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Our mistakes often have negative consequences for ourselves, but may also harm the people around us.
Continuous monitoring of our performance is therefore crucial for both our own and others’ well-being. Here, we
investigated how modulations in responsibility for other’s harm affects electrophysiological correlates of
performance-monitoring, viz. the error-related negativity (ERN) and error positivity (Pe). Healthy participants
(N = 27) performed a novel social performance-monitoring paradigm in two responsibility contexts. Mistakes
made in the harmful context resulted in a negative consequence for a co-actor, i.e., hearing a loud aversive sound,
while errors in the non-harmful context were followed by a soft non-aversive sound. Although participants
themselves did not receive auditory feedback in either context, they did experience harmful mistakes as more
distressing and reported higher effort to perform well in the harmful context. ERN amplitudes were enhanced for
harmful compared to non-harmful mistakes. Pe amplitudes were unaffected. The present study shows that per-
forming in a potentially harmful social context amplifies early automatic performance-monitoring processes and
increases the impact of the resulting harmful mistakes. These outcomes not only further our theoretical knowl-
edge of social performance monitoring, but also demonstrate a novel and useful paradigm to investigate aberrant

responsibility attitudes in various clinical populations.

Knowledge about how our actions may affect others is essential for
behaving in a socially appropriate manner. This especially holds for
mistakes, as errors made in a social context not only affect ourselves, but
they may additionally harm other people. These so-called social or
harmful mistakes are therefore often associated with enhanced feelings of
responsibility (de Bruijn et al., 2017; Koban et al., 2013). Consequently,
during social interactions it is important to monitor our ongoing
performance and to regulate our actions in a way that is aimed at opti-
mizing the interaction (de Bruijn et al., 2012a, 2017). Studies on per-
formance monitoring have mainly focused on non-social settings
(for recent reviews see e.g., Gehring et al., 2018; Ullsperger et al., 2014a),
but researchers have now also started investigating human
performance-monitoring processes in different social contexts (for a re-
view see Koban and Pourtois, 2014). For example, it has been demon-
strated that (partly) overlapping neural mechanisms are involved in
monitoring own versus other’s errors (van Schie et al., 2004; de Bruijn
et al., 2009, 2012b; Shane et al., 2008). However, differences may also
exist depending on the nature of the social interaction. Monitoring
other’s performance in cooperative versus competitive contexts may

result, for example, in differential involvement of both monitoring-
(Newman-Norlund et al., 2009) and reward-related brain areas (de
Bruijn et al., 2009). Although monitoring of errors made by others is
crucial for social processes such as observational learning (see e.g., Brazil
et al., 2011), the disadvantage of focusing on these types of errors is that
the interactive nature of human social behavior is not taken into account.
As aresult, this type of research that mainly employs a so-called spectator
account (Schilbach et al., 2013; Schilbach, 2016) not directly advances
our understanding of performance-monitoring processes related to
knowledge about how our actions affect others. The aim of the current
study is to address this issue by directly comparing mistakes made in
harmful versus non-harmful social contexts.

Studies using event-related potentials (ERPs) have identified several
components specific for error-detection processes. The most well-known
ERP component is the error-related negativity (ERN), a sharp negative
deflection peaking around 50-70 ms after an erroneous response (Fal-
kenstein et al., 1990; Gehring et al., 1993). This negative peak is followed
by positive deflections, which can be classified into the early error pos-
itivity (Pe) and the late Pe (see e.g., de Bruijn et al., 2017; Ullsperger
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et al., 2014b). The ERN is thought to result from dopamine-based pre-
diction errors enabling flexible adaptive behavior by triggering
short-term behavioral adjustments (see e.g., Debener et al., 2005). The Pe
is assumed to be more specifically involved in conscious affective pro-
cessing of mistakes (Ullsperger et al., 2014a) and/or subjective confi-
dence of one’s actions (Boldt and Yeung, 2015). Functional magnetic
resonance imaging (fMRI) studies have revealed an emotional and
cognitive control network involving posterior medial frontal cortex
(pPMFC; including anterior midcingulate cortex and pre-supplementary
motor area), insular cortex, and (ventral) striatum (see e.g., Debener
etal., 2005; de Bruijn et al., 2009; Ullsperger et al., 2014a). Activations in
PMEFC are increased for erroneous compared to correct actions, while
striatum activity is more pronounced for positive compared to negative
outcomes. Using simultaneous EEG/fMRI recordings and single-trial
analyses, Debener et al. demonstrated that ERN amplitudes were asso-
ciated with both increased pMFC activations and prolonged reaction
times following an erroneous response. This increase in reaction time can
be interpreted as error-related adaptive behavior - i.e., taking more time
to increase the likelihood of responding correctly on the next trial - and is
known as post-error slowing (Dutilh et al., 2012; Rabbitt, 1966; but see
Notebaert et al., 2009 for an alternative explanation in terms of
re-orienting). In short, people adjust their behavior to achieve the most
optimal outcome using various neural mechanisms. However, the effi-
ciency in detecting and monitoring errors is related to individual dif-
ferences in personality traits, functioning of the autonomic nervous
system, and the experience of emotions (Segalowitz and Dywan, 2009).

