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Error-processing is increasingly examined using the error-related negativity (ERN) and error positivity
(Pe) – event-related potentials (ERPs) that demonstrate trait-like properties and excellent reliability.
The current study focuses on construct validity by applying a multitrait–multimethod approach, treating
error-related ERPs (i.e., ERN, Pe and the difference between error minus correct, referred to as �ERN and
�Pe, respectively) as traits measured across multiple tasks (i.e., Flanker, Stroop, and Go/NoGo). Results
onstruct validity
iscriminant validity
rror-related negativity
rror positivity
RN

suggest convergent validity of these ERPs ranging between .62 and .64 for �ERN. Values were somewhat
smaller for ERN (range .33–.43), Pe (range .37–.49) and �Pe (range .30–.37). Further, the correlations for
ERN and Pe are higher within components across tasks than between different components suggesting
discriminant validity. In conclusion, the present study revealed evidence for convergent and discriminant
validity of error-related ERPs, further supporting the use of these components as psychophysiological trait
e markers.

. Introduction

Adaptive behavior in a changing world requires a flexible system
hat monitors performance and detects errors. Psychophysiological
esearch on performance monitoring has flourished since error-
elated event-related potentials (ERPs) were discovered 20 years
go (Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; Gehring,
oss, Coles, Meyer, & Donchin, 1993). Studies of performance mon-

toring have focused in particular on the error-related negativity
ERN; Gehring et al., 1993) or error negativity (Ne; Falkenstein et
l., 1991), a sharp negative deflection that appears shortly after the
ommission of an error over frontocentral electrodes. The ante-
ior cingulate cortex (ACC) has been suggested as the primary
enerator of the ERN based on studies using both functional neu-
oimaging (Debener et al., 2005; Ridderinkhof, Ullsperger, Crone, &
ieuwenhuis, 2004) and source localization techniques (Dehaene,
osner, & Tucker, 1994).

In addition to the ERN, other response-related ERPs are used
o examine action monitoring. Several studies report a smaller,

ut similar looking, negative-going component following correct
esponses, called the correct response negativity (CRN; Ford, 1999;
idal, Hasbroucq, Grapperon, & Bonnet, 2000). The ERN is typically
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followed by the error positivity (Pe; Falkenstein et al., 1991). The
Pe has a centroparietal distribution and occurs within 200–500 ms
after incorrect responses.

Despite a considerable body of research, the functional signifi-
cance of these electrophysiological measures of action monitoring
is still debated. The Pe has been related to error awareness (Endrass,
Reuter, & Kathmann, 2007; Hughes & Yeung, 2011; Nieuwenhuis,
Ridderinkhof, Blom, Band, & Kok, 2001) and some suggest it rep-
resents a P3-like response to infrequent error commission (Arbel
& Donchin, 2009, 2011; Overbeek, Nieuwenhuis, & Ridderinkhof,
2005; Ridderinkhof, Ramautar, & Wijnen, 2009).

The ERN on the other hand is assumed to signal the need
to adjust behavior and to increase cognitive control to improve
future performance (Botvinick, Braver, Barch, Carter, & Cohen,
2001; Falkenstein et al., 1991; Gehring et al., 1993; Holroyd &
Coles, 2002). More specifically, the ERN has been thought to reflect
a neural correlate of conflict monitoring (Botvinick et al., 2001;
Yeung, Botvinick, & Cohen, 2004), reinforcement learning (Holroyd
& Coles, 2002) or error-likelihood (Brown & Braver, 2005). In addi-
tion, the ERN is related to motivational and individual difference
variables and is thought to be a trait marker that reflects individual
differences in the subjective value of errors based on context, per-
sonality, and learning history (Hajcak, 2012; Olvet & Hajcak, 2008;
Weinberg, Riesel, & Hajcak, 2012).
Despite this increasing interest in the ERN as a potential trait-
like biomarker, the psychometric properties of the ERN have not
been thoroughly investigated. There is evidence that the internal
consistency and temporal stability of error-related ERPs (ERN, CRN,
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e) as well as the difference between the ERN and CRN (referred
o as �ERN) are excellent (Olvet & Hajcak, 2009b; Segalowitz
t al., 2010; Weinberg & Hajcak, 2011). Specifically, estimates of
est–retest reliability range between .40 and .82 over a period of
–6 weeks (Olvet & Hajcak, 2009b; Segalowitz et al., 2010) and are
imilar in size (ranging from .56 to .67) after as long as 2 years
Weinberg & Hajcak, 2011).

However, few studies investigated the degree to which the
RN is comparable across tasks within the same individuals. This
s particularly important given that the ERN is measured in a
ariety of tasks, including the Flanker (e.g., Gehring et al., 1993),
o/NoGo (e.g., Bates, Kiehl, Laurens, & Liddle, 2002) and Stroop

asks (e.g., Hajcak & Simons, 2002). Initial evidence suggests that
he ERN elicited in a Flanker and a Go/NoGo task is highly corre-
ated within the same individuals (Segalowitz et al., 2010). Further,
he ERN is often scored at FCz where it is maximal (e.g., Bates et al.,
002; Falkenstein, Hoormann, Christ, & Hohnsbein, 2000; Gentsch,
llsperger, & Ullsperger, 2009; Luu, Tucker, Derryberry, Reed, &
oulsen, 2003; Ridderinkhof et al., 2002), but it is unknown where
he ERN has the highest convergence across tasks.

