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ERN and error significance

Abstract

Error monitoring is a key cognitive control process that enables individuals to evaluate their
actions and detect failures in goal-directed behavior. A well-established neural correlate of
error monitoring is the error-related negativity (ERN), an event-related potential that emerges
within 100 ms of an incorrect response. A landmark study by Hajcak et al. (2005) found that
ERN amplitude is modulated by the motivational significance of errors. In Experiment 1,
errors in high-reward trials elicited larger ERNs than those in low-reward trials. In
Experiment 2, ERNs were larger when participants were subject to social evaluation
compared to a no-evaluation condition. The present study aims to conduct a high-powered (at
least 126 participants after exclusions for both Experiment 1 and 2), multi-lab replication of
this research as part of the #EEGManyLabs initiative (Pavlov et al., 2021). We will
manipulate motivational context via points-based monetary incentives and social evaluation
using a flanker task. We predict more pronounced ERN amplitudes in high- versus low-
reward trials, and under social evaluation compared to the control condition. By testing the
robustness of these effects, this study will critically assess whether motivational significance
consistently modulates early error processing. If successful, the replication would strengthen
the claim that the ERN functions as a motivationally tuned signal, integrating error detection
with goal-relevant context. If not, it would raise important questions about how motivation
interacts with error monitoring. In either case, the study will offer valuable insights into the
motivational dynamics of cognitive control, with implications for both theory and

experimental research.

Keywords: error-related negativity; error significance; event-related potentials, replication;
#EEGManyLabs



ERN and error significance

1. Introduction

Error monitoring refers to the evaluative process of detecting errors in ongoing actions, a key
component of the performance monitoring system (Fu et al., 2023; Kirschner & Ullsperger,
2024). ldentifying such deviations enables adaptive adjustments aimed at preventing future
mistakes. Errors vary in their affective and motivational significance: some are negligible, as
they do not lead to negative social evaluations or other forms of punishment, while others are
critical, resulting in negative assessments, loss of rewards, or even threats to survival. Given
that mental states and processes are widely believed to have corresponding neural
representations—an idea supported by both reductionist accounts in the philosophy of mind
(e.g., Churchland, 1986) and empirical findings in cognitive neuroscience (e.g., Poldrack,
2010; Kriegeskorte & Douglas, 2018)-this variability in error significance should be reflected

in neural responses.

One of the most commonly studied neurophysiological markers of error detection is the error-
related negativity (ERN; Gehring et al., 1993), also referred to as the error negativity (Ne;
Falkenstein et al., 1991). The ERN is an event-related potential (ERP) component extracted
from electroencephalographic (EEG) recordings that manifests as a sharp negative deflection
over the mediofrontal scalp regions within 100 ms after an incorrect motor response. The
neural sources of the ERN have traditionally been localized in the medial frontal cortex, most
commonly in the dorsal anterior cingulate cortex (dACC) (Brazdil et al., 2005; Debener et al.,
2005; Dehaene et al., 1994; Gruendler et al., 2011). However, more recent research suggests
that the ERN may also originate from other brain regions, such as the supplementary motor
area (SMA) (Bonini et al., 2014) or the pre-supplementary motor area (pre-SMA) (Fu et al.,
2019; lannaccone et al., 2015).

Gehring et al. (1993) were the first to find that the ERN varies with the relative weight
participants assign to the accuracy of their actions, in accordance with task instructions. They
observed that the ERN amplitude is more pronounced when participants strive for accurate
performance, and diminished when response speed is emphasized at the expense of accuracy.
This effect was further corroborated by Falkenstein et al. (2000). Following these initial
works, subsequent studies began to examine the extent to which the ERN is modulated by
motivational and affective factors (for early contributions, see Hajcak et al., 2004; Luu et al.,
2000, 2003; Pailing & Segalowitz, 2004). Within this line of research, Hajcak, Moser, Yeung,



ERN and error significance

and Simons (2005) conducted a seminal study examining whether and how the perceived
significance of errors modulates ERN amplitude. To investigate this relationship, they

employed two experimental manipulations: points-based incentives and social evaluation.

In their first experiment, the significance of errors was manipulated by associating different
point values with each trial in a modified flanker task. Participants were told they could earn
either 5 or 100 points for a correct and fast response, with the goal of maximizing their score.
Thus, each error signified a loss of potential points. Although participants’ actual performance
did not affect their final monetary compensation, they were led to believe that the points
earned would be converted into bonus money. This made errors on 100-point trials more
significant than those on 5-point trials in terms of perceived loss. The results revealed that
errors on high-reward trials elicited a more pronounced ERN, suggesting that this neural

response is sensitive to the motivational significance of errors.

In the second experiment, error significance was manipulated through social evaluation.
Participants completed the study in two conditions: with and without social evaluation. In the
social evaluation condition, they were informed that their performance on the flanker task
would be monitored by an experimenter sitting next to them and compared to the performance
of previous participants. This introduced an element of social judgment, thereby increasing
the personal and motivational significance of their actions. In contrast, the control condition
involved performing the task without any mention of social evaluation and in the absence of
an experimenter. The results showed that errors made in the social evaluation condition
elicited larger ERNs compared to the control condition, further highlighting the sensitivity of
this neural response to the motivational significance of errors (see Figure 1 and Table 1 for

further details on the task designs).