Indeed, modulations of the ERN have been reported in many studies
and the component seems particularly sensitive to individual trait dif-
ferences and distress associated with the mistake. For example, ERNs are
larger when error significance is enhanced, e.g., when an error is pun-
ished (e.g., Endrass et al., 2010; Meyer and Gawlowska, 2017; Riesel
et al., 2012; Potts, 2011) or while being observed and/or evaluated by
another person (Hajcak et al., 2005; Masaki et al., 2017; Voegler et al.,
2018). The role of the individual salience of errors also fits well with the
many observations of enhanced ERN amplitudes in patients suffering
from anxiety-related disorders, such as obsessive-compulsive disorder
(for recent reviews see Endrass and Ullsperger, 2014; Perera et al., 2019).

As stated above, most research so far has either focused on perfor-
mance monitoring in non-social contexts or on processes such as error
observation that do not require social interactive behavior. As a result,
only little is known about monitoring of performance that may actually
affect others. Fortunately, a few recent studies have started shedding
light on the latter. Using fMRI, Koban et al. (2013), for example, showed
that socially harmful mistakes (i.e., mistakes that caused pain in others)
more strongly activate the cingulate-insula network compared to
non-harmful errors. Yu et al. (2014) demonstrated enhanced activity in
the same network when only the participant in the scanner made a
mistake and was hence solely responsible for causing pain in another
person compared to the situation in which both participants responded
incorrectly and thus shared the responsibility. The authors interpreted
these effects in terms of interpersonal guilt, a negative emotional state
experienced when inflicting harm on others. In a study from our lab, we
have demonstrated that performing in a high responsibility context, i.e.,
when actions additionally had consequences for a co-actor, was associ-
ated with recruitment of dorsal medial prefrontal cortex (AMPFC) an area
involved in social-reasoning processes such as sharing or inferring other’s
states (i.e., mentalizing) (Radke et al., 2011). Enhanced activation in this
area has also been reported during the observation of a co-actor receiving
painful shocks when the participant had full versus shared responsibility
for causing the pain (Cui et al., 2015).

However, to our knowledge, only one previous study from our own
lab investigated how differences in responsibility for other’s harm may
affect early automatic error-related ERP components such as the ERN and
Pe. In this recent pharmacological study, we demonstrated oxytocin-
induced enhancements of the ERN for social compared to non-social
mistakes (de Bruijn et al., 2017). Contrary to our expectations though,
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this enhancement for socially harmful mistakes was not present in the
placebo condition. We speculated that this unexpected finding was the
result of the indirect and subtle responsibility manipulation used. More
specifically and unlike the existing fMRI studies, the co-actor did not
observe the participant’s performance and was thus unaware of his/her
mistakes. In addition, the participants’ mistakes did not directly affect
the outcome of the co-actor, but rather affected the (somewhat vague)
long-term possibility of winning an additional joint prize after data
collection for the entire study would have been completed. The advan-
tage of this method was that it provided a lot of experimental control
(i.e., the non-social and social condition only differed with respect to
instructions provided), but it may also have reduced the impact of the
manipulation. So although previous studies have shown the involvement
of social cognitive as well as performance-monitoring related neural
mechanisms when performing in high-responsibility contexts, it is un-
known if error-related ERP components such as the ERN and Pe are also
differently modulated by harmful versus non-harmful mistakes in a social
context.