Nonetheless, there is some evidence for task-dependent
odulations of the ERN (Grundler, Cavanagh, Figueroa, Frank,
Allen, 2009; Mathews, Perez, Delucchi, & Mathalon, 2012;

ieuwenhuis, Nielen, Mol, Hajcak, & Veltman, 2005; Olvet &
ajcak, 2009a). For example, research suggests that enhanced
RN amplitudes in obsessive-compulsive disorder may only be
ound in response-conflict tasks and not in tasks with probabilis-
ic stimulus–response mappings (Grundler et al., 2009; Mathews
t al., 2012; Nieuwenhuis et al., 2005). It has even been proposed
hat different, albeit overlapping, neural systems can underlie the
RN, depending on the specific task (i.e., execution of an incorrect
otor response vs. suboptimal choice; Cavanagh, Grundler, Frank,
Allen, 2010; Grundler et al., 2009). In short, it is not yet clear
hether the ERN measured across common tasks reflects a unitary
henomenon or has task-dependent characteristics. Thus, there is
need to directly compare indices of error-related brain activity

cross different tasks to examine the construct validity of the ERN.
If correlations between ERNs measured across tasks were low,

his would suggest that the ERN is not a singular entity, and that cor-
elations with individual difference measures may depend heavily
n the task used to elicit the ERN. In this case, it would be useful
o specify results in terms of the task employed (e.g. Stroop-ERN).
iven that the ERN is discussed as a promising biomarker, which
ould be useful for diagnostic or prognostic purposes, this question
s of central importance in guiding such research efforts.

To this end, error-related ERPs (i.e., ERN, Pe) were assessed
n the current study using three commonly employed speeded
esponse tasks (i.e., Flanker, Stroop, Go/NoGo). An adjusted
ultitrait–multimethod matrix (MMTM; Campbell & Fiske, 1959)
as applied to examine whether indices of error-related brain

ctivity (i.e., traits) converge across different tasks (i.e., methods).
his was done in order to examine how comparable (convergent
alidity) and distinguishable (discriminant validity) error-related
omponents are across tasks.

. Methods

.1. Participants

Forty-seven undergraduate students (20 female) from Stony Brook University
articipated in this study. Two participants committed fewer than six errors and
ere therefore excluded from further analysis, since evidence suggests that between
and 8 error trials are needed to reliably quantify the ERN and Pe (Olvet & Hajcak,

009c; Pontifex et al., 2010). Data from two subjects were excluded due to exces-
ive EEG artifacts. The final sample consisted of 43 participants (19 female). All
articipants had normal or corrected-to-normal vision and reported no history of
ead trauma or neurological disease. The mean age was 19.14 years (SD = 1.42).
8.6% of the sample was Caucasian/European, 45.5% was Asian-American, 6.8% was
ology 93 (2013) 377–385

Hispanic, 2.3% was African-American and 6.8% identified as “other.” All participants
received verbal and written information about the aims and procedure of the study
and written consent was obtained. All participants received course credit for their
participation.

2.2. Task and procedure

The experiment consisted of three tasks: a modified Flanker task, a Go/NoGo
task, and a Stroop task. The order of tasks was counterbalanced across partici-
pants. All tasks were administered using Presentation software (Neurobehavioral
Systems, Inc., Albany, CA, USA). Prior to each task, the participants performed a
practice block containing 20 trials. All three tasks consisted of 420 trials presented
in 7 blocks of 60 trials. All stimuli were presented for 200 ms. An intertrial interval
(ITI) that varied randomly from 600 to 1000 ms followed the response. Throughout
all tasks, participants were encouraged to be both fast and accurate in their perfor-
mance. To encourage both fast and accurate behavior, performance-based feedback
was presented at the end of each block. If performance accuracy was below 75%, a
message appeared instructing participants to respond more accurately. When per-
formance was above 90%, participants were instructed to respond faster. Error rates
between 10 and 25% were followed by the feedback “You’re doing a great job.” For the
Go/NoGo task, the performance feedback was given with regard to error rates that
were calculated for NoGo trials only (i.e., errors of commission). The total duration
of the three tasks combined was approximately 60 min.

Flanker task: On each trial of the Flanker task (Eriksen & Eriksen, 1974; Kopp, Rist,
& Mattler, 1996), five horizontally aligned white arrowheads were presented and
participants were instructed to respond with the left or right mouse button in accor-
dance with the direction of the central arrowhead. Half the trials were compatible
(e.g. flanker arrows and target point in the same direction) and half were incom-
patible (e.g. flanker arrows and target point in opposite directions). The trials were
displayed in a pseudorandomized order. At a viewing distance of approximately
65 cm, the set of arrows filled 2◦ of visual angle vertically and 10◦ horizontally.