Taken together, these two experiments (Hajcak et al., 2005) demonstrated, first, that the
influence of motivational factors on response monitoring is indeed reflected at the neural level
in the amplitude of the ERN. Second, the findings showed that the ERN amplitude can be
modulated by multiple methods of increasing the motivational significance of errors, whether
through points-based monetary incentives or social evaluation. Overall, this study provided
evidence from two distinct manipulations that the ERN is sensitive to the personal

significance of errors.
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Notably, the effect of motivational manipulation in both experiments was limited to error
monitoring and was not reflected in the amplitude of other ERP components, such as the
correct-response negativity (CRN), associated with the evaluation of successful responses
(Vidal et al., 2000, 2003), or the P3 component, linked to the cognitive processing of
presented stimuli (Polich, 2007). The inclusion of the CRN in the analysis aimed to determine
whether the effect extended to response monitoring more broadly, regardless of response
accuracy. Additionally, the P3 component was examined to assess whether the observed
effects could be attributed to differences in attentional orienting or arousal. These processes
might influence brain activity prior to response onset—just after stimulus presentation-and
artificially induce differences in subsequent ERN amplitude due to component overlap. The
analyses revealed that the effect of motivational manipulation was selective (within the three
components examined) and restricted to early error monitoring, as reflected in ERN

amplitude.

The findings from Hajcak et al. (2005), cited over 700 times (Google Scholar, November
2025), have had significant implications for both theoretical accounts of the ERN and
subsequent experimental research. Prominent theories regarding the functional significance of
the ERN propose that it reflects mechanisms that track the mismatch between intended actions
and executed responses, resulting in error detection (Falkenstein et al., 2000; Gehring et al.,
1993), or that it signals conflict between competing correct and incorrect response
representations (Botvinick et al., 2001; Yeung et al., 2004; for a review, see Larson et al.,
2014). Other leading accounts link the ERN to negative reinforcement learning (Holroyd &
Coles, 2002) or the updating of expectations regarding action outcomes, as described in the
predicted response outcome model (Alexander & Brown, 2010, 2011). Following Hajcak et
al. (2005) and related studies (e.g., Chiu & Deldin, 2007; Hajcak et al., 2004; Luu et al., 2000,
2003; Pailing & Segalowitz, 2004), increased attention has been directed toward the role of
affective and motivational factors in the mechanisms underlying error detection. Importantly,
these studies contributed to the development of a theoretical perspective suggesting that the
ERN reflects the affective and motivational significance of errors (Aarts et al., 2013; Proudfit
et al., 2013; for a review, see Hajcak, 2012), their aversiveness (Hajcak & Foti, 2008; Jackson
et al., 2015), or mechanisms triggering rapid defensive responses (Weinberg et al., 2012,
2015, 2016). According to this approach, the response monitoring system generates
negatively valenced affective signals—reflected in the ERN amplitude—when actions deviate

from motivational goals, and these signals may be further modulated by contextual factors
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that influence the perceived significance of errors. Within this theoretical perspective, the
ERN has also been proposed as an endophenotype for the development and maintenance of
various psychopathological symptoms, including both internalizing and externalizing mental
disorders (Harpfer et al., 2025; Lutz et al., 2021; Manoach & Agam, 2013; Pasion & Barbosa,
2019), with more negative ERN amplitudes observed in obsessive-compulsive disorder
(Riesel, 2019; Riesel et al., 2019Db), anxiety (Hajcak et al., 2019; Meyer, 2017; Moser et al.,
2013; Saunders & Inzlicht, 2020), and depression (Clayson et al., 2020; Moran et al., 2017),
and blunted ERN amplitudes in attention-deficit/hyperactivity disorder (Shiels & Hawk,
2010) and substance use disorder (Luijten et al., 2014).

Apart from their theoretical impact, Hajcak et al. (2005) and related works (e.g., Chiu &
Deldin, 2007; Hajcak et al., 2004; Luu et al., 2000, 2003; Pailing & Segalowitz, 2004) also
sparked a rich line of experimental research, showing that ERN amplitude depends on state-
related manipulations involving motivation (for reviews, see Weinberg et al., 2012;
Nufiez-Estupifian et al., 2022). In general, such manipulations influence the degree of
personal engagement and the perceived importance of the task, thereby heightening the
motivational significance of committed errors (for a review of studies on motivation and
cognitive control interactions, see Botvinick & Braver, 2015). Increased ERN magnitude has
been observed in studies involving the administration of rewards or encouraging feedback, as
well as punishments or derogatory feedback (e.g., Cole et al., 2022; Ganushchak & Schiller,
2008; Leue et al., 2017; Maruo et al., 2016; Potts, 2011; Riesel et al., 2012; Saunders et al.,
2015; Stiirmer et al., 2011; Unger et al., 2012; Wiswede et al., 2009). More pronounced ERNs
have also been reported in adults following the enhancement of perceived autonomy and self-
determination (Legault & Inzlicht, 2013), in competitive compared to cooperative contexts
(Garcia Alanis et al., 2019), or in situations involving disapproval in a social context (Boksem
et al., 2011). Similar effects were observed in adolescents and children when a peer (Kim et
al., 2005; Niu et al., 2023) or a critical parent (Meyer et al., 2019) was observing them during

the completion of an experimental task.

On the other hand, some similarly designed studies have failed to find a clear association
between ERN amplitude and short-term motivational states (e.g., Boksem et al., 2008;
Clayson et al., 2012; Elkins-Brown et al., 2016; Holmes & Pizzagalli, 2010), or have found
such effects only to a limited extent—for example, only in female participants but not males

(Clayson et al., 2025), or when participants’ actions were observed by an unsupportive but not
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a supportive partner (Palmwood & Simons, 2021). Discrepancies across studies may stem
from multiple methodological factors. First, differences in sample size can affect the precision
of effect-size estimates. Significant effects observed in small samples (e.g., the 19 participants
in Hajcak et al., 2005, Experiment 2) may reflect true effects but are also more susceptible to
overestimation due to sampling variability. Second, effects may vary with sample
composition. For instance, Wiswede et al. (2009) reported a significant effect of motivation
on ERN amplitude in a sample consisting solely of female participants, but this finding was
not replicated by Clayson et al. (2012) using the same paradigm in a larger and more gender-
diverse sample. Third, divergent findings may result from different task designs, e.g., the ratio
of congruent to incongruent trials (Seow et al., 2020). Fourth, differences may also reflect
data processing choices that influence both data quality and experimental effects, such as
highpass and lowpass filtering, ocular artifact correction, reference, baseline correction,
electrodes of interest, ERN component scoring (e.g., Clayson et al., 2021a; Feuerriegel &
Bode, 2022; Meyer et al., 2017). Finally, differences may arise from variation in measurement
reliability, which strongly depends on the number of error trials available per condition and
retained for averaging—a parameter that differs substantially across experiments (Clayson et
al., 2021b; Fischer et al., 2017).

