Ne/ 
ERN which is more negative in the same-�ankers condition than in the 
different-�ankers condition. The corresponding ANOVA revealed no 
main effect of �anker condition, F(1, 26) = 2.39, p = .134, ηp2 

= 0.084, 
but a signi4cant main effect of correctness, F(1, 26) = 84.6, p < .001, ηp2 

= 0.765, and a signi4cant interaction, F(1, 26) = 7.32, p = .012, ηp2 

= 0.22. The difference between correct and error trials was more 
negative for the same-�ankers condition (M = −7.26 μV, SE = 0.57 μV), 
t(26) = 8.98, p < .001, d = 1.728, than for the different-�ankers con
dition (M = −5.85 μV, SE = 0.5 μV), t(26) = 8.29, p < .001, d = 1.595. 
In sum, we observed the expected increased Ne/ERN for the same- 
�ankers condition. 

4. Discussion 

Previous research has shown that pre-response con�ict on correct 
trials is increased and post-response con�ict on error trials is decreased 
if a stimulus activates a competing incorrect response (in addition to the 
correct response) as compared to if only the correct response is activated 
(e.g., Yeung et al., 2004). Here, we aimed to investigate whether these 
effects become more pronounced if two competing incorrect responses 
are activated. Such a prediction can be derived from the formal de4ni
tion of con�ict as Hop4eld energy in con�ict monitoring theory, which 
implies that the potential strength of con�ict increases with the number 
of activated competing responses. Our approach was to compare a 
same-�ankers condition in which the two incongruent �ankers activated 
the same incorrect response with a different-�ankers condition in which 
the �ankers activated two different incorrect responses. The N2 and 
Ne/ERN were used as measures of pre-response con�ict on correct trials 
and post-response con�ict on error trials, respectively. 

As expected, the N2 on correct trials was signi4cantly enhanced in 
the different-�ankers condition relative to the same-�ankers condition, 
which can be explained in terms of con�ict monitoring theory (Botvinick 
et al., 2001; Yeung et al., 2004). Two different incongruent �ankers 
imply that two activated incorrect responses compete with the correct 
response. This leads to a higher pre-response con�ict as compared to the 
same-�ankers condition, in which only one incongruent response is 
activated. The difference between the different-�ankers and the 
same-�ankers condition (i.e., the con�ict effect) occurred prior to the N2 
peak, whereas neither the peak amplitude nor the peak latency of the N2 
differed between the two conditions. This is consistent with previous 

Fig. 3. A: Response-locked waveforms for correct and error trials in the same-�ankers and different-�ankers conditions at electrode FCz. B: Difference waves for both 
conditions representing errors minus correct trials. C: Topographies of each condition from the window between 200 and 300 ms. D: Topographies of the difference 
waves. The time point zero indicates the response. Gray areas indicate the time range in which mean amplitudes were analyzed. 
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studies in which effects due to con�ict manipulations extended before or 
after the N2 peak (Fong et al., 2018; Grützmann et al., 2014; Van Veen & 
Carter, 2002), and might indicate that the N2 and these con�ict effects 
re�ect distinct components of the stimulus-locked ERP. 

Also the Ne/ERN showed the expected pattern with a smaller Ne/ 
ERN in the different-�ankers condition as compared to the same- 
�ankers condition. According to con�ict monitoring theory, this in
dicates that the corrective tendency after errors is impaired if the correct 
response competes with two incorrect responses as compared to if it 
competes with one incorrect response only. The resulting reduced post- 
response con�ict on error trials in the different-�ankers condition 
manifests in a smaller Ne/ERN. In sum, these data are fully in line with 
con�ict monitoring theory and demonstrate that pre- and post-response 
con�ict vary with the number of competing responses. Our results also 
show the frequently observed opposing relationship between pre- and 
post-response con�ict, and thus, N2 and Ne/ERN (e.g., Danielmeier 
et al., 2009; Yeung et al., 2004). 

Surprisingly, task performance was unaffected by our con�ict 
manipulation and did not differ between the same-�ankers and 
different-�ankers conditions. Typically, RTs and error rates increase 
with higher levels of pre-response con�ict as shown in many previous 
studies (e.g., Asanowicz et al., 2021; Danielmeier et al., 2009; Folstein & 
Van Petten, 2008; Forster & Pavone, 2008; Gajewski et al., 2008; Heil 
et al., 2000; Jost et al., 2022; Yeung et al., 2004). The absence of a 
behavioral con�ict effect in our study could re�ect that con�ict detec
tion (as indexed by the N2) could have led to the recruitment of control 
processes which prevented that con�ict led to slower or more 
error-prone responding. Indeed, Scherbaum et al. (2011) demonstrated 
con�ict resolution associated with stronger target enhancement and 
distractor suppression within a trial in which con�ict occurred (see also 
Ridderinkhof, 2002; Ridderinkhof et al., 2004). Control processes like 
these might have been even more involved in our paradigm in which 
only incongruent stimuli were used. Previous studies found decreased 
error rates and RTs on incongruent trials if the frequency of incongruent 
stimuli was high (Bartholow et al., 2005; Corballis & Gratton, 2003; 
Grützmann et al., 2014; Wendt et al., 2008; Wendt & Luna-Rodriguez, 
2009). It is thus conceivable that con�ict resolution in our paradigm 
was strong enough to suppress the con�ict effect on RTs and error rates, 
whereas neural correlates of pre- and post-response con�ict were sen
sitive enough to detect differences between con�ict levels associated 
with our manipulation. 

4.1. Alternative accounts of the N2 and Ne/ERN 

Con�ict monitoring theory attributes the N2 and the Ne/ERN to a 
common underlying mechanism. However, each component alone has 
been explained by alternative accounts. Although it was not the goal of 
this study to empirically test between alternative theoretical explana
tions, we discuss our results in the light of some of these alternative 
accounts. The earliest account of the Ne/ERN assumes that this 
component is directly related to error detection and that its amplitude 
re�ects a mismatch between the executed response and the correct 
response (Bernstein et al., 1995; Falkenstein et al., 1990). Within this 
framework, differences in the Ne/ERN amplitude are often explained in 
terms of differences in the representation of the correct response. Any 
uncertainty about which response is correct (e.g., by increasing task 
dif4culty) directly leads to reduced Ne/ERN amplitudes (Pailing & 
Segalowitz, 2004b; Scheffers & Coles, 2000). Because con�ict moni
toring also assumes that correct response activation after the error de
termines post-response con�ict, and thus the Ne/ERN, both theories 
often make very similar predictions. For instance, the described 
error-detection theory could explain the present results by assuming that 
the representation of the correct response at the time of the response is 
impaired in the different-�ankers condition because it previously 
received inhibition from two responses instead of one. However, the 
theory would have to explain why this is the case despite performance in 

the two conditions being similar. 
Another class of theories has attributed the Ne/ERN to error expec

tancy. While reinforcement learning theory (Holroyd & Coles, 2002) 
suggests that the Ne/ERN re�ects a reward prediction error conveyed by 
the dopaminergic system, the PRO model (predicted response-outcome 
model; Alexander & Brown, 2011) assumes that the Ne/ERN re�ects a 
surprise signal. According to both frameworks, higher Ne/ERN ampli
tudes are elicited in conditions with less expected errors driven by lower 
experienced error rates. This negative relationship between Ne/ERN 
amplitudes and error rates has indeed been demonstrated by several 
studies (e.g., Falkenstein et al., 1995; Gehring et al., 1993; Jessup et al., 
2010; Oliveira et al., 2007), while others failed to 4nd such an effect or 
even showed the opposite (e.g., Maier & Steinhauser, 2013; Maier & 
Steinhauser, 2016). In an attempt to directly test between con�ict 
monitoring and error expectancy as the origin of the Ne/ERN, Hughes 
and Yeung (2011) created two conditions with similar error rates but 
different levels of post-response con�ict on error trials. They found that 
the Ne/ERN varied with post-response con�ict under these conditions, 
thus contradicting the predictions of error expectancy accounts. A 
similar scenario was observed in the present study. Although we did not 
actively control for error rates, similar error rates but different Ne/ERN 
amplitudes were obtained in the same-�ankers and different-�ankers 
conditions. These results are in line with con�ict monitoring theory 
but contradict the idea that the Ne/ERN re�ects error expectancy. 
However, whereas the mentioned theoretical accounts (e.g., Holroyd & 
Coles, 2002) assume that outcome expectancy is learned from previ
ously experienced error rates, it is also conceivable that error expectancy 
is in�uenced by the subjective dif4culty of a task or condition. It is still 
an ongoing debate to which extent top-down effects based on expec
tancies can in�uence prediction errors in the dopaminergic system (e.g., 
Di Gregorio et al., 2019; Walsh & Anderson, 2011). Moreover, these 
expectations must vary from trial to trial depending on the nature of the 
stimulus to explain the present results. 