Stroop task: On each trial, one of three color words (‘red’, ‘green’, ‘blue’) was
shown, and was presented in either red or green font. Subjects were instructed to
press the left mouse button if the color word was presented in red, and press right
button if the color word was presented in green. Thus, 1/3 of trials were compatible
(e.g. color word and font color require the same response, ‘red’ in red font, ‘green’ in
green font), 1/3 were incompatible (e.g. color word and font color require different
responses, ‘red’ in green font, ‘green’ in red font), and 1/3 were neutral (e.g. the color
word, ‘blue’ in red or green font). At a viewing distance of approximately 65 cm, each
word occupied between 2◦ and 3◦ of visual angle.

Go/NoGo task: In the Go/NoGo task, a green triangle was presented on each
trial. Participants were instructed to press the right mouse button in response to
an upright triangle, which occurred on 80% of the trials. Additionally, participants
were told to withhold responses to slightly tilted triangles (10◦), which occurred
on 20% of the trials. At a viewing distance of approximately 65 cm, each triangle
occupied 3◦ × 3◦ of the visual angle.

2.3. Psychophysiological recording, data reduction and analysis

The continuous EEG was recorded using an elastic cap and the ActiveTwo
BioSemi system (BioSemi, Amsterdam, Netherlands). Sixty-four electrode sites were
used, based on the 10/20 system, as well as two electrodes on the right and left
mastoids. All electrodes were sintered Ag–AgCl electrodes. The Electrooculogram
(EOG) was recorded using four additional facial electrodes: two electrodes placed
approximately 1 cm outside of the right and left eyes and two electrodes mounted
approximately 1 cm above and below the right eye. To improve the signal-to-noise
ratio, the EEG signal was pre-amplified at the electrode with a gain of 1× by a
BioSemi ActiveTwo system (BioSemi, Amsterdam, Netherlands). The EEG was dig-
itized with a sampling rate of 512 Hz using a low-pass fifth order sinc filter with a
half-power cutoff of 102.4 Hz. A common mode sense (CMS) active electrode pro-
ducing a monopolar (non-differential) channel was used as recording reference. The
EEG was analyzed using Brain Vision Analyzer (Brain Products, Gilching, Germany).

2.4. ERP analysis

Offline, the data were referenced to the average of the left and right mastoids,
and band-pass filtered with low and high cutoffs of 0.1 and 30 Hz, respectively. Eye
movement artifacts were corrected using the algorithm developed by Gratton, Coles,
and Donchin (1983). Response-locked epochs with a duration of 1200 ms, including
a 400 ms prestimulus interval, were extracted. A semi-automatic procedure was
used to detect and reject artifacts. Epochs containing a voltage step of more than
50 �V between sample points, a voltage difference of 300 �V within a segment, and
a maximum voltage difference of less than 0.50 �V within 100 ms intervals were
rejected. In addition, visual inspection of the data was conducted to detect and reject
any remaining artifacts. Response-locked ERPs were averaged separately for each

participant, each task, and for incorrect and correct responses. For all tasks, trials
with response times below 100 ms and above 700 ms were excluded from averaging.
Because the ERN can begin prior to the completion of the motor response, we used
the 400–200 ms pre-response interval as the baseline in order to avoid subtracting
out activity of interest (Weinberg, Olvet, & Hajcak, 2010). To quantify the ERN and
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Table 1
Task performance and measures of error-processing (means and standard deviations) in the Flanker, Go/NoGo and Stroop task.

Flanker task Go/NoGo 

task

Stroop task Task effect

F p
Number of Errors 52.95 (25.38) 30.44 (10.06) 55.05 (31.14) 20.78 p < .001

Correct RT in ms 396 (50) 318 (42) 422 (68)
115.38 p < .001

Error RT in ms 323 (46) 268 (32) 394 (71)

Post-Error Slowing 

in ms

9 (21) 26 (43) 23 (33) 3.95 p < .05

∆ERN -7.66 (5.32) -8.86 (5.06) -6.16 (4.53) 7.86 p < .01

ERN .84 (5.09) -2.25 (5.01) .98 (4.97)
6.93 p < .05

CRN 8.50 (5.05) 6.61 (5.18) 7.14 (6.44)

∆Pe 10.56 (4.93) 10.50 (5.84) 6.61 (4.44) 10.73 p < .001

Pe 13.01 (6.36) 14.43 (7.63) 10.63 (5.53)
3.20 p < .05
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Correct Positivity 2.45 (3.61) 3.93 (3.94) 4.02 (4.52)

RN, we calculated mean amplitudes for the time interval between 0 and 100 ms
fter responses at FCz, where error-related brain activity was maximal. A negative
eflection is typically observable after both error and correct trials, therefore it is
ommon to analyze not just ERN and CRN, but also the difference between them
�ERN) in order to isolate activity unique to error-processing from activity more
roadly related to response-monitoring (Simons, 2010). This difference score shows
omparable reliability with ERN or CRN alone (Olvet & Hajcak, 2009b; Weinberg &
ajcak, 2011). The Pe was evaluated as the average activity from 200 to 400 ms at Pz,
nd again a difference score subtracting the positivity on error trials minus correct
rials was calculated (i.e., �Pe). Grand averages were filtered with a 15-Hz low-pass
lter for visual presentation.