Apart from the already mentioned methodological reasons, inconsistency between studies
may also stem from stable affective and motivational characteristics of participants. A body of
previous work suggests that the influence of experimental manipulations on the ERN may be
moderated by individual differences (for a review, see Nuifiez-Estupifian et al., 2022). For
instance, in some studies, enhanced ERN amplitudes in punishment compared to control
condition were observed only in individuals high in anxiety (Meyer & Gawlowska, 2017;
Riesel et al., 2019a) or high in punishment sensitivity (Boksem et al., 2008), as measured with
the Behavioral Inhibition System scale (Carver & White, 1994). In other studies, the
motivational effect of punishment on ERN amplitude was observed at the group level,
however, this main effect was further qualified by a moderating influence of trait anxiety
(Riesel et al., 2012; Cole et al., 2022). Additional research has shown more pronounced ERN
amplitudes only in participants high in neuroticism and low in conscientiousness on motivated
trials with high monetary reward compared to a control condition (Pailing & Segalowitz,
2004), and in individuals high in worry when they were exposed to uncertain (as compared to
certain) evaluative feedback (White et al., 2018). In turn, Endrass et al. (2010) reported an

ERN amplitude enhancement between standard and punishment conditions only in healthy
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controls, but not in patients with obsessive-compulsive disorder, who exhibited comparable
ERN amplitudes across both conditions. This discrepancy was interpreted as reflecting
patients’ inability to down-regulate their error monitoring in response to external demands.
Taken together, these findings suggest that the relationship between ERN amplitude and
motivation may be more fragile, context-dependent, and less consistent across individuals
than previously assumed. Thus, given the presence of both confirmatory and mixed or

inconclusive results, further investigation is warranted.

The present study aims to further examine the relationship between ERN amplitude and
motivation by conducting a high-powered direct replication of two separate experiments
originally reported by Hajcak et al. (2005). By replicating these experiments, we will test
whether the ERN functions as a motivationally tuned signal across two distinct goal-relevant
contexts, created by points-based monetary incentives and social evaluation. Replication
success will be evaluated independently for each experiment. If both experiments are
successfully replicated, the results would provide support for the theoretical account linking
ERN amplitude to error significance across different motivational contexts. If only one
experiment is replicated, this will help identify the specific context in which motivational
modulation of ERN amplitude occurs. If neither effect is observed, the results may indicate
that: (1) the influence of motivational states on the ERN is smaller than previously assumed
and not detectable even in a large sample; (2) this influence varies across individuals and
depends on sample composition or individual traits; and/or (3) the tasks used may not always
be sufficient to ensure sensitivity of the ERN to the studied phenomena (e.g., the number of
errors in the flanker task with equiprobable congruent and incongruent trials may be

insufficient for reliable ERN estimation).

Our replication will be carried out through a multi-lab collaboration within the large
international initiative #EEGManyLabs (for details, see Pavlov et al., 2021). We will employ
experimental designs and analysis pipelines as closely aligned with the original study as
possible. Following Hajcak et al. (2005), we will test two independent hypotheses that the
ERN amplitude is larger (more negative): (1) when higher points are awarded for correct
responses compared to lower points; and (2) when performance is subject to social evaluation
compared to when it is not. Ultimately, we should be able to determine whether, and how

consistently, variability in error significance is reflected in ERN amplitude.
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2. Method
The present manuscript is a Stage 1 Registered Report and adheres to the recommended open
science practices for psychophysiological research (Garrett-Ruffin et al., 2021). A project

repository is hosted on the Open Science Framework (OSF; https://osf.io/un3st/) and will

serve as a central hub, linking to raw EEG data, as well as data processing and analysis code.

2.1. Participants

Participants will be recruited either from the general community via local advertisements or
from institutional participant pools. Since the original study was conducted with young adult
participants, the age range will be set between 18 and 35 years to mitigate potential concerns
regarding age-related cognitive decline. All participants will be healthy, free of medications,
with no history of neurological or psychiatric disorders, and will have normal or corrected-to-
normal vision as confirmed by self-declaration. Sex will be included as a factor in exploratory
follow-up analyses; however, sex balance will not be controlled during recruitment in order to
remain consistent with the original study. The sample is anticipated to be composed largely of
individuals from W.E.I.R.D. (Western, Educated, Industrialised, Rich, and Democratic)
backgrounds. Replicating labs located in the same city will cooperate during participant
recruitment to ensure the study is run on distinct samples and avoid collecting data from the
same participant twice. Prior to the study, participants will provide written informed consent
to take part in the study (Experiment 1 or Experiment 2) and to the posting of their
anonymized raw data. They will be compensated for their time either financially, according to
local policies, or by receiving course credits. Additionally, participants in Experiment 1 will
be informed that they can earn a monetary bonus (in addition to regular remuneration or
course credits) based on their performance. However, regardless of their response speed and
accuracy, the payout will be the same for all participants. The reward amount will be
determined based on local standards.