Alternative accounts have also been proposed for the N2 con�ict 
effect. One alternative theory is the selection-for-action account. Within 
this framework, the dACC is assumed to select the most appropriate 
response from multiple simultaneously activated response options to 
achieve goal-directed performance (Pardo et al., 1991; Posner et al., 
1988; Posner & Dehaene, 1994; Turken & Swick, 1999). While early 
work demonstrated that con�ict monitoring can better account for 
speci4c aspects of dACC function (Botvinick et al., 1999; Botvinick et al., 
2001), the idea that the dACC is directly or indirectly involved in action 
selection is still popular (Akam et al., 2021; Banich, 2019; Holroyd & 
Yeung, 2012; Silton et al., 2010). Gajewski et al. (2008) linked the N2 
con�ict effect to such a selection process. They found that cueing an 
incorrect response increases the N2, and this effect becomes stronger if 
these invalid cues are infrequent. They assumed that selection becomes 
strengthened if the initially cued response plan must be revised because 
of violated response expectancies. This account is also in line with an 
inhibition account which explains the N2 con�ict effect in terms of an 
inhibition process that suppresses inappropriate responses activated by 
a distractor (Falkenstein et al., 1999; Gajewski & Falkenstein, 2013; 
Jodo & Kayama, 1992; Kopp et al., 1996; Vuillier et al., 2016). Unfor
tunately, con�ict monitoring and selection-for-action accounts often 
make very similar predictions (but see Donkers & Van Boxtel, 2004). N2 
results like that of Gajewski et al. (2008) can often be interpreted in 
terms of both accounts. The 4nding that activating more competing 
responses implies a larger N2 as in the present study could re�ect either 
the increased con�ict or the increased need for selection due to this 
con�ict. Recently, Asanowicz et al. (2021) argued that the N2 re�ects 
con�ict monitoring whereas the later occurring con�ict-related theta is 
related to selection, a perspective that would integrate the two accounts. 

Whereas many of the mentioned accounts can explain either the N2 
or Ne/ERN results in the present study, the advantage of con�ict 
monitoring theory is that it accounts for both the N2 and the Ne/ERN 
results, thus providing a parsimonious explanation for the full pattern in 
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our data. However, it is also possible that these accounts are not 
mutually exclusive and that either or both of these components re�ect 
multiple mechanisms. A core assumption of con�ict monitoring is that 
both components share a neural generator in the dACC (Yeung et al., 
2004). In contrast, a source modeling study by Buzzell et al. (2017) 
revealed multiple sources for the Ne/ERN including dorsal structures 
like the dACC and more ventral structures like the orbitofrontal cortex. 
Crucially, the contribution of dorsal and ventral structures to the 
Ne/ERN showed a differential developmental course in adolescents, 
suggesting that they form dissociable networks with different functions, 
such as con�ict monitoring and outcome valuation. Likewise, Beldzik 
et al. (2022) used combined EEG and fMRI to investigate the neural 
sources of theta oscillations related to errors and (pre-response) con�ict. 
They found that error-related theta correlated with activity in the medial 
frontal cortex whereas con�ict-related theta showed characteristics of 
an inhibitory mechanism. Although the N2 and con�ict-related theta do 
not necessarily re�ect the same mechanism (Asanowicz et al., 2021), it is 
possible that both are manifestations of a network that serves both, 
con�ict monitoring and inhibition. 

While our results are in accordance with predictions of con�ict 
monitoring theory, there are still aspects in our study design that should 
be addressed in future studies to increase the generalizability of the 
present results. First, to obtain enough errors for the Ne/ERN analysis, 
participants were encouraged to respond more quickly whenever less 
than 15 % error were made in a block. The average error rate (11.5 %) 
was smaller than this criterion which shows that participants had dif
4culties to adhere to this instruction. Typical N2 studies analyzed only 
correct trials and thus do not use strong speed pressure, and it is known 
that speed pressure alters attentional orienting (Van der Lubbe et al., 
2001) and con�ict processing (Asanowicz et al., 2019). Future studies 
should thus replicate our N2 results without such an instruction. Second, 
we omitted congruent trials in our study to increase the trial numbers 
available for the Ne/ERN analysis. As already discussed, this might have 
led to the enhanced recruitment of control processes which possibly 
suppressed a behavioral effect in our data. Furthermore, congruent trials 
could serve as a valuable baseline against which the two incongruent 
conditions could be compared. Accordingly, it would be desirable to also 
include congruent trials in future studies. 

5. Conclusion 

The present study showed that pre-response con�ict and post- 
response con�ict, as measured by the N2 and Ne/ERN, vary with the 
number of activated competing responses. Stimuli activating more 
competing incorrect responses led to enhanced pre-response con�ict on 
correct trials but reduced post-response con�ict on error trials, which 
con4rms core predictions of con�ict monitoring theory and again 
demonstrates the close link between frontocentral ERPs and response 
con�ict at different stages of task processing. 
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ABSTRACT

Errors in choice tasks lead to a cascade of error-related brain activity in event-related potentials. While the error-related negativ-

ity (Ne/ERN) reflects an early error signal, the error positivity (Pe) has been attributed to the later emergence of error awareness. 

Previous work has shown that these two components can be dissociated using a target-masking paradigm. In this modified 

flanker paradigm, an invisible-target condition is realized in which errors are detectable even if the correct response is unknown. 

These errors have been shown to elicit a Pe without a Ne/ERN, demonstrating the independence of the two underlying systems. 

Here, we employed this paradigm to ask whether error awareness can emerge without a Ne/ERN. While performing the target-

masking paradigm, participants provided metacognitive judgments to indicate whether an error has occurred on each trial (i.e., 

error signaling). The majority of participants were able to report detectable errors in the invisible-target condition. Crucially, this 

error signaling as well as a Pe was observable in the absence of a Ne/ERN. Our findings demonstrate that both error awareness 

(as indicated by successful error signaling) and the Pe do not depend on the early error signal reflected by the Ne/ERN and thus 

confirm the existence of two independent systems of error monitoring.

1   |   Introduction

Detecting errors is a crucial precondition for adaptive behavior. 

It has long been known that the human brain is equipped with 

an error monitoring system that registers errors and then ini-

tiates adjustments to attention and behavior to prevent errors 

in the future (Gehring et al. 2012; Ullsperger, Danielmeier, and 

Jocham 2014; Ullsperger, Fischer, et al. 2014). The most promi-

nent neural correlate of this system is the error-related negativity 

(ERN; Gehring et al. 1993) or error negativity (Ne; Falkenstein 

et al. 1991), reflecting an early error signal that is elicited almost 

immediately after an error. Another important aspect of error 

processing is the ability to become consciously aware of errors 

(Wessel et al. 2011). Decades ago, it has been shown that when 

humans commit errors in speeded perceptual choice tasks, they 

can indicate these errors with high reliability within the fraction 

of a second (Rabbitt 1966). Although research on the functional 

architecture of error awareness has made considerable prog-

ress in recent years, many fundamental questions are still un-

answered. In the present study, we investigate to which extent 

error awareness relies on early error processing reflected by the 

Ne/ERN. More specifically, we ask whether error awareness can 

occur in errors in which the Ne/ERN is absent.

The Ne/ERN is a negativity with a maximum around 50 ms 

after an erroneous response at frontocentral electrodes and 

has its origin in the medial-frontal cortex (Debener et al. 2005; 

Iannaccone et  al.  2015; Ullsperger and von Cramon  2001). It 

has initially been suggested to represent a signal which indi-

cates a mismatch between the actual and correct response (Fu 

et al. 2023; Scheffers and Coles 2000); whereas later theoretical 

accounts proposed that it is a representation of a postresponse 
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conflict (Yeung et al. 2004) or a prediction error (Holroyd and 

Coles 2002). In all these accounts, this early component of error 

processing relies on a discrepancy between the expected cor-

rect response and the actual response and hence requires that 

a representation of this correct response is available. A second 

component, the error positivity (Pe; Falkenstein et  al.  1991; 

Overbeek et al. 2005), occurs between 200 ms and 500 ms after 

the error and has a more posterior distribution on the scalp. The 

Pe has frequently been related to error awareness (Steinhauser 

and Yeung  2010; Ullsperger, Danielmeier, and Jocham  2014; 

Ullsperger, Fischer, et al. 2014) or the confidence about the cor-

rectness of a response (Boldt and Yeung 2015).

Error awareness can be measured by a metacognitive judgment 

called error signaling. After the primary task response, partic-

ipants press a key to indicate whether an error has occurred or 

not. A frequent finding is that the Pe is larger on signaled errors 

than on unsignaled errors (e.g., Endrass et al. 2007; Kirschner 

et al. 2021; Nieuwenhuis et al. 2001; O'Connell et al. 2007; Porth 

et  al.  2022; Steinhauser and Yeung  2010) or is observed only 

on signaled errors (e.g., Murphy et al. 2012). Moreover, the Pe 

has been shown to be generally larger if error signaling is re-

quired than if not (Grützmann et al. 2014). Based on findings 

like these, the idea has been formulated that the Pe amplitude 

represents the accumulated evidence for an error that eventu-

ally leads to error awareness as measured by error signaling 

(Desender et al. 2021; Steinhauser and Yeung 2010; Ullsperger, 

Danielmeier, and Jocham 2014; Ullsperger, Fischer, et al. 2014), 

and several studies provided direct evidence for this hypothesis 

(e.g., Steinhauser and Yeung 2010, 2012).