.5. Statistical analysis

Statistical analyses were conducted using SPSS (Version 19.0). The significance
evel was ˛ = .05, two-tailed. The analyses are described in several parts below.
irst, a 2 (response: error, correct) × 3 (task: Flanker, Stroop, Go/NoGo) repeated-
easurement analysis of variance (ANOVA) was used to analyze the reaction time

nd electrophysiological data. Paired t-tests were performed for follow-up, post
oc tests. When appropriate, the Greenhouse–Geisser correction was used for all
omparisons with more than two within-subject levels and ε is reported. Second,
orrelational analyses (Pearson’s r) were conducted to examine the relationship
mong measures of error-related brain activity (Tables 2 and 3) and correlations with
ehavioral indices. In addition, correlations were used to examine on which elec-
rode position the �ERN shows the highest associations (i.e., convergence) across
asks.

The interpretation and naming of the correlation matrix shown in Tables 2 and 3
s derived from a multitrait–multimethod matrix (MMTM, Campbell & Fiske, 1959),
hough ERP components are used as traits, and tasks reflect different methods.1 Con-
truct validity is evaluated by a rule-based examination of the observed correlation
atterns (Campbell & Fiske, 1959). Validity can be assumed when the matrix follows
he rules that are introduced below:

. Reliability diagonal (monocomponent–monotask: black color): The main diag-
onal of the correlation matrix reflects the split-half reliability. The split-half
reliability was calculated by using the odd-even method (i.e., correlation between
even and odd trials). Coefficients in the reliability diagonal should consistently
be the highest in the matrix, given that each measure should be more highly
correlated with itself than other measures.

. Validity diagonals (monocomponent–heterotask: red color): Correlations of the

same measure assessed by different tasks. Each validity coefficient should be
higher than values in its column and row in the same heterotask block.

. Heterocomponent–monotask blocks (blue color): correlations between differ-
ent measures assessed within a single task. A similar pattern of relationships
between measures should be seen in all task triangles. Further, these correlations

1 These changes in naming were undertaken to indicate that (a) different meth-
ds have not been used but instead different tasks within one method (EEG) and
b) because it is still a matter of discussion whether these ERP components can be
onceptualized as traits.
should be smaller than the correlations observed in the validity diagonals (i.e., the
ERN in the flanker task should correlate more highly with the ERN in the Stroop
task than with the Pe in the Flanker task). The latter criterion allows examining
discriminant validity of these components.

4. Heterocomponent–heterotask blocks (gray color): Correlations between differ-
ent measures assessed by different tasks. These coefficients should be the lowest
in matrix.

3. Results

3.1. Behavioral results

Behavioral results for the three tasks are presented in Table 1.
Reaction time varied significantly between the three tasks
(F(2, 82) = 115.38, p < 0.001, ε = .87). The fastest reaction times
were observed in the Go/NoGo task compared to the Flanker
(t(41) = 14.74, p < 0.001) and Stroop task (t(41) = 14.81, p < 0.001).
The Flanker task was characterized by faster reactions compared
to the Stroop task (t(42) = 4.76, p < 0.001). In all tasks, reaction
times were significantly faster for incorrect than correct responses
(F(1, 41) = 246.26, p < 0.001). However, the difference in reaction
times between incorrect and correct responses varied across tasks
(F(2, 82) = 36.07, p < 0.001, ε = .98). This difference was most pro-
nounced for the Flanker task (73 ms) compared to the Go/NoGo task
(50 ms, t(41) = 4.62, p < 0.001) and Stroop task (28 ms, t(42) = 8.21,
p < 0.001). In addition, the difference in reaction times in the
Go/NoGo task was more pronounced compared to the Stroop task
(t(41) = 4.11, p < 0.001).

Number of errors also differed between tasks (F(2, 82) = 20.78,
p < 0.001, ε = .86), such that the Go/NoGo task elicited a smaller
number of errors compared to the Flanker (t(41) = 6.62, p < 0.001)
and Stroop tasks (t(41) = 5.80, p < 0.001). The Flanker and Stroop
tasks did not differ from one another in terms of the number of
errors they elicited (t(42) = .44, p = 0.66).