The current study aims at answering this question by having partic-
ipants perform a social flankers task in both a non-harmful and a harmful
condition. Social mistakes were manipulated by providing aversive noise
blasts over headphones to a co-actor for each mistake made by the
participant in the harmful condition. In the non-harmful condition
however, the co-actor would hear a non-aversive soft sound following
each mistake. Importantly, participants did not receive these sounds
themselves and both performance and feedback was thus similar for them
in both conditions. We hypothesized that mistakes in the harmful con-
dition would be associated with enhanced error significance and thus
larger ERN and Pe amplitudes compared to the non-harmful condition.

1. Materials and methods
1.1. Participants

Twenty-nine healthy volunteers participated in our study. Data of two
participants had to be removed because of insufficient number of error
trials to analyze (<6 error trials, see Olvet and Hajcak, 2009). The data of
the remaining 27 healthy volunteers (university students; 17 females,
mean age = 22.0 years. SD = 3.7 years) were analyzed. All participants
were recruited using the online Leiden University Research Participation
System. Exclusion criteria were a diagnosis of psychiatric disorders or use
of antidepressant medication. Participants received course credit or
financial compensation for their time. All participants provided written
informed consent. The research was approved by the local ethical com-
mittee of the institute of Psychology and in accordance with the latest
version of the Declaration of Helsinki.

1.2. Procedure

Two participants were invited to the lab. The experimenter explained
that one of them would perform the flanker task while the other person’s
task was to count their mistakes based on the soft or loud noise he/she
would hear over their headphones. We told them that we were both
interested in the cognitive abilities of the person performing the flanker
task, and in the effects of the interference of aversive sounds on the
person counting the mistakes. The participant who counted the mistakes
was actually a same-gender confederate who was invited to the lab to
make it believable for the actual participant that their mistakes had
negative consequences for another person.

Before starting the task, participants completed 40 practice trials “out
loud” while the confederate was sitting next to them. During this phase,
both the participant and the confederate heard the noise through the
speakers whenever the participant made a mistake. This was done in
order to make the participant aware of the averseness of the loud noise
and the impact it had on the other person. Additionally, we asked both
the participant and the confederate to rate the (un)pleasantness of both
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the soft and the loud noise on a scale from 1 (very pleasant) to 7 (very
unpleasant) as a manipulation check. The participants could not see each
other’s ratings, but the experimenter always intentionally mentioned
that the confederate had chosen for the highest level of unpleasantness in
case of the loud noise.

During the task, both participants wore headphones. We explained to
the participants that even though they would not actually hear the noise,
it would help them to stay focused during task performance. A setup with
two computer displays was used. The displays were positioned on two
separate tables divided by a screen (see Fig. 1). Both participants were in
the same room but were unable to see or hear each other. After
completion of the study, participants were debriefed. The experimenter
informed them that the other person was a confederate who did not
actually hear noise blasts following mistakes of the participant.

1.3. Task

We used a novel social variant of the Flanker task (Eriksen and
Eriksen, 1974), the so-called error-responsibility task (ERT), in which
participants had to respond to the central arrow (<or >) of a string of 5
arrows by a left or right button press. The central arrow can either be the
same as the surrounding (i.e., flanking) arrows (congruent trial: <<<<<
or >>>>>) or different (incongruent trial: <<><< or >><>>). Each
trial started with the presentation of a fixation (1000 ms) followed by a
blank screen (250 ms). Next, the stimulus was presented for 100 ms. After
this, a blank screen was presented during which participants could
response (900 ms). Participants were instructed to respond as fast and
accurate as possible.

The ERT consisted of two conditions of 416 trials each including 50%
congruent and 50% incongruent trials presented in a random order. A
short break was introduced halfway in each condition. The order of the
two conditions was counterbalanced across participants. In the “Non-
harmful” condition, mistakes made by the participant resulted in the
generation of a soft and not unpleasant noise for the other person, while
in the “Harmful” condition mistakes resultez in a loud and aversive noise
blast delivered over the headphones to the other participant. Note that
there were no direct observable consequences for the performing
participant in either condition.

During each break, subjective levels of anxiety, frustration, despera-
tion, boredom, and effort were measured using visual analogue scales
(VAS) where we asked participants to rate (on a continuous scale of

Fig. 1. Experimental setup of the error responsibility task. The left participant is
performing the Flankers task, while the right participant is counting their mis-
takes based on the auditory feedback presented over the headphones.
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0-12) how they felt during performance of the previous block of trials.
The total task duration was around 30-40 min, including the time spend
on answering these questions.