However, it remains unclear which role is played by the Ne/

ERN for the emergence of error awareness and thus the ability 

to signal errors. A plausible assumption is that the early error 

signal represented by the Ne/ERN provides the evidence that is 

fed into evidence accumulation represented by the Pe and thus 

error awareness. For instance, Yeung et al. (2004) proposed that 

the Ne/ERN represents response conflict and that an error is 

signaled whenever this accumulated response conflict exceeds a 

criterion (see also Steinhauser et al. 2008). However, several find-

ings speak against the idea that the Ne/ERN is the sole source 

of evidence for error awareness. First, the link between the Ne/

ERN and error awareness is much weaker than that between the 

Pe and error awareness (for a review, see Wessel 2012). Whereas 

some studies reported a larger Ne/ERN for signaled errors than 

for unsignaled errors (e.g., Scheffers and Coles  2000; Wessel 

et  al.  2011), others did not find such a relation (e.g., Endrass 

et al. 2007; Hughes and Yeung 2011; Nieuwenhuis et al. 2001; 

Porth et al. 2022). Second, many studies demonstrated that ex-

perimental manipulations had different effects on the Ne/ERN 

and Pe (e.g., Charles et al. 2013; Hughes and Yeung 2011; Maier 

et al. 2015; Steinhauser and Yeung 2010). These findings do not 

rule out that error awareness can be based on early error signals 

reflected by the Ne/ERN. But they imply that the Ne/ERN is not 

the only source of evidence that drives error awareness. In this 

vein, Wessel et al. (2011) proposed that error awareness might 

rely on evidence provided by perceptual, cognitive, and auton-

omous processes.

While the link between the Ne/ERN and error awareness 

appears to be weaker than initially assumed, results from 

another study even raise the possibility that error awareness can 

emerge without an Ne/ERN at all. In the study of Di Gregorio 

et al. (2018), participants performed a three-choice flanker task, 

in which participants had to classify a central target letter while 

ignoring two laterally presented identical flanker letters. The 

target was always associated with a different response than 

the flankers, and participants were explicitly instructed that a 

response to the flanker letter is always an error. Crucially, the 

target letter was masked with variable stimulus-mask intervals 

(SMI). In most trials, the SMI was sufficiently long for the target 

to be easily visible. But in one third of trials, only the mask was 

presented, and no target was visible at all. This invisible-target 

condition created a scenario in which an error was detectable 

(whenever participants accidentally responded to the flankers) 

but the correct response remained unknown (because the target 

was fully masked). In this condition, Di Gregorio et al.  (2018) 

observed a Pe in the absence of an Ne/ERN. This demonstrated 

that the Ne/ERN and Pe represent independent and dissociable 

systems of error monitoring: a system associated with the Ne/

ERN that elicits early error signals and relies on a representation 

of the correct response and another system associated with the 

Pe that forms the basis of error awareness and can rely on other 

types of evidence (such as the knowledge that a response to the 

flanker must be an error).

Demonstrating that a Pe can occur in the absence of an Ne/

ERN (Di Gregorio et  al.  2018) has fundamental implications 

for the functional architecture of error monitoring. It shows 

that the Ne/ERN and Pe are not two stages of a single process 

(e.g., Yeung et  al.  2004; Ullsperger, Fischer, et  al.  2014) but 

rather form two independent systems (Charles et al. 2013; Maier 

et al. 2015). Crucially, as the Pe has been suggested to represent 

the evidence accumulation process that leads to error awareness 

(Steinhauser and Yeung 2010), this result further suggests that 

error awareness can also emerge in the absence of an Ne/ERN. 

However, direct evidence for this conjecture has not been pro-

vided because the study of Di Gregorio et al. (2018) did not in-

clude an error signaling task. In the present study, we combined 

the target-masking paradigm from Di Gregorio et al. (2018) with 

an error signaling task. Participants had to indicate after each 

response whether this response was an error, a correct response, 

or whether they do not know. The latter category was introduced 

because some errors in this paradigm are objectively undetect-

able. Our main goal was to test whether objectively detectable 

and signaled errors in the invisible-target condition lead to a Pe 

in the absence of an Ne/ERN. This would demonstrate that error 

awareness without an Ne/ERN is possible and would replicate 

the findings of Di Gregorio et al. (2018) regarding the dissocia-

tion of the Pe and Ne/ERN.

2   |   Method

2.1   |   Participants

We aimed to obtain the same sample size (n = 20) as Di 

Gregorio et  al.  (2018). This sample size implies a power of 

> 90% to detect within-subject effects with a Cohen's d > 0.79, 

which was the smallest effect size of a significant contrast 

(correct vs. error) reflecting an Ne/ERN or Pe in Di Gregorio 

et  al.  (2018). However, because not all participants showed 

 1
4
6
9
8
9
8
6
, 2

0
2
5
, 1

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/p

sy
p
.7

0
1
2
8
 b

y
 Ju

lia D
u
m

sk
y
 - F

ern
u
n
iv

ersitaet H
ag

en
 , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

8
/1

0
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

44
Institutional dow

nload



3 of 14Psychophysiology, 2025

a sufficient detection performance in the invisible-target 

condition, we had to collect more data to obtain at least 20 

participants for the main analysis. Eventually, thirty-three 

participants participated in the study (self-reported gender: 25 

female, 7 male, 1 nonbinary). All participants were recruited 

at the Catholic University of Eichstätt-Ingolstadt, had normal 

or corrected-to-normal vision, had an age between 19 and 

38 years (M = 20.9, SD = 2.57) and received either course cred-

its or 8 Euro per hour. The study was approved by the ethics 

committee of the university, and informed consent was ob-

tained from all participants.

2.2   |   Task and Stimuli

Stimuli were presented using Presentation software 

(Neurobehavioral Systems, Albany, CA) on a 21-in. screen 

with a resolution of 1280 × 1024 and a refresh rate of 60 Hz. 

Viewing distance was approximately 70 cm. Each trial com-

prised a primary task and a secondary task. The primary task 

required participants to classify a target letter by pressing the 

‘A’, ‘S’, or ‘D’ key of a standard computer keyboard with the ring 

finger, middle finger, and index finger, respectively, of their 

left hand. The primary task stimuli were horizontal strings 

of seven white letters presented on a black background. They 

consisted of a central target letter and three identical flanker 

letters on each side of the central target. The letters P, W, M, V, 

X, or K were used, each with a height of 0.41° visual angle and 

a width of 0.25° visual angle. The same pairs of letters (‘PW’, 

‘MV’ and ‘XK’) were assigned to one of the response buttons, 

for example, ‘P’ to the button ‘A’, ‘MV’ to the button ‘S’, and 

‘XK’ to the button ‘D’. The assignment of these pairs of letters 

to the three response buttons was additionally varied across 

participants. This resulted in six different combinations of 

the stimulus–response mappings. All stimuli were incongru-

ent, that is, target and flanker letters were always assigned to 

different responses. This resulted in 24 possible stimuli. Six 

different feature masks of the same size as a letter were cre-

ated by randomly rearranging features of the original letter 

stimuli. The secondary task required participants to judge the 

correctness of their primary task response by pressing one of 

three keys with their right hand: (a) ‘H’ key with the index 

finger if the previous response was correct, (b) the ‘J’ key with 

their middle finger if the previous response was an error, or (c) 

the ‘K’ key with the ring finger if they did not know whether 

the previous response was correct or not (“unsure”).

An exemplary trial is depicted in Figure 1. At the beginning of 

each trial, a fixation cross was presented for 350 ms, followed 

by the primary task stimulus. One of the six masks replaced the 

central target after a stimulus-masking interval (SMI) of 0 ms, 

133.3 ms, or 250 ms. Whereas participants could see a target in 

the 133-SMI and 250-SMI trials (the visible-target condition), no 

target was presented at all in the 0-SMI condition (the invisible-

target condition, Figure 1B). Mask and flankers were presented 

on the screen until the participant provided the primary task 

response. After the response, a black screen was presented for 

700 ms followed by a white question mark, which remained 

on the screen until the secondary task response was made. At 

the end of each trial, another black screen was presented for 

700 ms again.

Each block consisted of 72 trials, in which each of the possible 

24 stimuli was combined with each of the three possible SMIs. 

Stimuli and conditions were presented in pseudo-randomized 

order (without any constraints) within blocks. The experiment 

was conducted over a two-day period, with a maximal interval 

of 48 h in between. The first day was used for practicing the 

FIGURE 1    |    Typical trial sequence. Participants had to respond to the target letter while flanker letters had to be ignored. In the visible-target 

condition, the target letter was masked after 133 or 250 ms. In the invisible-target condition, only the mask was presented but no target. After 

the response, a prompt appeared, and participants had to indicate whether the response was correct, incorrect, or whether they do not know. 

SMI = stimulus-mask interval.
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primary as well as the secondary task. In the first two practice 

blocks, the participants practiced only the primary task. Then, 

the secondary task was introduced, and the participants had to 

complete ten blocks with both tasks. During the whole practice 

session, the participants could look at a paper sheet displaying 

the rules for the primary and secondary task for support. During 

all practice blocks, a deadline was implemented to train the 

participants to provide their primary response within a certain 

time interval and in this way to commit a sufficient number of 

erroneous trials. If this deadline was exceeded, automatic feed-

back about the latency was presented at the center of the screen, 

which urged the participant to respond faster (“SCHNELLER”). 