2.2. Sample size and power analysis

In the original study, 22 undergraduate students participated in Experiment 1 (two were
excluded due to near-perfect task performance), and 19 undergraduate students participated in
Experiment 2 (one was excluded due to a technical malfunction). To determine the minimum
target sample size for our replication study, we conducted power analyses using G*Power 3
(Faul et al., 2007). In line with the #EEGManyLabs protocol (Pavlov et al., 2021), power was
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set at 0.90 with a = .02 (see also Camerer et al., 2018; Lewis et al., 2020; Schéfer & Schwarz,
2019). Analyses were specified as one-tailed, reflecting the strong a priori directional
hypothesis that increased motivational significance is associated with more pronounced ERN
amplitudes. The effect sizes were based on those reported by Hajcak et al. (2005) for the
significant main effect of trial value on ERN amplitude in Experiment 1, F(1,19) =7.53, p <
.05; and the significant main effect of the experimental condition on ERN amplitude in
Experiment 2, F(1,17) = 6.44, p < .05. These two effects were chosen as they relate to the
main research questions of the study. For a two-level within-subject factor, these correspond
to paired-samples statistics of t = 2.74 and t = 2.54, yielding Cohen’s d =0.61 and d = 0.60,
respectively. For completeness, the corresponding repeated-measures correlations are r = 0.53
and r = 0.52, respectively. For the present power analysis, we conservatively targeted half of
these effect sizes (d = 0.30), as evidence suggests that effect sizes in replication studies tend
to be about half the size of those in original studies (Open Science Collaboration, 2015),
similar to how effect sizes in preregistered studies are typically smaller than in studies without
preregistration (Schifer & Schwarz, 2019). Power analyses (paired-samples t, one-tailed, a =
.02, 1 —=.90) indicated that d = 0.30 requires 126 participants (after exclusions) for both
Experiment 1 and Experiment 2. Power was defined for the pooled analysis across
laboratories. Data collection will proceed for 1.5 years following Registered Report Stage 1
acceptance, or until a maximum of N = 216 eligible participants (after exclusions,
corresponding to 99% power for the same target effect, d = 0.30) has been reached (whichever
occurs first). If the 1.5-year limit is reached and fewer than N = 126 eligible participants are
available, data collection will continue only until N = 126 is reached. Throughout data
collection, datasets will be processed solely for quality control and exclusion purposes, and no
outcome-relevant analyses or inspection of the critical dependent variables will be conducted
prior to the formal completion of data collection. The additional datasets (if available) would
serve to increase precision and statistical power for the main hypothesis tests, and support a
more reliable characterization of between-site variability and related exploratory analyses. No
interim hypothesis testing will be performed before the stopping rule has been met.

Experiments 1 and 2 will be conducted on two separately recruited samples.
At the time of the Stage 1 submission, four replicating labs had confirmed their commitment

to data collection (see Table 2 for details). Data will be collected from labs in Krakow, Poland

(with two replicating labs), Poznan, Poland, Diisseldorf, Germany, and other labs will be
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invited to join the project at Stage 2. Individual labs will collect data according to their local

capacity.

2.3. Overall procedure

Replicating labs will obtain approval from their local institutional review boards or ethics
committees to conduct the study and share de-identified data. The procedures outlined in
Hajcak et al. (2005) will serve as a model for the present replication. Participants will receive
consistent information across replicating labs regarding the general purpose and course of the
study and will provide written informed consent. After completing the study, they will be
debriefed about its actual aims and procedures. Instructions will be adapted to the local
language. EEG signals will be recorded during both experiments.

In Experiment 1, participants will perform a modified flanker task. They will be informed that
each trial will begin with the presentation of a '5' or '100' cue, indicating the value of the trial.
The value will refer to the points they could earn for an accurate and fast response.
Participants will be encouraged to maximize their point earnings and led to believe that these
points will be converted into money at the end of the study. In reality, their remuneration will
be unrelated to performance. Participants will receive a fixed monetary reward for their
performance, determined based on local policies, along with standard compensation for their
time spent in the laboratory, either as financial payment or course credits. They will also be
debriefed about the actual aim and procedure of the study, including the use and necessity of
deception. Specifically, the debriefing will explain that participants were led to believe their
performance would influence their compensation in order to induce genuine motivation and

engagement with the task, which was essential for addressing the study’s research questions.

In Experiment 2, participants will perform a standard flanker task twice — once in the social
evaluation condition and once in the control condition — with a short break in between. The
order of conditions will be counterbalanced across participants. In the social evaluation
condition, participants will be informed that their speed and accuracy will be evaluated in real
time by a research assistant and compared to the performance of previous participants. They
will also be told that they will receive feedback on their relative performance at the end of the
study. During the task, a male research assistant will be seated approximately 0.5 meters to
the side of the participant at a desk with a laptop, supposedly receiving a signal from their

computer. In reality, no actual evaluation will occur. At the end of the experiment, all
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participants will be notified that they performed above average. In turn, in the control
condition, participants will be informed that their responses will not be evaluated and
instructed to simply respond as quickly and accurately as possible. The research assistant will
not be present in the room. If the control condition occurs second in the counterbalanced
order, participants will be explicitly reminded that no formal performance evaluation will take
place. After completing the entire study, participants will be compensated for their time spent
in the laboratory. They will also be debriefed about the nature of the experimental
manipulation, including the use and rationale for deception. Specifically, the debriefing will
explain that participants were led to believe they were being evaluated in order to create a
realistic sense of social evaluative pressure, which was critical for examining the effects of

perceived evaluation on task performance.