Post-error slowing was analyzed by comparing the differ-
ence between reaction times following correct trials and reaction
times following errors. Post-error slowing was observable in all
tasks (Flanker: t(41) = 2.56, p < 0.05, Stroop: t(41) = 4.36, p < 0.001,
Go/NoGo: t(41) = 3.76, p < 0.01). Again, there was a main effect of
task (F(2, 82) = 3.95, p < 0.05, ε = .84), such that both the Go/NoGo

(t(41) = 2.67, p < 0.05) and Stroop tasks (t(41) = 2.54, p < 0.05) were
characterized by a pronounced post-error slowing compared to
the Flanker task. The slowing after an error did not differ between
Go/NoGo and Stroop task (t(41) = .63, p = 0.53).
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Fig. 1. (A) Grand average waveforms for correct and incorrect responses and the difference wave at electrode FCz for each of the three tasks, as well as each task’s associated
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.2. ERP results

Fig. 1A presents the response-locked ERP waveforms for cor-
ect and error responses and topographies for �ERN in the three
asks. Consistent with previous studies, the ERN was observed
cross tasks as a sharp frontocentral negative deflection that peaked
hortly after the commission of an error and was more negative
han the CRN (F(1, 41) = 124.67, p < .001). In addition, a main effect of
ask (F(2, 82) = 6.93, p < .01, ε = .96) and an interaction between task
nd response (F(2, 82) = 7.89, p < .01, ε = .96) was also observed, indi-
ating that the difference between ERN and CRN (i.e., �ERN) varied
s a function of task. The �ERN in the Go/NoGo task was more pro-
ounced than the �ERN in the Stroop task (t(42) = 4.40, p < 0.001)
nd was marginally larger than the �ERN elicited by the Flanker
ask (t(42) = 1.83, p = 0.07). In addition, the �ERN in the Flanker
ask was more negative compared to the �ERN in the Stroop task
t(42) = 2.3, p = 0.05).

The positivity after errors for the three tasks is shown in Fig. 1B.
he Pe was also enhanced following errors (compared to the pos-
tivity following correct responses, F(1, 41) = 253.40, p < .001). As
bove, a significant main effect of task (F(2, 82) = 3.20 p < .05, ε = .96)
as qualified by an interaction with response type (F(2, 82) = 12.43,
< .001, ε = .95). The difference in the positivity between errors
nd correct responses was larger for both the Flanker (t(42) = 4.46,
< 0.001) and Go/NoGo tasks (t(42) = 3.73, p < 0.01) compared to the

troop task. The �Pe elicited by the Flanker and Go/NoGo tasks did
ot differ (t(42) = .07, p = 0.95).2

2 Correlations to behavioral indices: Correlations were used to explore the associa-
ions between error-related ERPs (�ERN and Pe) and behavioral indices (post-error
lowing and numbers of errors). Neither �ERN nor Pe were associated with number
f errors or post-error slowing (all rs < .30, ps > .05).
age waveforms for correct and incorrect responses at electrode Pz for each of the
ource density). Note: the used interval for ERP and topography analyses is indicated

3.3. Construct validity

Fig. 2 displays the size of the correlation between the �ERN
across tasks as a function of electrode site. Maximal correla-
tions across tasks can be observed at frontocentral electrode sites,
consistent with the scalp maximum of the �ERN. All subse-
quent correlations across tasks focus on scores at FCz, where the
�ERN was both maximal and maximally correlated across tasks.
Tables 2 and 3 show the correlations between the different meas-
ures of error-monitoring both within and across tasks. Table 2
reports the results for difference scores isolating either error-
or conflict-specific processes, whereas Table 3 reports measures
derived from error trials only. Since the overall pattern of results
is similar in both matrices, the results and discussion will focus on
difference (i.e., �) measures.

Reliability diagonal (monocomponent-monotask, black color): The
main diagonal of the correlation matrix reflects the split-half
reliability. The split-half reliability coefficients were the highest
correlations in the matrix, consistent with the notion that each
measure should be more highly correlated with itself than other
measures. However, the reliability of the error-related measures
differed between tasks (.53–.82), with split-half reliability values
highest in the Flanker task.

Validity diagonals (monocomponent-heterotask, red color): These
diagonals represent correlations of the same ERP measure assessed
by different tasks. The validity diagonals indicate significant cor-
relations for each measure of error-related brain activity across
tasks. The highest validity values were observed for �ERN meas-
ures across tasks, with values above .60. The ERN, Pe and �Pe also
had reasonably high indices across tasks (range .30–.49). Impor-

tantly and as expected, the validity values within any given variable
were higher than the correlations observed between that variable
and another variable having neither component nor task in com-
mon (i.e., gray values), which were all low and non-significant.
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Fig. 2. Correlational headmaps for �ERN at all electrodes depicting the strength of correlations between Flanker and Stroop task (left), Flanker and Go/NoGo task (middle)
and Stroop and Go/NoGo task (right).

Table 2
Bivariate Pearson correlations between different �-scored ERPs across tasks.

Flanker Stroop Go/NoGo

∆ ERN ∆ Pe ∆ ERN ∆ Pe ∆ ERN ∆ Pe

Flanker ∆ ERN .76**

∆ Pe -.07 .82**

Stroop ∆ ERN .65** -.09 .69**

∆ Pe -.08 .34* .18 .53**

Go/NoGo ∆ ERN .65** -.26 .66** -.05 .64**

∆ Pe -.07 .37** -.15 .30* .16 .56**

Note: the main diagonal (in black) shows split-half reliability indices, the validity diagonals are depicted in red, the blue values display heterocomponent–monotask corre-
lations, the gray values show heterocomponent–heterotask correlations.
* p < .05.
** p < .01.