Each participant started with the same deadline of 500 ms. 

Afterwards, it was adapted from trial to trial in the following 

way (see Steinhauser and Yeung 2010, for a similar procedure): 

if the primary task response in the previous trial was incorrect, 

the deadline in the current trial was increased by 100 ms. If the 

response was correct, the deadline was decreased by 20 ms (but 

could never fall below 100 ms). A 5:1 ratio was applied to achieve 

an approximate error rate of 15% (Kaernbach 1991). This trial-

to-trial adaptation was only applied on 133-SMI and 250-SMI 

trials, while the deadline remained unchanged (i.e., the same as 

after the previous trial) on 0-SMI trials. Moreover, if the previ-

ous trial was a 0-SMI trial, the deadline was adapted based on 

the last 133-SMI or 250-SMI trial.

On the second day, the test session was conducted. The partici-

pants first completed two practice blocks with 48 trials each (in-

cluding the deadline procedure). Then, twelve test blocks were 

conducted in which no feedback was provided. Instead, the par-

ticipants were instructed at the beginning of a block to respond 

faster whenever the number of errors in the visible-target con-

dition fell below eight (16.7%). At the beginning of each session, 

participants were instructed about the tasks. Specifically, they 

received the information that (a) they should guess if the target 

letter could not be identified as sometimes the target would be 

very difficult to see, and (b) responding to the flankers would 

always be an error. The whole test session lasted approximately 

1.5 h, and the participant could take short breaks between blocks 

whenever necessary.

2.3   |   EEG Data Acquisition

Only during the test session, the electroencephalogram was 

recorded using a BIOSEMI Active-Two system (BioSemi, 

Amsterdam, The Netherlands) with 64 Ag-AgCl electrodes in a 

10–10 montage from channels Fp1, AF7, AF3, F1, F3, F5, F7, 

F17, FC5, FC3, FC1, C1, C3, C5, T7, TP7, CP5, CP3, CP1, P1, P3, 

P5, P7, P9, PO7, PO3, O1, Iz, Oz, POz, Pz, CPz, Fpz, Fp2, AF8, 

AF4, AFz, Fz, F2, F4, F6, F8, FT8, FC6, FC4, FC2, FCz, Cz, C2, 

C4, C6, T8, TP8, CP6, CP4, CP2, P2, P4, P6, P8, P10, PO8, PO4, 

O2, as well as the left and right mastoid. The CMS (Common 

Mode Sense) and DRL (Driven Right Leg) electrodes were used 

as reference and ground electrodes. The vertical and horizon-

tal electrooculogram (EOG) was recorded with BioSemi FLAT 

Active electrodes positioned over and under the right eye as well 

as on the outer canthi of both eyes. EEG and EOG were contin-

uously recorded at a sampling rate of 512 Hz. No online filtering 

was applied, and all electrodes were off-line re-referenced to the 

average reference.

2.4   |   Data Analysis

Only data from the test blocks were analyzed; the first three trials 

in each block were removed from all analyses. A Greenhouse–

Geisser correction was conducted (Greenhouse and Geisser 

1959) where necessary, and corrected p-values but uncorrected 

degrees of freedom were reported in this case.

2.5   |   Response Categories

Each trial was assigned to a response category depending on 

the primary response (for an example, see Figure  1). In the 

visible-target condition (133/250-SMI), there were three possi-

ble response categories: (1) A correct response resulted if the re-

sponse matched the target response. (2) A flanker error resulted 

if the response matched the flanker response. (3) A nonflanker 

error resulted if the response matched neither the target nor 

the flanker response. In the invisible-target condition (0-SMI), 

there were two possible response categories: (1) A flanker error 

resulted if the response matched the flanker response. (2) A non-

flanker guess resulted if the response did not match the flanker 

response. Depending on the secondary response, trials were fur-

ther classified as “correct”, “error”, or “unsure” (note that quo-

tation marks are used to indicate the response categories of the 

secondary response).

2.6   |   Behavioral Data

The statistical analyses of the behavioral data were conducted 

with R Studio version 4.0.3 for Windows (R Core Team, released 

2020, Vienna, Austria). The time between stimulus onset and 

the primary response was defined as response time (RT). If 

the RT deviated more than three standard deviations from the 

condition mean, the corresponding trial was excluded from the 

analyses. Overall, 0.29% of trials (SE = 0.004%) were excluded 

in this way. For frequency data, an arcsine transformation was 

performed to stabilize variances before statistical testing (Winer 

et al. 1971).

We first analyzed behavioral data to investigate whether reli-

able task performance and error signaling was possible in our 

paradigm. For the visible-target condition, paired t-tests were 

used to compare error rates and proportions of flanker errors 

(among all errors) between 133-SMI and 250-SMI conditions. 

Mean RTs were subjected to a two-way repeated-measures 

ANOVA with the variables SMI (133-SMI, 250-SMI) and cor-

rectness (correct, errors). Mean error RTs were further ana-

lyzed using a two-way repeated-measures ANOVA with the 

variables SMI and error type (flanker error, nonflanker error). 

To investigate whether reliable error signaling was achieved in 

the visible-target condition, the rate of detected errors and the 

rate of errors that were classified as “unsure” was subjected to 

a two-way ANOVA with the variables SMI and error type. The 

rate of false alarms and the rate of correct trials classified as 

unsure were analyzed using paired t-tests to compare between 

133-SMI and 250-SMI conditions. For the invisible-target con-

dition, primary task performance was analyzed by compar-

ing mean RTs between flanker errors and nonflanker guesses 

using a paired t-test. To see whether participants were able to 

 1
4
6
9
8
9
8
6
, 2

0
2
5
, 1

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/p

sy
p
.7

0
1
2
8
 b

y
 Ju

lia D
u
m

sk
y
 - F

ern
u
n
iv

ersitaet H
ag

en
 , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

8
/1

0
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

46
Institutional dow

nload
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detect errors by taking the flanker into account, we compared 

the rate of detected errors and the rate of errors that were clas-

sified as “unsure” between the two trial types (flanker errors, 

nonflanker guesses).

2.7   |   EEG Data

EEG data were analyzed using custom routines based on 

EEGLab (Delorme and Makeig 2004) implemented in MatLab 

R2013b (The Mathworks, Natick, MA). Preprocessing was the 

same as in Di Gregorio et al.  (2018) unless otherwise stated. 

EEG data were first low-pass filtered (40 Hz) with a least-

square FIR filter (−6 dB cutoff) and then high-pass filtered 

(0.1 Hz). Epochs were extracted from 200 ms before and 600 ms 

after the primary response. Baseline correction was applied 

based on the interval [−100 ms; 0 ms], which was a different 

baseline than in Di Gregorio et al. (2018) (in which [−150 ms; 

−50 ms] was used). This was done to properly align correct 

and error trials at the onset of the Ne/ERN to prevent overesti-

mation or underestimation of error-related activity. Channels 

were interpolated using spherical spline interpolation when-

ever they met the joint probability criterion (threshold 5) or 

the kurtosis criterion (threshold 10) in EEGLAB's pop_re-

jchan function. In this way, 4.22 (SE = 0.21) channels were in-

terpolated on average. Epochs were excluded if the amplitude 

exceeded a threshold of ±200 μV at any electrode (except at the 

frontal electrodes as blinks were removed at a later stage) or if 

the joint probability deviated more than 5 standard deviations 

from the epoch mean (according to EEGLAB's pop_joint-

prob function). On average, 4.63% of trials (SE = 0.24%) were 

rejected in this way. In the condition with the smallest trial 

number (nonflanker errors in the 250-SMI condition), an av-

erage of 20 trials (SE = 3.0) remained in the analysis. An inde-

pendent component analysis (Delorme and Makeig 2004) was 

computed, and independent components with blink artifacts 

were removed using CORRMAP (Campos Viola et al. 2009). 

Finally, epochs were averaged separately for each condition 

and participant. The Ne/ERN was quantified as mean ampli-

tude in the time window [0 ms; 100 ms] at a frontocentral elec-

trode cluster including electrodes Cz, FC1, FCz, FC2, and Fz. 

The Pe was quantified as mean amplitude in the time window 

[200 ms; 500 ms] at a posterior electrode cluster including elec-

trodes POz, P1, Pz, P2, and CPz.

Because waveforms from the frontocentral cluster suggested 

that there might be an earlier Ne/ERN peak with a more 

variable latency in the invisible-target condition, we addi-

tionally ran a control analysis with an alternative quantifica-

tion method. The so-called adaptive mean measure (Clayson 

et  al.  2013) requires, first, identifying the largest negative 

peak in the difference wave between errors and correct trials 

separately for each participant, and second, analyzing mean 

amplitudes around these individual peak latencies. This quan-

tification method is more sensitive than standard methods if 

peak latencies vary across participants. It works particularly 

well if a large Ne/ERN is present and thus the largest negative 

peak is indeed due to an Ne/ERN. However, in a scenario like 

ours in which an Ne/ERN is possibly absent and differences 

between errors and corrects might reflect noise, then the 

method could artificially induce an Ne/ERN-like negativity 

because there is necessarily always a negative peak in noisy 

data. We therefore modified this method to make it applica-

ble to a scenario in which the goal of the analysis is to decide 

whether an Ne/ERN is present at all: Instead of identifying 

the largest negative peak, we identified the largest absolute 

peak (irrespective of whether it is positive or negative). If there 

is no Ne/ERN, then the average of participants with positive 

and negative maxima should be zero (which is the null hy-

pothesis). If an Ne/ERN is present, then this mean should be 

significantly negative. As the data suggest that an Ne/ERN 

peak in the invisible-target condition might occur earlier than 

the original time window, we used a larger and earlier time 

window (−50 ms to 100 ms) and consequently an earlier base-

line (−150 to −50 ms) for this analysis. Mean amplitudes were 

analyzed in a time window of 100 ms centered around the re-

spective peaks.