Some of the labs involved in this replication will additionally collect 8 minutes of resting-
state EEG data as part of the #EEGManyLabs Resting State spin-off project
(https://osf.io/sp3ck/). Participants will also complete a series of self-report scales (available

in local language versions) assessing affective, motivational, and personality-related traits, as
well as handedness and sleepiness. These scales include: (1) the Apathy-Motivation Index
(AMI; Ang et al., 2017); (2) the Behavioral Inhibition System/Behavioral Activation System
Scales (BIS/BAS; Carver & White, 1994); (3) the Big Five Inventory — Short Version (BFI-
S; Gerlitz & Schupp, 2005); (4) the Center for Epidemiologic Studies Depression Scale
(Radloff, 1977); (5) the Edinburgh Handedness Inventory (EHI; Oldfield, 1971); (6) the
Global Motivation Scale (GMS; Guay et al., 2003); (7) the Intolerance of Uncertainty Scale —
Short Version (IUS-12; Carleton et al., 2007); (8) the Karolinska Sleepiness Scale (KSS;
Akerstedt & Gillberg, 1990); (9) the Penn State Worry Questionnaire (PSWQ; Meyer et al.,
1990); (10) the Positive and Negative Affect Schedule (PANAS; Watson et al., 1988); (11)
the Positive Valence Systems Scale (PVSS-21; Khazanov et al., 2020); (12) the Sensitivity to
Punishment and Sensitivity to Reward Questionnaire (SPSRQ); Torrubia et al., 2001); and (13)
the State-Trait Anxiety Inventory (STAI; Spielberger et al., 1970). Data from brief state-
related questionnaires will be collected immediately after the EEG resting-state recording,
while the remaining trait-based questionnaires will be completed either after the entire study
session (in-lab) or in advance of the participant’s lab visit (remotely). These additional self-
report data may be included in exploratory analyses (e.g., examining whether individual
differences modulate the ERN-motivation relationship) and will also serve as a foundation for

future research and publications.
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2.4. Flanker tasks

In Experiment 1, participants will complete a modified version of the flanker task (Eriksen &
Eriksen, 1974), based on the original study (see Figure 1, panel A). During the task, they will
be presented with sets of five arrowheads (*‘<<<<<™’, ‘<<, S>> or S>>
and instructed to press the left or right mouse button according to the direction of the center
arrowhead. These four imperative stimuli will be presented in random order, with half being

congruent (‘‘<<<<<”’ or ‘“>>>>>’") and the other half incongruent (*‘<<><<’’ or ‘*>><>>").

Each stimulus will be preceded by a randomly presented ‘5 or ‘100’ cue, indicating the point
value of the trial. The cue will remain on the screen for 2000 ms. The imperative stimulus will
appear 200 to 800 ms after cue offset and will remain visible for 200 ms. The interval
between the offset of the imperative stimulus and the onset of the next cue will vary between
1700 and 2300 ms. A fixation mark (+) will be displayed between all cues and stimuli. Each
set of arrowheads will occupy 1.31° of visual angle vertically and 9.21° horizontally at a
viewing distance of approximately 65 cm. All cues, stimuli and fixation marks will be

presented in white font against a black background and positioned in the center of the screen.

Participants will first complete two blocks of 48 practice trials. The main experiment will
consist of 12 blocks of 48 trials (576 trials in total), with congruent and incongruent trials
randomly distributed and fully crossed with the ‘5’ and ‘100’ point value cues (i.e., congruent
and incongruent trials will occur equally often with both cue values, in random order). Each
block will be initiated at the participant's own pace. In line with the original study,
participants will be instructed to respond both correctly and as quickly as possible. They will
be informed that points are awarded only for responses that are both fast and accurate, so both
conditions must be met simultaneously. Task design details, beyond those reported in the

original manuscript, were provided by the Authors of the original study.

In Experiment 2, participants will perform a standard arrowhead version of the flanker task,
also based on the original study (see Figure 1, panel B). The design of the task will be
identical to that described for Experiment 1, with two exceptions. First, there will be no ‘5’ or
‘100’ cue, so imperative stimuli will be presented one after the other, in random order, with an
inter-trial interval lasting between 1700 and 2300 ms. Second, the task will be performed

twice: once in the social evaluation condition and once in the control condition (in
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counterbalanced order). Participants will be instructed to respond both quickly and accurately.

They will complete 12 blocks of 48 trials (576 trials) in each of the two experimental

conditions. Thus, the total number of trials for the entire experiment will be 1152.

To remain consistent with the original study, participants will not receive any feedback

regarding their performance in either task. A detailed overview of the flanker task parameters

is presented in Table 1. The original code for both flanker tasks is no longer available;

therefore, it has been rewritten in PsychoPy (Peirce, 2007) and can be adapted for use with

other task programming software. The PsychoPy code is accessible on GitHub:

https://github.com/filyp/hajcak?2005 replication.

A

B

100-point incongruent trial

5-point congruent trial

1700-2300 ms 5000 mes <<<<

200-800 ms 200 ms

1700-2300 ms

2000 ms

200-800 ms 200 ms

Congruent trial

Incongruent trial .
Incongruent trial

t]t] Congruent »
1700-2300 ms 200 ms <<<<

1700-2300 ms
200ms  1760.2300 ms

200 ms

1700-2300 ms 200 ms

Fig. 1 — Flanker task designs. Panel A illustrates the modified arrowhead version of the

flanker task from Experiment 1, with a ‘5’ or ‘100’ cue indicating the trial value. Panel

B depicts the standard arrowhead version of the flanker task from Experiment 2.