Table 3
Bivariate Pearson correlations between different error-related ERPs across tasks.

Flanker Stroop Go/NoGo

ERN Pe ERN Pe ERN Pe

Flanker ERN .81**

Pe .37* .87**

Stroop ERN .37* .28 .69**

Pe -.03 .41** .39* .58**

Go/NoGo ERN .43** .10 .33* .11 .60**

Pe .12 .49** .10 .37* .58** .73**

Note: the main diagonal (in black) shows split-half reliability indices, the validity diagonals are depicted in red, the blue values display heterocomponent–monotask corre-
lations, the gray values show heterocomponent–heterotask correlations.
* p < .05.
*
* p < .01.
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In addition, there is also evidence for task-dependent effects
n error-related brain activity. For example, the construct valid-
ty of �ERN and �Pe (and also ERN and Pe) was somewhat lower

hen comparing Stroop and Go/NoGo tasks. Further, the amount
f shared variance for one component assessed with different tasks
uggests that distinct influences must exist (R2 range 9–44%, see
ables 2 and 3). Further, each task appears to share unique varia-
ion in the �ERN with each of the other tasks as reflected in partial
orrelations. For instance, the correlation between �ERN in the
lanker and Go/NoGo task, controlling for Stroop task was r = .40,
< .01. Similarly, the correlation between Flanker and Stroop task,
ontrolling for the Go/NoGo task was r = .39, p < .05. Finally, the cor-
elation between �ERN in the Go/NoGo and Stroop task, controlling
or Flanker task was r = .37, p < .05. Thus, each measure of �ERN
ndexes both unique and overlapping variation in error-related
rain activity that is observed across different tasks.

Heterocomponent–monotask blocks (blue color): Correlations
etween different measures assessed within a single task.

similar pattern of component interrelationships in the
eterocomponent–monotask blocks can be seen for each task:
ERN and �Pe were not correlated with one another (Table 2).
owever, ERN and Pe were significantly correlated (Table 3), such

hat more positive Pe amplitudes were associated with more pos-
tive (i.e., smaller) ERN amplitudes. These data suggest better
iscriminant validity between the �ERN and �Pe than the ERN
nd Pe, perhaps because the use of difference measures represent
quantification of error-processing that is more independent of

verall task-related differences, interindividual differences in ERP
ize, and other potential confounds.

Heterocomponent–heterotask blocks (gray color): Correlations
etween different measures assessed by different tasks. As
xpected these correlations were the lowest and none reached sig-
ificance.

. Discussion

The aim of the present study was to examine the construct valid-
ty of error-related ERPs. The MMTM approach (Campbell & Fiske,
959) was adjusted and applied to the present data set to exam-

ne how error-related measures, taken as traits, relate across three
ommonly used methods (i.e., tasks: Flanker, Stroop and Go/NoGo
ask). Establishing the psychometric properties of neural indica-
ors of error-processing is important because different tasks have
een utilized across studies to index the ERN as an individual dif-
erence variable (Weinberg et al., 2012). However, studies had not
xamined the overlap between ERNs elicited from multiple tasks.

.1. ERP results

Consistent with previous work, the ERN was observed across
asks as a sharp negative deflection maximal at frontocentral elec-
rodes; the ERN was followed by a centroparietal positivity (i.e.,
he Pe). However, both the ERN and Pe varied as a function of task,
nd were smallest in the Stroop task. The Stroop task was also
ssociated with the highest number of errors and longest reaction
imes. Thus, the Stroop task may have been the most difficult –
nd the reduced ERN/Pe might have reflected increased task diffi-
ulty. Consistent with this possibility, previous findings indicate a
ecrease in the magnitude of the ERN with increasing task difficulty
Falkenstein, 2004; Hoffmann & Falkenstein, 2010; Johannes et al.,

002; Pailing & Segalowitz, 2004). The present data suggest that
he Go/NoGo task was the easiest, whereas the Flanker task was

oderately difficult among the examined paradigms. An identical
attern of results for ERN and Pe suggests that differences related to
ology 93 (2013) 377–385

task difficulty may account for variation in these neural measures
of error processing.

4.2. Construct validity

Reliability: Consistent with the notion that a component should
be more highly correlated with itself than with other measures,
split-half coefficients were the highest correlations observed. How-
ever, reliability values varied between tasks, and were largest
for the Flanker task. Since reliability is a prerequisite for validity
and provides an upper limit to correlations with other measures,
differences in reliability between tasks may help explain some
inconsistent results in previous individual differences studies on
the ERN (e.g., in OCD research; Grundler et al., 2009; Mathews et al.,
2012; Nieuwenhuis et al., 2005). Lower reliability of a task means
that more of the observed score is error – which could produce
increases in both Types I and II errors. One possible explanation
for these observed differences in reliability relates to variation in
task difficulty and possible variations in task engagement. A curvi-
linear relationship between task engagement and difficulty has
been observed, such that higher task engagement is associated
with moderately difficult tasks (Gendolla, 1999). Assuming that
task engagement has positive effects on the quality of the collected
data and will enhance reliability, it may be that moderately difficult
tasks like the Flanker task lead to more reliable data.