In all reported analyses, we included only correctly classi-

fied errors and correct trials as well as nonflanker guesses 

for which participants indicated to be unsure. We report only 

analyses of the good detector group, as only these participants 

had sufficient numbers of detected errors (see Supporting 

Information). In the visible-target condition, the Ne/ERN 

and Pe (defined as the amplitude difference between correct 

responses and errors in the respective time window) were 

subjected to a two-way repeated-measures ANOVA with the 

variables SMI (133-SMI, 250-SMI) and error type (flanker 

error, nonflanker error). Paired t-tests were used for follow-up 

analyses. While these analyses should demonstrate how an 

Ne/ERN and Pe look like if the target is visible, analyses of 

the invisible target condition serve to determine whether an 

Ne/ERN and/or Pe is obtained if the target is invisible and the 

correct response is unknown. Only for the Ne/ERN analyses 

in this part, we additionally used the modified adaptive mean 

measure described above. We first tested for the presence of 

an Ne/ERN and Pe by directly comparing flanker errors and 

nonflanker guesses against the correct baseline from the 133-

SMI condition using paired t-tests (see results section for a dis-

cussion of the choice of this baseline). Moreover, paired t-tests 

were also used to test for differences between flanker errors 

and nonflanker guesses. In a final set of analyses, the Ne/

ERN and Pe for flanker errors were first subjected to separate 

one-way repeated-measures ANOVAs with the variable SMI 

(0-SMI, 133-SMI, 250-SMI). Then the pattern of Ne/ERNs and 

Pes on flanker errors was directly compared using a two-way 

repeated-measures ANOVA with the variables component 

(Ne/ERN, Pe) and SMI (0, 133, 250) to statistically establish 

the dissociation between the two components.

3   |   Results

A crucial goal of this study was to investigate whether the Ne/

ERN was absent for detected flanker errors in the invisible-

target condition, and thus, whether error signaling as a behav-

ioral correlate of error awareness is possible without an Ne/

ERN. However, participants turned out to differ with respect 

to whether they consistently detected these errors, and visual 

inspection of the distribution of the rate of detected flanker 

errors suggested a bimodal distribution (see Supporting 

Information for more information). We therefore split our 
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sample into two subgroups: a group of good detectors (n = 21) 

with a detection rate of more than 40% and a group of bad de-

tectors (n = 12) with a detection rate of less than 40%. The 40% 

criterion was selected as it (a) separated the two groups based 

on their detection rate, and (b) ensured a sufficient number of 

detected flanker errors for EEG analysis for each participant 

in this group (> = 35 trials, see Supporting Information). In 

the following, only the results for the good detectors group are 

presented; however, a comparison of the two groups is pro-

vided in the Supporting Information.

3.1   |   Behavioral Data

3.1.1   |   Visible-Target Condition (133/250-SMI)

We first analyzed the behavioral data for the visible-target 

condition (133-SMI, 250-SMI) to investigate whether partic-

ipants reliably detected errors in this condition. Primary task 

performance (see Table  1) showed differences between tri-

als with SMIs of 133 ms and 250 ms. Error rates were higher 

for the 133-SMI condition than for the 250-SMI condition; 

t(20) = 3.56, p = 0.002, d = 0.778. Also, RTs were higher in 

the 133-SMI than in the 250-SMI condition; F(1, 20) = 13.7, 

p = 0.001, ηp
2 = 0.407, and were higher for correct than for 

error trials; F(1, 20) = 11.0, p = 0.002, ηp
2 = 0.355. Next, we 

differentiated between flanker errors and nonflanker errors. 

The relative frequency of flanker errors among all errors was 

57% (SE = 1.9%) and did not differ between SMI conditions; 

t(20) = 0.22, p = 0.832, d = 0.048. Regarding error RTs, there 

was neither a significant difference between error types; F(1, 

20) = 0.61, p = 0.445, ηp
2 = 0.030, nor between SMI conditions; 

F(1, 20) = 2.35, p = 0.141, ηp
2 = 0.105.

The detection rates revealed that participants were able to 

reliably detect errors in the visible-target condition. 85% 

(SE = 3.3%) of errors were detected, which is comparable 

with previous findings with unmasked stimuli (Steinhauser 

et al. 2008). The rate of detected errors did not differ between 

error types, F(1, 20) = 2.38, p = 0.138, ηp
2 = 0.106, but was 

higher in the 250-SMI condition (89%, SE = 3.1%) than in the 

133-SMI condition (81.1%, SE = 3.4%), F(1, 20) = 14.5, p = 0.001, 

ηp
2 = 0.420. In 8.7% (SE = 1.5%) of errors, participants were 

unsure whether an error had occurred or not, and this rate 

was higher for the 133-SMI condition (M = 11.2%, SE = 2.1%) 

than for the 250-SMI condition (M = 6.3%, SE = 1.9%), F(1, 

20) = 8.43, p = 0.009, ηp
2 = 0.297, but did not differ across error 

types, F(1, 20) = 0.11, p = 0.745, ηp
2 = 0.006. The rate of correct 

trials that were falsely judged as “error” (false alarm rate) was 

low (0.53%, SE = 0.21%) and did not differ between SMI con-

ditions, t(20) = 1.10, p = 0.285, d = 0.250, and the same held 

for the rate of correct trials judged as “unsure” (M = 0.71%, 

SE = 0.22%), t(20) = 1.43, p = 0.167, d = 0.312.

Taken together, we obtained considerable effects of the masking 

interval in almost all behavioral parameters. The 133-SMI con-

dition was associated not only with impaired error awareness 

but also with impaired primary task performance; an effect that 

was not found in our previous study (Di Gregorio et al. 2018).

3.1.2   |   Invisible-Target Condition (0-SMI)

A central goal of the present study was to investigate whether 

error awareness is possible for flanker errors in the invisible-

target condition, that is, for errors for which we expected a Pe 

but no Ne/ERN. Because a correct response was not possible in 

this condition, participants could either commit a flanker error 

(because responses to the flankers were always errors) or a non-

flanker guess. The rate of flanker errors (among all responses) 

in the invisible-target condition was 31.4% (SE = 1.4%), and 

flanker errors had a lower RT than nonflanker guesses (Table 1); 

t(20) = 5.73, p < 0.001, d = 1.250.

Crucially, a substantial proportion of flanker errors in the 

invisible-target condition was detected (81.6%, SE = 4.3%). This 

detection rate was higher than that for nonflanker guesses 

(2.9%, SE = 0.7) for which errors were not objectively detect-

able; t(20) = 16.1, p < 0.001, d = 3.513, but was not significantly 

different from the averaged detection rate for flanker errors 

in the visible-target conditions (84.0%, SE = 3.1%); t(20) = 0.44, 

p = 0.667, d = 0.095. As one would expect, the rate of trials clas-

sified as “unsure” in turn was higher for nonflanker guesses 

(93.0%, SE = 1.7%) than for flanker errors (17.7%, SE = 4.2%); 

t(20) = 13.4, p < 0.001, d = 2.928. Finally, for the rate of trials clas-

sified as “correct”, no significant difference between flanker er-

rors (0.8%, SE = 0.3%) and nonflanker guesses (4.2%, SE = 1.6%) 

was observed; t(20) = 1.98, p = 0.062, d = 0.095.

Taken together, the participants showed a pattern of error 

awareness that roughly corresponded to the objective proba-

bility of errors in the two trial types. Flanker errors were clas-

sified as “error” with a similar rate as flanker errors in the 

visible-target condition. In contrast, nonflanker guesses were 

predominantly classified as “unsure”. Please note that this 

pattern differs from that in the bad detectors group; a detailed 

comparison of the two groups is provided in the Supporting 

Information.

TABLE 1    |    Primary task performance.

Conditions Error rates (%) Prop. FE (%) RT correct (ms) RT FE (ms) RT NFE/G (ms)

250-SMI 16.0 (±1.7) 57.2 (±2.3) 537 (±17) 531 (±33) 523 (±31)

133-SMI 22.5 (±1.6) 56.8 (±1.5) 564 (±18) 551 (±34) 537 (±26)

0-SMI — 31.4 (±1.4) — 513 (±17) 549 (±23)

Note: NFE/G refers to NFE in the 250-SMI and 133-SMI conditions but NFG in the 0-SMI condition.

Within-participants standard errors of the mean are provided in parentheses.