Congruent and incongruent trials are equiprobable in both experiments.
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Table 1 — Flanker task parameters in the original study and the direct replication

Parameter

Hajcak et al. (2005)

#EEGManyLabs direct replication

Stimulus set & mapping

Viewing distance & visual angle

Fixation

Cue (Exp. 1 only)

SOA (cue — stimulus, Exp. 1 only)

Stimulus duration

ITI

Practice trials

Main task — Exp. 1 (points)

Main task — Exp. 2 (social evaluation)

Randomization

Instructions

Feedback

Devices

Five-arrow flanker arrays (<<<<<, <<><<, >>>>> >><>>);

respond to central arrow; 50% congruent/incongruent

~65 cm; 1.31° (vertical) x 9.21° (horizontal); white on black,

centrally presented

‘+’ presented before each stimulus

Digit “5* or ‘100° shown for 2000 ms before each trial

200-800 ms (variable) after cue offset

200 ms

1700-2300 ms (variable), in Exp. 2, same interval without cue

2 blocks x 48 trials

12 blocks x 48 trials = 576 trials total

Two full task runs of 12 blocks x 48 trials each (evaluation and

control), 1152 trials total; order counterbalanced; assistant seated

nearby (~0.5 m) during evaluation condition

Stimuli presented in random order; in Exp. 1, congruent and

incongruent trials fully crossed with the 5’ and ‘100’ cues

Speed and accuracy equally emphasized; in Exp. 1, points for fast

and accurate responses converted into money (deceptive

incentive)

No feedback between trials or blocks

Desktop PC, standard computer mouse responses (right hand,

index and middle fingers)

Identical stimulus set and mapping

Same parameters

Identical fixation procedure

Identical cue presentation

Identical SOA

Identical duration

Identical ITI

Identical number of blocks and trials

Identical structure

Identical structure

Identical randomization scheme

Same instructions (translated and harmonized across labs)

Identical structure

Equivalent setup

ITI - inter-trial interval; SOA - stimulus onset asynchrony

2.5. EEG recording and preprocessing

Detailed information about each system and its recording parameters is presented in Table 2.

15



ERN and error significance

Table 2 - Overview of EEG systems and recording parameters at each replicating lab

Participating Amplifier system  Electrode types/  Reference Hardware Sampling  Offline reference Stimulus Laboratory Expected
university channel number  / Ground filters rate presentation environment number of
channel language participants
location (after
exclusions)
in
Experiment
1/2
Jagiellonian BioSemi Active- Ag/AgCl active CMS/DRL  HP:0Hz 512 Hz average of 2 Psychopy, dimly lit, 36 /52
University, Two (BioSemi, electrodes / LP- Auto reference channels Polish soundproofed
Pol Amsterdam, ) toid
oland mstercam 64 scalp channels, adjusted (~1/5 (mastoids)
Netherlands) sampling rate)
4 EOG channels Ping
University of the BioSemi Active- Ag/AgCl active CMS/DRL  HP:0Hz 512Hz average of 2 Psychopy, dimly lit, 30/37
National Two (BioSemi, electrodes / LP: Auto- reference channels  Polish soundproofed
E ti Amsterdam, _' mastoids,
ducation 64 scalp channels, adjusted (~1/5 ( )
Commission, Netherlands) sampling rate)
Poland 4 EOG channels piing
SWPS ActiCHamp (Brain  Ag/AgCl active CPz, FPz HP: 0 Hz 500 Hz average of TP9 and  Psychopy or dimly lit, 30/37
University, Products, Gilching, electrodes, LP: Auto- TP10 from the 64-  Presentation, soundproofed,
Pol German . channel scal Polish electricall
oland ) 64 scalp channels, adjusted (~1/4 P y
sampling rate) electrode set shielded
2 EOG channels Ping
University ActiCHamp (Brain  Ag/AgCl active CPz, FPz HP: 0 Hz 500 Hz average of TP9 and  Psychopy or dimly lit, 30/0
Diisseldorf, Products, Gilching, electrodes, LP: Auto- TP10 from the 64- Presentation, soundproofed,
German German .' channel scal German electricall
Y ) 64 scalp channels, adjusted (~1/4 P Y
electrode set shielded

2 EOG channels

sampling rate)

EOG = electrooculogram channel; HP = high pass; LP = low pass

The EEG signal will be continuously digitized at a sampling rate of at least 500/512 Hz,

depending on the setup. After recording, all EEG data will be processed using a pipeline

summarized in Table 3, which closely mirrors the procedures described in the original study

by Hajcak et al. (2005). Continuous EEG data will be down-sampled to 250 or 256 Hz to

approximate the original study’s sampling rate of 200 Hz. The signal will be re-referenced

offline to the average of both mastoid electrodes, or alternatively, to the near-mastoid

electrodes TP9 and TP10. Offline filtering will be applied using an infinite impulse response
(1IR) Butterworth filter with a low cutoff frequency of 0.05 Hz (24 dB/octave slope), a high
cutoff frequency of 35 Hz (12 dB/octave slope), and a notch filter at 50 Hz or 60 Hz,
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depending on the local power-line frequency. Note that in the original study, a 0.05 to 35 Hz
bandpass filter was applied online. However, since replicating labs will use online filtering
settings consistent with their own hardware, the bandpass filter will be applied offline.