Across all tasks, results of this study add support to a growing
body of research indicating that the ERN and Pe can be assessed
reliably (Olvet & Hajcak, 2009b; Segalowitz et al., 2010; Weinberg
& Hajcak, 2011), and that this is true in a variety of speeded response
tasks. However, the present study also suggests that differences in
reliability between tasks should be considered in the planning and
interpretation of studies.

Convergent validity: When assessing construct validity, the same
measures of error-related brain activity assessed in the same indi-
viduals using different tasks should demonstrate convergence,
indicating a common neural and cognitive substrate. And indeed,
the examinations of the MTMM revealed evidence for convergent
validity of the ERN, �ERN, Pe and �Pe as indicated by the signif-
icant correlations within each measure across tasks. This is in line
with results by Segalowitz et al. (2010) indicating correlations of
around .5 between the ERN derived from the Flanker and Go/NoGo
task in adolescents. Therefore, it appears that different tasks can
be used to assess a common neural and cognitive process reflected
in the ERN and Pe. The highest validity values were observed for
�ERN amplitudes, suggesting that the ERN difference score more
precisely isolates common variance in error processing across tasks,
and the �ERN has higher convergent validity compared to the
neural responses to errors alone (i.e., the ERN). Importantly, the
association between �ERNs across tasks were high, with corre-
lations around r = .65 – similar in size to the observed split-half
reliabilities in this study and the observed retest reliability indices
for the ERN in other studies (Olvet & Hajcak, 2009b; Weinberg
& Hajcak, 2011). Moreover, maximal correlations between �ERN
across tasks were observed at frontocentral electrode sites, consis-
tent with the usual scalp distribution of the �ERN. This suggests
that the �ERN is not only largest at FCz, but also that the �ERN
measured at FCz best reflects common error-related brain activ-
ity across tasks. This validates an already-widespread tendency in
studies to focus on �ERN amplitudes measured at FCz. It is worth
noting, however, that the �Pe compared to the Pe does not show
the same advantages as the �ERN compared to the ERN. That is,
higher validity values were observed for the Pe relative to �Pe

suggesting higher trait-like properties of the positivity when it is
not scored as a difference measure; indeed, scoring the Pe only on
error trials is a practice fairly common in existing studies (e.g., Aarts
& Pourtois, 2010; Boksem, Tops, Wester, Meijman, & Lorist, 2006;
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alkenstein et al., 2000; Nieuwenhuis et al., 2001; Ridderinkhof
t al., 2009).

Nonetheless, the results also reveal that a considerable amount
f variance in error-related brain activity can be attributed to
ask-specific influences. Partial correlations indicate that the ERNs
licited by two tasks share variance even when controlling for the
mount of variance that can also be explained by a third task. This
emonstrates independent relationships between ERNs assessed
ith different tasks, and that each ERN involves task-specific

ariance. This is in line with studies suggesting at least partial
ask-related dissociations in ERN amplitude (Grundler et al., 2009;

athews et al., 2012; Nieuwenhuis et al., 2005; Olvet & Hajcak,
009a). These task-related modulations in error-processes may be
aused by differences in difficulty or error-type (e.g., failure in
esponse inhibition, as in the Go/NoGo task, compared to slips due
o interference, as in the Flanker task) as well as stimulus–response

apping between tasks (e.g., fully-determined, as in the Flanker
ask, compared to probabilistic as in a reinforcement learning task;
rundler et al., 2009; Nieuwenhuis et al., 2005). Thus, the present
tudy provides evidence for both common error-processes across
asks, as well as task-dependent and unique influences on error-
elated brain activity.

Discriminant validity: With regard to discriminant validity, the
resent study investigated the relations between the ERN and Pe
ith the aim of examining the degree to which these measures are

elated – or if they are at least partially dissociable indicators of
rror-processing. In the present study, the observed interrelations
ithin components – even across multiple tasks – were stronger

han the relationships between different components assessed with
ither the same or different tasks, providing evidence for dis-
riminant validity and separable processes. The current results
ontribute to research suggesting that ERN and Pe are partly dis-
ociable components of error processing (Overbeek et al., 2005).
owever, similarities between the ERN and Pe (i.e., comparable
ariations across tasks, correlations between ERN and Pe) also sug-
est that they are not completely independent, consistent with
vidence that they may originate from a shared neural network
Brazdil, Roman, Daniel, & Rektor, 2005; Debener et al., 2005;
ichele, Juvodden, Ullsperger, & Eichele, 2010). Moreover, in a
roader context it seems important that these components are
elated and work in concert in order for error-processing to func-
ion well. The two components appear to reflect both common and
nique variance in the error-processing system – they reflect over-

apping but non-redundant information. One possibility is that the
RN reflects the early evaluation of conflict and that the subsequent
e might index a slower and somewhat more elaborated response
o errors that, like the P3, may reflect further attentional processing
Polich, 2007). This increased processing might underlie awareness
f errors often associated with the Pe (Endrass et al., 2007; Hughes
Yeung, 2011; Nieuwenhuis et al., 2001).