Abbreviations: FE, flanker error; ms, milliseconds; NFE, nonflanker error; NFG, nonflanker guess; Prop, proportion; RT, response time; SMI, stimulus-masking 
interval.
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3.2   |   ERP Data

We next analyzed ERP data to investigate whether the results from 

Di Gregorio et al. (2018) can be replicated for detected errors in the 

invisible-target condition; and thus, whether error awareness can 

occur in the absence of a Ne/ERN. In all analyses, we included 

only correctly classified errors and correct trials as well as non-

flanker guesses for which participants indicated to be unsure.

3.2.1   |   Visible-Target Conditions (133/250 SMI) in 

Good Detectors

We first analyzed the 250-SMI and 133-SMI conditions to 

demonstrate that a typical Ne/ERN and Pe can be shown in 

our paradigm. To visualize the Ne/ERN, waveforms for all pos-

sible response types (correct, flanker error, nonflanker error) 

for the frontocentral electrode cluster are shown in Figure 2A, 

and waveforms and topographies of the difference between er-

rors and corrects are depicted in Figure 2C,E, respectively. Both 

error types show negative deflections relative to correct trials 

in both SMI conditions, and these negativities were maximal 

at frontocentral electrodes, thus demonstrating a typical Ne/

ERN. The ANOVA on the difference between errors and cor-

rect trials revealed a significant effect of SMI, F(1, 20) = 9.15, 

p = 0.007, ηp
2 = 0.314, indicating a larger Ne/ERN for the 250-

SMI condition (M = −1.75 μV, SE = 0.89 μV) than for the 133-SMI 

condition (M = −0.55 μV, SE = 0.62 μV). However, there was no 

main effect for error type, F(1, 20) = 1.3, p = 0.268, ηp
2 = 0.061, 

and no significant interaction, F(1, 20) < 0.01, p > 0.999, 

FIGURE 2    |    Error-related negativity (Ne/ERN; frontocentral cluster in left column) and error positivity (Pe; centroparietal cluster in right column) 

in the visible-target (133/250-SMI) conditions. Only correctly classified trials of the good detectors group were considered. (A, B) Waveforms from 

all response types. (C, D) Difference waves for flanker errors (minus corrects) and nonflanker errors (minus corrects). (E, F) Topographies of the dif-

ference waves in the time range of the Ne/ERN and Pe. Gray areas indicated the time range of the Ne/ERN and Pe in each graph. CP, centroparietal; 

CR, correct response; FC, frontocentral; FE, flanker error; NFE, nonflanker error; SMI, stimulus-mask interval.

 1
4
6
9
8
9
8
6
, 2

0
2
5
, 1

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/p

sy
p
.7

0
1
2
8
 b

y
 Ju

lia D
u
m

sk
y
 - F

ern
u
n
iv

ersitaet H
ag

en
 , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

8
/1

0
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

49
Institutional dow

nload



8 of 14 Psychophysiology, 2025

ηp
2 < 0.001. Collapsed across SMIs, the difference between er-

rors and corrects in the time window of the Ne/ERN reached 

significance for flanker errors (M = −1.25 μV, SE = 0.19 μV), 

t(20) = 6.55, p < 0.001, d = 1.429, as well as for nonflanker errors 

(M = −1.08 μV, SE = 0.26 μV), t(20) = 4.13, p < 0.001, d = 0.901. 

For correct trials, the waveform in the time range of the Ne/

ERN showed a more negative mean amplitude for the 133-SMI 

condition (M = 0.62 μV, SE = 0.18 μV) than for the 250-SMI con-

dition (M = 1.09 μV, SE = 0.18 μV), which, however, reached only 

marginal significance, t(20) = 1.84, p = 0.080, d = 0.402.

Figure 2B,D,F show the same waveforms, difference waves, and 

topographies for the centroparietal electrode cluster to visual-

ize the Pe. The amplitudes of both error types for both SMIs are 

clearly more positive than those of the corresponding correct 

trials, and these positivities have a centroparietal distribution, 

thus indicating a Pe. The ANOVA on the difference between 

errors and corrects revealed no significant main effects of 

error type, F(1, 20) = 0.68, p = 0.419, ηp
2 = 0.033, and SMI, F(1, 

20) = 0.60, p = 0.449, ηp
2 = 0.029, and no significant interaction, 

F(1, 20) = 0.79, p = 0.385, ηp
2 = 0.038. Collapsed across SMIs, this 

difference reached significance for flanker errors (M = 2.75 μV, 

SE = 0.34 μV, t(20) = 8.05, p < 0.001, d = 1.757) as well as for 

the nonflanker errors (M = 2.92 μV, SE = 0.42 μV, t(20) = 4.13, 

p < 0.001, d = 0.901). Moreover, there was no significant differ-

ence in the time range of the Pe between correct trials in the two 

SMI conditions, t(20) = 1.35, p = 0.193, d = 0.295.

In sum, there was a highly significant Ne/ERN and Pe for both 

error types and SMI conditions. However, as for the behavioral 

data, we obtained differences between the two SMI conditions 

that were not observed in our previous study (Di Gregorio 

et al. 2018). There was a reduced Ne/ERN for the 133-SMI con-

dition as well as a trend toward different amplitudes for correct 

waveforms in the time range of the Ne/ERN. It appears that the 

shorter masking interval impaired error processing relative to 

the longer masking interval, and that the mask had also an ef-

fect on correct trials. While effects like these have previously 

been reported (e.g., Charles et al. 2013), they imply that we can-

not collapse across the two conditions in our analyses.

3.2.2   |   Invisible-Target Condition (0-SMI) in 

Good Detectors

Di Gregorio et al. (2018) found that errors in the invisible-target 

condition were associated with a Pe even though no Ne/ERN 

was observed. Here, we asked whether we can replicate this 

result when only correctly classified trials (i.e., flanker errors 

classified as “errors” and nonflanker guesses classified as “un-

sure”) are included, thus demonstrating that error awareness is 

possible in the absence of an Ne/ERN. As in our previous study, 

we had to deal with the problem that no correct trials are avail-

able in the invisible-target condition that can be used as a base-

line for quantifying the Ne/ERN and Pe. Again, we applied two 

strategies to determine whether an Ne/ERN or Pe was present: 

First, we used correct trials from the visible-target condition as a 

baseline. Because the 133-SMI and 250-SMI conditions differed 

in several aspects of the data including the waveform of correct 

trials, we decided to use only the 133-SMI condition for which 

the masking interval was closer to that of the invisible-target 

condition. Second, we compared flanker errors and nonflanker 

guesses in the invisible-target condition. For flanker errors, the 

stimulus provides more objective information that an error has 

occurred, which should lead to stronger error signals and thus a 

larger Pe and also a larger Ne/ERN if our hypothesis is incorrect 

and an Ne/ERN is observed in this condition.

To investigate whether a Ne/ERN is observable in the invisible-

target condition, we inspected waveforms and topographies from 

the frontocentral electrode cluster in Figure 3A,C. It reveals al-

most identical waveforms for all trial types in the time range of the 

Ne/ERN, suggesting that there is neither a negativity relative to 

the correct baseline nor a larger negativity for flanker errors than 

for nonflanker guesses. Also, the scalp topographies (Figure 3E) 

provided no evidence for a frontocentral negativity that could be 

interpreted as a Ne/ERN. These observations received support 

from statistical analyses. Neither the difference between flanker 

errors and correct trials (M = −0.08 μV, SE = 0.24 μV) reached 

significance; t(20) = 0.33, p = 0.749, d = 0.072, nor the difference 

between nonflanker guesses and correct trials (M = −0.07 μV, 

SE = 0.27 μV), t(20) = 0.24, p = 0.814, d = 0.052, and also wave-

forms for flanker errors and nonflanker guesses did not differ 

significantly; t(20) = 0.10, p = 0.923, d = 0.022. For completeness, 

we repeated this analysis with correct trials of the 250-SMI 

condition. Correct trials in this condition differed significantly 

from flanker errors (M = −0.55 μV, SE = 0.20 μV), t(20) = 2.79, 

p = 0.011, d = 0.609, as well as nonflanker guesses (M = −0.53 μV, 

SE = 0.21 μV), t(20) = 2.52, p = 0.020, d = 0.550. However, these 

significant differences are most likely due to the difference be-

tween correct trials of the 133-SMI and 250-SMI reported above.

A closer inspection of Figure 3C shows that the difference wave 

peaks earlier in the invisible-target condition than in the visible-

target condition. Moreover, Figure  3A suggests that the peak 

in the averaged waveforms of errors is not clearly identifiable, 

which could point to variability in the latency of the alleged Ne/

ERN across participants. We therefore ran a control analysis 

in which we used a modified adaptive mean measure (Clayson 

et al. 2013) that can deal with variable peak latencies and ap-

plied this to a larger and earlier time window (−50 to 100 ms) 

and an earlier baseline period (−150 to −50 ms). But again, there 

was neither a significant difference between flanker errors and 

correct trials (M = −0.46 μV, SE = 0.43 μV), t(20) = 1.06, p = 0.303, 

d = 0.231, nor between nonflanker guesses and correct trials 

(M = −1.09 μV, SE = 0.68 μV), t(20) = 1.60, p = 0.125, d = 0.349, or 

between flanker errors and nonflanker guesses (M = −0.68 μV, 

SE = 0.70 μV), t(20) = 0.96, p = 0.348, d = 0.209.