Response-locked epochs will be extracted using a time window from 200 ms before to 600 ms
after the button press, consistent with the ERP visualization in the original study. Eye blinks
and saccadic eye movements will be corrected using the Gratton, Coles, and Donchin method
(Gratton et al., 1983). Trials with a ‘flat’ signal (at least 25 ms of invariant data on any
channel) or excessive physiological artifacts (voltage exceeding =100 pV) will be rejected.
Note that in the original study, data segments were excluded based on invariant data and/or
falling out of the range of the analog-to-digital converter. Since all replicating labs will record
EEG signals using different setups than the original study, the rejection criteria described
above will be used instead (see Paul et al., 2025, for a similar solution in an analogous
replication study from the #EEGManyLabs initiative). Trials with response times below 200
ms or above 800 ms will also be rejected, consistent with the procedure used in the original
study. Response-locked ERPs will be baseline adjusted using a 100-ms window immediately
preceding the participant's button press (-100 to 0 ms). ERN activity will be scored as the
mean amplitude between 0 and 100 ms following the participant’s response from the averaged
signal of electrodes Fz and Cz, where the ERN was most pronounced in the original study.
Note that Fz and Cz were two of the three electrode sites (Fz, Cz, Pz) included in Hajcak et al.
(2005). However, because running separate analyses for three different sites would increase
the risk of obtaining partially significant effects, making it difficult to determine replication
success unambiguously, we decided to restrict the key analyses to the averaged Fz—Cz signal.
All EEG recording and preprocessing procedures will be identical in Experiment 1 and
Experiment 2. Data preprocessing will be performed by the lead lab. The code prepared for

this purpose is available online (https://osf.io/un3st/). All replicating labs will regularly

monitor their data collection to track participant exclusions (based on predefined criteria
described in the Participant- and trial-level exclusion criteria section below) and ensure that
the required number of eligible participants per lab is achieved. Cases of exclusion will be

additionally verified and confirmed by the lead lab.
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Table 3 - Preprocessing pipelines in the original study and the direct replication

Offline preprocessing step

Hajcak et al. (2005)

#EEGManyLabs direct replication

Downsampling

Offline re-referencing

Offline filtering

Segmentation

Ocular artifact correction

Artifact rejection

Trial rejection based on RT

Baseline correction

ERN scoring

Not applicable (signal recorded with a sampling rate of 200 Hz)

Average of both mastoid electrodes

Not applicable (a 0.05-35 Hz bandpass filter applied online)

Response-locked: -200 to 600 ms (as inferred from ERP
visualizations)

Gratton, Coles, and Donchin’s algorithm (Gratton et al., 1983)

Trials with “flat” signal (> 25 ms of invariant data on any channel)
or excessive physiological artifacts (signal beyond A/D converter
range)

RT < 200 or RT > 800

Response-locked: -100 to 0 ms

Mean amplitude between 0-100 ms post-response

at Fz, Cz, and Pz

Downsampled to 250/256 Hz

Average of both mastoid electrodes, or near-mastoid electrodes
TP9 and TP10

Infinite impulse response Butterworth filter with:
(1) 0.05 Hz low cutoff (slope: 24 dB/oct);
(2) 35 Hz high cutoff (slope: 12 dB/oct);

(3) notch filter at 50 or 60 Hz (depending on local power-line
frequency).

Response-locked: -200 to 600 ms

Gratton, Coles, and Donchin’s algorithm (Gratton et al., 1983)

Trials with ‘flat’ signal (> 25 ms of invariant data on any channel)

or excessive physiological artifacts (voltage exceeding £100 pV)

RT <200 or RT > 800

Response-locked: -100 to 0 ms

Mean amplitude between 0-100 ms post-response

at averaged Fz and Cz (selected as the most appropriate measure

for determining replication success)

A/D = analog-to-digital; RT = response time

2.6. Data analysis

2.6.1. Participant- and trial-level exclusion criteria

Data-screening and exclusion procedures will follow those applied in the original study, with

additional criteria introduced to ensure high data quality and interpretability of the EEG

signal. In the original study, participants were excluded if they committed fewer than five

errors in either condition of interest, and individual trials with response times outside the

predefined range (200-800 ms) were removed. In the present replication, we will adopt these

criteria and further extend the exclusion pipeline to include checks for the error-to-correct

response ratio, EEG signal quality, and the number of valid error trials available at the

electrodes of interest after preprocessing and response time filtering.
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Specifically, participants will be required to have at least five valid error trials per condition,
with the proportion of error trials not exceeding 30% of all responses. The upper limit is
intended to eliminate cases where participants’ performance might indicate insufficient
engagement, random responding, or misunderstanding of task instructions — factors that could
distort the neural processes underlying error monitoring. The predefined error rate thresholds
should also help maintain comparable trial distributions across participants and labs, thereby

reducing the likelihood of systematic differences that could affect interpretation. In addition,

participants will be excluded if more than 50% of trials at the electrodes of interest (Fz and

Cz) are rejected due to artifacts.

These steps will ensure that the retained data represent

reliable performance and signal quality. A detailed overview of the exclusion pipeline is

presented in Table 4.

Table 4 - Outlier and data exclusion pipeline

Pipeline step

Criterion checked

Step 1: Minimum number of error trials per condition

(in line with the original study)

Step 2: Error-to-correct response ratio

Step 3: Response time filtering

(in line with the original study)

Step 4: Artifact rejection at electrodes of interest

Step 5: Final inclusion check

For each participant, check the number of errors made in:
(1) the 5-point and 100-point conditions in Experiment 1; or
(2) the social evaluation and control conditions in Experiment 2.

Participants must have at least five error trials per condition to proceed to the next step.

Check whether the number of errors does not exceed 30% of all responses per condition.
Specifically, it should be:

(1) equal to or less than 87 in the 5-point and 100-point conditions in Experiment 1 (with 288 trials

per condition in total); or

(2) equal to or less than 173 in the social evaluation and control conditions in Experiment 2 (with

576 trials per condition in total).
If the number of errors constitutes 30% or less of all responses per condition, proceed to the next

step.

Exclude all trials with response times below 200 ms or above 800 ms.
After filtering, verify the number of remaining error trials per condition.

Participants must still have at least five error trials per condition to proceed.

Perform EEG preprocessing and calculate the percentage of trials rejected due to artifacts at

electrodes Fz and Cz for each condition.

If less than 50% of trials are rejected for a given condition, proceed to the next step.