.3. Limitations

The present study has potential limitations. First, it is difficult to
efinitely interpret multiple correlations presented in the MTMM
i.e., whether the correlations across tasks are high enough to sug-
est a singular component). The interpretation of an MTMM is
riven by a qualitative rule-based examination of the whole of the

nterrelations (Campbell & Fiske, 1959). Overall, these results sup-
ort the convergent and discriminant validity of error-related ERPs.
urther according to Cohen (1992) a correlation of 0.5 is consid-
red to be large, 0.3 is moderate, and 0.1 is small. In this sense,

he observed correlations between �ERN across tasks are high.
he Pe, �Pe and ERN are moderately correlated across tasks. How-
ver, even the observed high correlations of around .65 only share
pproximately 40% of variance. This indicates that error-related
ology 93 (2013) 377–385 383

ERPs across tasks have both shared and unique variance and they
are clearly not redundant. Future studies might recruit larger sam-
ples using multiple tasks to allow for the use of more effective
statistical tools for the evaluation of convergent and discriminant
validity such as confirmatory factor analysis (see Strauss & Smith,
2009).

The present results also indicate task-specific effects on error-
processing as an important source of variation. This leads to
questions of whether different tasks might exhibit differential rela-
tionships to individual difference measures. Future research might
address these issues by recruiting larger samples – to assess the
relationship between individual difference measures and error-
related brain activity across tasks. However, an association between
the ERN and obsessive-compulsive symptoms has been shown with
different tasks like the Stroop (Hajcak & Simons, 2002), Flanker
(Gehring et al., 1993), Go/NoGo (Ruchsow et al., 2005) and Simon
task (Hajcak, Franklin, Foa, & Simons, 2008) which suggests that
the ERN does also share functional characteristics across tasks.

Anatomical differences are considered to be the most signif-
icant source of variation in ERPs between subjects (Luck, 2005).
Therefore, it is possible that the observed correlations across tasks
may be partially caused by anatomical convergence in the neural
networks underlying ERPs across tasks within individuals, which in
fact supports convergent validity. Moreover, the use of difference
score measures (i.e., �ERN and �Pe) controls for interindividual
differences in ERP size. Accordingly, the observed pattern of results
cannot be attributed to interindividual variation in anatomy.

Finally, this study focused on construct validity. Future stud-
ies should also demonstrate criterion validity of the ERN via the
inclusion of a clinical or external outcome variable (e.g. clinical
symptoms). This is of particular interest for studies interested
in the ERN as a trait-like biomarker that may indicate risk for
psychopathology (e.g., Olvet & Hajcak, 2008; Riesel, Endrass,
Kaufmann, & Kathmann, 2011; Weinberg et al., 2012). The first step
toward identifying the ERN as a trait marker is establishing that it
can be reliably and validly assessed. However, validity alone is not
sufficient and does not guarantee its utility as a trait marker. To
qualify as a useful biomarker, the predictive power and the speci-
ficity of ERN in relation to individual differences in personality or
psychiatric disorders should be examined. Existing data is promis-
ing in this regard, but few, if any, studies have directly assessed the
relationship between personality or psychopathology and the ERN
derived from multiple tasks.

5. Conclusion

Given the extensive resources committed thus far to research
neurobiological ERP markers of psychopathology and personality,
surprisingly little attention has been paid to their psychometric
properties. Yet evidence for good psychometric properties will be
critical to the continued use of these markers. This study revealed
evidence for construct validity of the ERN and Pe, further supporting
the use of these components as psychophysiological trait markers.
Enhanced ERN amplitudes have been observed for a range of disor-
ders and personality features characterized by anxiety and negative
affect, and it has been suggested that the ERN relates to individ-
ual differences in defensive reactivity following errors (Weinberg
et al., 2012). In contrast to the ERN, results regarding variations
of the Pe as a function of personality or psychopathology are less
clear (Overbeek et al., 2005). Refining our understanding of how
these ERPs relate to personality and psychopathology will be a crit-

ical direction for future research. In addition to results indicating
overlapping variation in error-related brain activity across different
tasks, task-specific effects on error-processes were demonstrated
and may represent an important source of variation between
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tudies. Forming a composite scale of error-related indicators
ssessed with different tasks may reduce task specificity and fur-
her improve psychometric properties. Further, by examining more
RP measures and adding theoretically related trait measures
ssessed with different methods (e.g., psychophysiological, ques-
ionnaires, imaging) we can further increase our understanding of
he functional significance of these measures.
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