Next, we considered the Pe in the waveforms from the centropa-

rietal electrode cluster (Figure 3B,D). There was a clear positivity 

in flanker errors and nonflanker guesses relative to the correct 

baseline in the time range of the Pe.1 Moreover, this Pe is larger 

for flanker errors than for nonflanker guesses. Figure 3F shows 

a clear posterior distribution resembling that in the visible-

target condition. Corroborating these observations, the statisti-

cal analyses revealed a significant positivity for flanker errors 

(M = 2.43 μV, SE = 0.40 μV); t(20) = 4.29, p < 0.001, d = 0.936, 

as well as for nonflanker guesses (M = 1.54 μV, SE = 0.3 μV); 

t(20) = 3.68, p < 0.001, d = 0.803, relative to the correct baseline. 

Furthermore, this Pe was larger for flanker errors than for non-

flanker guesses; t(20) = 2.40, p = 0.026, d = 0.524.

 1
4
6
9
8
9
8
6
, 2

0
2
5
, 1

0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/p

sy
p
.7

0
1
2
8
 b

y
 Ju

lia D
u
m

sk
y
 - F

ern
u
n
iv

ersitaet H
ag

en
 , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

8
/1

0
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se

50
Institutional dow

nload



9 of 14Psychophysiology, 2025

FIGURE 3    |    Error-related negativity (Ne/ERN; frontocentral cluster in left column) and error positivity (Pe; centroparietal cluster in right column) 

in the invisible-target (0-SMI) condition. Only correctly classified trials of the good detectors group were considered. Data for correct responses were 

taken from the 133-SMI condition. (A, B) Waveforms from all response types. (C, D) Difference waves for flanker errors (minus corrects) and non-

flanker guesses (minus corrects). (E, F) Topographies of the difference waves in the time range of the Ne/ERN and Pe. Gray areas indicated the time 

range of the Ne/ERN and Pe in each graph. CP, centroparietal; CR, correct response; FC, frontocentral; FE, flanker error; NFG, nonflanker guess; 

SMI, stimulus-mask interval.
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3.2.3   |   Visible-Target Condition Versus 

Invisible-Target Condition

Finally, we compared Ne/ERN and Pe amplitudes across all con-

ditions in a combined analysis. Only flanker errors were included 

as only these error types could occur in all conditions. Ne/ERN 

amplitudes varied significantly across the three SMI conditions, 

F(2, 40) = 10.7, p < 0.001, ηp
2 = 0.349, reflecting that the invisible-

target condition (M = −0.33 μV, SE = 0.21 μV) showed smaller 

Ne/ERNs than the 250-SMI (M = −1.88 μV, SE = 0.29 μV), 

t(20) = 4.26, p < 0.001, d = 0.930, and the 133-SMI condition 

(M = −0.69 μV, SE = 0.24 μV), t(20) = 1.28, p = 0.214, d = 0.279. In 

contrast, Pe amplitudes did not vary significantly across condi-

tions, F(2, 40) = 0.01, p = 0.988, ηp
2 < 0.001. When including both 

components in a two-way ANOVA with component (Ne/ERN, 

Pe) as an additional variable, we obtained significant main ef-

fects of SMI condition, F(2, 40) = 5.49, p = 0.008, ηp
2 = 0.215, but 

not for component, F(1, 20) = 2.35, p = 0.141, ηp
2 = 0.105. The in-

teraction between SMI condition and component only reached 

marginal significance, F(2, 40) = 3.14, p = 0.054, ηp
2 = 0.136.

4   |   Discussion

Although the Ne/ERN, an early error signal, has been widely 

studied over the last decades, it is far from clear whether and 

how the Ne/ERN relates to error awareness. Whereas Di 

Gregorio et al. (2018) showed that an Ne/ERN is not necessary 

for the emergence of a Pe, it is still unclear whether this holds 

for error awareness as well. The main objective of the present 

study was thus to investigate whether errors can be consciously 

detected in the absence of an Ne/ERN. To test this, we added 

an error signaling task to the target-masking paradigm of Di 

Gregorio et al. (2018). This paradigm allows for the creation of 

errors that are detectable without knowing the correct response. 

As the Ne/ERN is assumed to rely on the representation of a 

correct response, these error trials should therefore lead to error 

awareness but not to an Ne/ERN.

Confirming this prediction, our study was able to show that 

error signaling (and thus error awareness) can occur without an 

Ne/ERN. Most participants (the good detectors group) detected 

flanker errors in the invisible-target condition very reliably, 

and these detected flanker errors showed no Ne/ERN. This is 

plausible as the Ne/ERN requires a representation of the cor-

rect response, and participants could not know what the cor-

rect response was in this condition. This demonstrates that an 

Ne/ERN is not a necessary precondition for error awareness 

to emerge. Moreover, these errors were associated with a Pe, 

which replicates the core result of Di Gregorio et al. (2018) and 

again confirms that Ne/ERN and Pe are dissociable. This again 

demonstrates that the two components do not represent stages 

of a unitary process (e.g., Yeung et al. 2004; Ullsperger, Fischer, 

et al. 2014) but can be viewed as two independent mechanisms of 

performance monitoring (Charles et al. 2013; Maier et al. 2015).

Our results can be interpreted within the framework of the 

evidence accumulation account of error awareness (Desender 

et al. 2021; Steinhauser and Yeung 2010; Ullsperger et al. 2010), 

which states that error awareness emerges when the accumu-

lated evidence for an error exceeds a criterion, and that the Pe 

reflects this accumulated evidence. Whereas the early error sig-

nal reflected by the Ne/ERN could form one source of evidence, 

it is probably not the only one and—as shown by the present 

data—also not a necessary source of evidence. It is rather con-

ceivable that there are various internal and external sources 

of evidence such as sensory, proprioceptive, and interoceptive 

signals that contribute to error awareness (Wessel et  al. 2012; 

Wessel et al. 2011; Ullsperger et al. 2010). In the present para-

digm, error detection is an inference-based process that relies 

on the explicit knowledge that a response to the flankers must be 

an error. Other sources of evidence can be interoceptive signals 

including error-related changes in heart rate, pupil response, 

and skin conductance, for which it has already been shown that 

they can correlate with error awareness (Di Gregorio et al. 2024; 

Hajcak et al. 2003; Harsay et al. 2018; Quirins et al. 2018; Wessel 

et al. 2011; but see Maier et al. 2019). Despite the absence of the 

Ne/ERN, these interoceptive signals could have contributed 

to error awareness in our study, for instance, by mediating be-

tween inference and error awareness.

As in our previous study, we also obtained a Pe for nonflanker 

guesses; but this Pe was smaller than that for flanker errors in 

the invisible-target condition. This can be interpreted by assum-

ing that the Pe amplitude scales with the conditional probability 

that a response is an error, which is 100% for flanker errors and 

50% for nonflanker guesses in the invisible-target condition (Di 

Gregorio et al. 2018). This relationship might be a consequence 

of the fact that the accumulated evidence for an error varies with 

these probabilities across error types. However, there are also 

alternative ways to account for this result. It is possible that the 

reduced Pe for nonflanker guesses reflects an averaging arti-

fact indicating that nonflanker guesses are perceived as correct 

by some participants but as errors by others. Inspection of the 

single-subject data did not reveal a bimodal pattern of the differ-

ences between flanker errors and nonflanker guesses; but such 

a pattern is generally difficult to identify in noisy physiological 

data. Alternatively, it is also possible that, within each partici-

pant, we averaged across single nonflanker guesses which were 

perceived as an error (full Pe) or as a correct response (no Pe). 

As the Pe difference between flanker errors and nonflanker 

guesses appears to be an interesting window into the mecha-

nisms underlying the Pe, future studies would be desirable that 

shed more light on the origin of this effect.

Results from previous studies were inconsistent with regard 

to the relationship between error awareness and the Ne/ERN. 

Some found that signaled errors were associated with a larger 

Ne/ERN (e.g., Scheffers and Coles  2000; Wessel et  al.  2011; 

Woodman 2010), while others did not find this relationship (e.g., 

Dhar et al. 2011; Endrass et al. 2007; Nieuwenhuis et al. 2001; 

Shalgi et  al.  2009). It has previously been argued that the oc-

casional observation of such a relationship could reflect a cor-

relative rather than a causal link between Ne/ERN and error 

awareness, and that this correlation is mediated by features of 

task performance (e.g., Steinhauser and Yeung 2010; Di Gregorio 

et al. 2016). For instance, in some tasks, aware errors could be 

associated with higher postresponse conflict than unaware 

errors, and this leads to a higher Ne/ERN for the former (Di 

Gregorio et al. 2016). In the invisible-target condition, we largely 

deconfounded conflict and error awareness by preventing the 

correct response from being activated, and thus, preventing 
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postresponse conflict from occurring (although the presence 

of residual conflict, e.g., between flanker and nonflanker re-

sponses cannot be fully excluded). Accordingly, our results are 

compatible with the idea that the relationship between Ne/ERN 

and error awareness in previous studies is mediated by con-

flict or other variables related to the activation of the correct 

response. However, our results are also compatible with a sec-

ond explanation for the inconsistent relationship between Ne/

ERN and error awareness. While showing that an Ne/ERN is 

not necessary for error awareness to emerge, we cannot exclude 

the possibility that the Ne/ERN still contributes to the evidence 

for an error under some conditions. Therefore, it is possible that 

whether the Ne/ERN correlates with error awareness in a spe-

cific task depends on whether error awareness in this specific 

task relies on the Ne/ERN or other sources of evidence.