After artifact rejection, confirm the number of remaining trials at Fz and Cz per condition.

Participants who still have at least five valid error trials per condition are included in the final

analyses.
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2.6.2. Check of motivation effects on ERN

The primary effects of interest from the original study are that the ERN amplitude is more
pronounced (i.e., more negative) when high points (compared to low points) are associated
with correct responses in Experiment 1, and when performance is subject to social evaluation
(compared to no evaluation) in Experiment 2. These effects will be tested via planned
contrasts comparing the mean ERN amplitude between the two relevant conditions. We will
conduct paired-samples t-tests on ERN amplitudes derived from the averaged Fz—Cz signal
for the two trial-value conditions (‘5’-point cue vs. ‘100’-point cue) in Experiment 1, and
analogous paired-samples t-tests for the two condition types (social evaluation vs. control) in
Experiment 2. We preregister the analyses to be conducted on the EEG signal averaged across
Fz and Cz, as the ERN was most pronounced at these sites in the original study. Analyses will
be conducted separately for each participating lab. We will report Cohen’s d for paired
samples with 95% confidence intervals. Bayes factors (BF10) will be reported alongside

frequentist statistics to provide a complementary assessment of the strength of evidence.

We expect statistically significant main effects of trial value (Experiment 1) and experimental
condition (Experiment 2), with numerically larger (i.e., more negative) ERN amplitudes at
electrode Fz in high-point compared to low-point trials, and in the social evaluation condition
compared to the control condition. A p-value of .02 will be used as the threshold for statistical
significance, consistent with the #EEGManyLabs protocol (Pavlov et al., 2021) and the author
guidelines for Cortex. Since the two experiments test independent hypotheses, no alpha
correction will be applied across experiments (Rubin, 2021). By preregistering our analyses,
our goal is to ensure that the effect size estimated from our sample is reported without bias

and irrespective of its statistical significance.

2.6.3. Determination of replication success

Effect sizes (Cohen’s d) will be extracted from each replicating lab for both experiments
based on the planned paired t-tests. These effect sizes will be entered into a random-effects
meta-analysis (Riley et al., 2010), treating replicating labs as a random effect—provided the
number of contributing labs is sufficient-and using the REML estimator for random-effects
variance. Separate analyses will be conducted for Experiment 1 and Experiment 2. This
random-effects approach addresses, and helps estimate, the effect of heterogeneity in EEG

devices and participant samples across replicating labs. We will report the distribution of the
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weighted effect sizes, their 95% confidence intervals, and heterogeneity indices. The effect
sizes will be presented and illustrated in forest plots. We will use the metafor package
(Viechtbauer, 2010) in R for the meta-analysis.

Similarly, we will conduct Bayesian random-effects meta-analyses using the RoOBMA
package for R (Maier et al., 2023) to estimate the pooled effect size and between-study
heterogeneity. Evidence for the successful replication will be evaluated by examining whether
the pooled posterior distribution supports an effect in the predicted direction and whether the
Bayes factor in favor of the alternative hypothesis (BFi0) exceeds 3, which is consistent with
moderate-to-strong evidence. We will report the pooled effect (u), posterior distribution, 98%

confidence intervals, and heterogeneity (z2).

In accordance with the #EEGManyLabs protocol (Pavlov et al., 2021), replication will be
considered successful, separately for each experiment, if a statistically significant meta-
analytic estimate (p <.02) in the frequentist meta-analysis is observed across replicating labs
and the effect is in the expected direction. Frequentist significance alone will not suffice. If
the Bayesian meta-analysis provides evidence for the null (BF10 < 0.333), we will not
conclude that the replication is successful. This joint criterion directly addresses the risk that
very large samples with a strict alpha could produce small p-values that conflict with
Bayesian evidence — Lindley's paradox (Lindley, 1957).

2.6.4. Exploratory control analyses

Since several factors cannot be fully controlled within the strict framework of a direct
replication, they will be addressed in follow-up exploratory analyses. These analyses are
additional and complementary to the preregistered planned contrast, which constitutes our
primary confirmatory test. They do not modify the primary hypothesis or the alpha level (a =

.02) and will not be considered when determining replication success.

First, because the number of errors tends to correlate with ERN amplitude (Fischer et al.,
2017), differences in response accuracy may confound the interpretation of ERN modulation.
We will therefore compare mean accuracy between experimental conditions. If a significant
difference is observed, accuracy will be entered as a covariate in exploratory models to assess
whether the condition effect on ERN amplitude (if observed) remains after controlling for this
variable. Second, differences in response times between conditions could lead to differential

temporal overlap between stimulus-locked and response-locked ERP components, potentially
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affecting the observed ERN amplitude. Such response time differences may arise from
distinct response strategies or from variability in the proportion of congruent and incongruent
trials (typically associated with faster and slower responses, respectively). We will therefore
compare mean response times for error trials and examine whether congruency effects differ
between conditions. If significant response time differences are found, these factors will also
be considered in exploratory covariate analyses to examine whether the condition-related
ERN effects remain after accounting for potential temporal overlap. Third, the original
threshold of five valid error trials may be relatively lenient and could result in unstable ERN
estimates for some participants (Pontifex et al., 2010). In exploratory follow-up analyses, we
will therefore examine whether applying a more conservative threshold (e.g., > 8 error trials)
affects the results. Fourth, since previous studies suggest that sex may modulate the
relationship between ERN and motivational manipulations, it will be included in separate
exploratory analyses, similarly to other individual traits that will be measured in the study.
These investigations may also serve as the basis for future publications beyond the scope of
the present replication. Importantly, all analyses described above will be considered
secondary and will not alter the primary confirmatory test or the criteria for replication

SucCcCess.
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