Unlike in our previous study (Di Gregorio et  al.  2018), we ob-

served a pronounced SMI-effect on performance as well as the 

EEG. In the good detectors group, the shorter SMI of 133 ms led 

to impaired primary task performance and error detection, but 

also a reduced Ne/ERN and a smaller amplitude for correct trials 

in the Ne/ERN time range (a so-called CRN; Vidal et al. 2000). 

This might be due to the inclusion of an error signaling proce-

dure, which was not used in Di Gregorio et al. (2018). Grützmann 

et al. (2014) showed that error signaling leads to an increased Ne/

ERN and CRN and argued that this reflects an enhanced atten-

tion to one's accuracy. In the present study, this enhanced atten-

tion to one's accuracy could have slightly reduced attention to 

external stimuli, which might have affected performance and the 

Ne/ERN particularly for the more difficult 133-SMI condition.

Another unexpected result of this study is the pronounced in-

dividual differences in signaling flanker errors in the invisible-

target condition. Whereas 64% of participants reliably reported 

these flanker errors (the good detectors group), the remaining par-

ticipants showed little or no error awareness in this condition (the 

bad detectors group). The fact that more than one third of the par-

ticipants had to be excluded for the main analyses is a limitation 

of the present study as it potentially reduces the generalizability of 

the results. It is therefore crucial to explain the difficulty of detect-

ing flanker errors in the invisible-target condition in so many par-

ticipants. One explanation is that bad detectors applied a higher 

detection criterion. According to Steinhauser and Yeung (2010), a 

higher detection criterion implies that fewer errors are detected; 

however, the averaged evidence across all error trials (detected 

and undetected) and thus their Pe amplitude remains the same. 

However, our data seem to contradict this. In the Supporting 

Information, we compared Pe amplitudes in the invisible-target 

condition between good and bad detectors groups. The Pe for 

flanker errors was actually lower in the bad detectors group. This 

speaks against the idea of a higher detection criterion in the bad 

detectors group but rather suggests that the low detection rate in 

this group relies on an impaired accumulation of evidence for 

an error. Possibly, these participants either failed to notice that 

a response to the flanker had occurred or ignored the informa-

tion that these flanker responses are always errors. Instead, error 

awareness could have relied more on the activation of the correct 

response, and thus the Ne/ERN, which was absent in the invisible-

target condition. This receives support from the observation that 

overall detection rates in the visible-target condition (in which an 

Ne/ERN was generated) were similar in bad detectors and good 

detectors. The two groups did not differ in their general ability to 

detect errors but rather in collecting evidence for an error in the 

invisible-target condition. One has to note that the group differ-

ences in the present study have to be treated with caution due to 

the small sample size in the bad detectors group.2

The observed individual differences in the ability to utilize in-

formation for metacognition appear to be an interesting field for 

future research. Interindividual abilities in introspection have 

previously been found to rely on neuroanatomical differences 

(e.g., Fleming et al. 2010; Sinanaj et al. 2015). In our specific task, 

these differences might also be related to differences in work-

ing memory capacity, which has been demonstrated to impact 

error monitoring (Miller et al. 2012). In this vein, other studies 

have shown that both the Ne/ERN and Pe are affected by work-

ing memory load induced by dual-tasking (Klawohn et al. 2016; 

Moser et al. 2013; Steinhauser and Steinhauser 2021; Watanabe 

et al. 2024; Weißbecker-Klaus et al. 2016) although these results 

do not always follow a consistent pattern (for a discussion, see 

Schuch et al. 2019). Interestingly, one study suggests that partic-

ularly the identification of flanker errors might be difficult under 

high working memory load (Maier and Steinhauser 2017). As one 

could argue that our paradigm places high demands on work-

ing memory due to the use of a three-choice task and the need 

to signal errors, future studies could measure working memory 

capacity to account for inter-individual differences in this para-

digm and to investigate whether participants with low working 

memory capacity rely more on the Ne/ERN rather than task rules 

to signal errors in our task.

5   |   Conclusion

Taken together, the present study demonstrated that the ability 

to become aware of an error does not rely on early error process-

ing as reflected by the Ne/ERN, but rather relates to late error 

processing represented by the Pe. This does not exclude the pos-

sibility that error awareness can be influenced by the Ne/ERN 

but shows that an Ne/ERN is not necessary for error awareness 

to emerge. These results support the notion that the Ne/ERN 

and Pe constitute independent systems of error monitoring.
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Endnotes

	1	Figure 3 shows that the centroparietal cluster (Figs. 4BD) is associated 
with more noise than the frontocentral cluster (Figs. 4 AC). A closer 
inspection of the data revealed that this is due to an enhanced noise 
level at electrode P2 in five participants, which however was not strong 
enough to meet our interpolation criterion. Importantly, re-analysis of 
the data without this electrode did not change the results.

	2	If bad detectors do not take into account whether a response to the 
flanker has occurred, they should assign an error probability of 66% 
to either of the three responses (irrespective of whether it is a flanker 
error or nonflanker guess). As this is higher than the 50% error prob-
ability assigned to nonflanker guesses by good detectors, one would 
expect that the Pe on nonflanker guesses is higher for good detectors 
than for bad detectors. This was not observed which might reflect the 
restricted power to find such a small effect given the small sample sizes 
or to the fact that error awareness in bad detectors relied more on early 
error processing as discussed.
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Supporting Information

Additional supporting information can be found online in the Supporting 
Information section. Data S1: psyp70128-sup-0001-Supinfo01.docx. 
Figure S1: Distribution of detection frequencies of flanker errors in 
the invisible-target condition. Participants with detection frequencies of 
40% or above were included in the group of good detectors. Figure S2: 
Error-related negativity (Ne/ERN; frontocentral cluster in left column) 
and error positivity (Pe; centroparietal cluster in right column) in the 
visible-target (133/250-SMI) conditions of the good detectors group. All 
trials were considered irrespective of whether they were correctly classi-
fied or not. (A, B) Waveforms from all response types. (C, D) Difference 
waves for flanker errors (minus corrects) and nonflanker errors (minus 
corrects). (E, F) Topographies of the difference waves in the time 
range of the Ne/ERN and Pe. Gray areas indicated the time range of 
the Ne/ERN and Pe in each graph. CP = centroparietal, CR = correct re-
sponse, FC = frontocentral, FE = flanker error, NFE = nonflanker error, 
SMI = stimulus-mask interval. Figure S3: Error-related negativity 
(Ne/ERN; frontocentral cluster in left column) and error positivity (Pe; 
centroparietal cluster in right column) in the visible-target (133/250-
SMI) conditions of the bad detectors group. All trials were considered 
irrespective of whether they were correctly classified or not. (A, B) 
Waveforms from all response types. (C, D) Difference waves for flanker 
errors (minus corrects) and nonflanker errors (minus corrects). (E, F) 
Topographies of the difference waves in the time range of the Ne/ERN 
and Pe. Gray areas indicated the time range of the Ne/ERN and Pe in 
each graph. CP = centroparietal, CR = correct response, FC = frontocen-
tral, FE = flanker error, NFE = nonflanker error, SMI = stimulus-mask 
interval. Figure S4: Error-related negativity (Ne/ERN; frontocentral 
cluster in left column) and error positivity (Pe; centroparietal cluster 
in right column) in the invisible-target (0-SMI) condition of the good 
detectors group. All trials were considered irrespective of whether they 
were correctly classified or not. Data for correct responses were taken 
from the 133-SMI condition. (A, B) Waveforms from all response types. 
(C, D) Difference waves for flanker errors (minus corrects) and non-
flanker guesses (minus corrects). (E, F) Topographies of the difference 
waves in the time range of the Ne/ERN and Pe. Gray areas indicated 
the time range of the Ne/ERN and Pe in each graph. CP = centropa-
rietal, CR = correct response, FC = frontocentral, FE = flanker error, 
NFG = nonflanker guess, SMI = stimulus-mask interval. Figure S5: 
Error-related negativity (Ne/ERN; frontocentral cluster in left column) 
and error positivity (Pe; centroparietal cluster in right column) in the 
invisible-target (0-SMI) condition of the bad detectors group. All trials 
were considered irrespective of whether they were correctly classified 
or not. Data for correct responses were taken from the 133-SMI condi-
tion. (A, B) Waveforms from all response types. (C, D) Difference waves 
for flanker errors (minus corrects) and nonflanker guesses (minus cor-
rects). (E, F) Topographies of the difference waves in the time range 
of the Ne/ERN and Pe. Gray areas indicated the time range of the Ne/
ERN and Pe in each graph. CP = centroparietal, CR = correct response, 
FC = frontocentral, FE = flanker error, NFG = nonflanker guess, 
SMI = stimulus-mask interval. Table  S1: Primary task Performance. 
Table S2: Frequencies of detection types and trial numbers for flanker 
errors and nonflanker errors in the visible-target condition for both sub-
groups. Table S3: Frequencies of detection types and trial numbers for 
flanker errors and nonflanker guesses in the invisible-target condition 
for both subgroups. 
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