1.4. Exit questions

After performing the ERT, participants filled out an exit-
questionnaire. Participants were asked to indicate how upset they were
when they made a mistake resulting in a soft/loud noise for the other
person (1 =not at all, 7 =very much). They also had to indicate more
generally how they experienced the task regarding pleasantness
(1 =very unpleasant, 7 =very pleasant), difficulty (1 =very difficult,
7 = very easy), motivation (1 = very low, 7 = very high), and how often
they were thinking about the consequences for the other person when
they made a mistake (1 = never, 7 = always). Finally, they were asked to
indicate how much connection they felt with the other person using a
pictorial measure of closeness (Aron et al., 1992; 1 =not at all, 7 = very
much). The results for the questions directly related to the manipulation
are reported below, while the outcomes for the more general
task-experience related questions are reported in the supplementary
material.

1.5. Questionnaires

As part of our standard procedure, we also collected data from several
relevant trait questionnaires, such as empathy and psychopathic traits.
This was, however, not the main purpose of the study and our sample size
is relatively small to investigate possible individual differences in these
traits. However, for transparency and completeness, the outcomes of the
correlation analyses with these questionnaires are reported in the sup-
plementary material.

1.6. EEG data collection and analyses

EEG data were recorded from 31 scalp electrodes located according to
an extended version of the international 10-20 system (5 midline elec-
trodes: Fz, FCz, Cz, Pz, Oz; 26 Lateral electrodes: AF3/4, F3/4, F7/8,
FC1/2, FC5/6, C3/4, CP1/2, CP5/6, P3/4, P7/8, T7/8; PO3/4, 01/2).
Bipolar vertical (below and above the left eye) and horizontal electro-
oculograms (EOGs) were recorded. Monopolar recordings were refer-
enced to the common mode sensor (CMS) and drift was corrected with a
driven right leg (DRL) electrode (for details see http: www.biosemi.co
m/faq/cms&drl.html). Signals were DC amplified and digitized with a
BioSemi ActiveTwo system at a sampling rate of 512 Hz. EEG data was
further analyzed offline using Brain Vision Analyzer 2.0 (BVA; Brain
Products, Munich, Germany). All signals were re-referenced to the
average of the left and right mastoids, filtered with a band-pass filter
between 0.02 and 20 Hz and with a notch filter of 50 Hz, followed by a
lenient artifact rejection to remove large artifacts. Eye movements were
then corrected using the automatic independent component analyses
(ICA) for ocular corrections implemented in BVA, using a slope algorithm
for blink detection, 512 ICA steps, and an infomax restricted ICA (mean
number of components removed was 7). The ICA was followed by a
stricter artifact rejection on the main electrodes of interest (Fz, FCz, Cz,
and Pz) with the following settings: maximal amplitude difference of
100 pV in 200 ms intervals, minimal allowed amplitude: -75 pV, maximal
allowed amplitude: 75 pV. Mean number of trials in averages: Correct
Beep =155, Correct Loud =160, Error Beep =31, Error Loud = 25.
Significantly more correct trials than error trials entered the averages
(p <.001), but neither the main effect of condition (p =.412) nor the
interaction between the two was significant (p =.107).

Response-locked ERPs were baseline corrected relative to a 200 ms
pre-stimulus baseline and averaged for correct and incorrect responses to
incongruent stimuli and for each subject separately. ERN amplitude was
determined on these subject averages by subtracting the most negative
peak in the 0-150 ms time window after response onset from the most
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positive peak in the time window starting 80 ms before and ending 80 ms
after response onset at electrodes Fz, FCz, and Cz covering the typical
frontocentral distribution of the ERN (see e.g., de Bruijn et al., 2017;
Falkenstein et al., 1990; Gehring et al., 1993). Additionally, the ERN was
quantified as the mean amplitude in an area of + 20 ms around the most
negative peak on erroneous responses (cf. Endrass et al., 2014; Riesel
et al.,, 2017, 2019). To limit the influence of baseline fluctuations —
visible in the grand average waveforms — a —50 to Oms baseline
correction before determining the mean amplitude was employed. Pe
amplitudes were determined for both the early and the late component
(Ullsperger et al., 2014a). The early Pe was defined as the most positive
peak in the 150-250 ms post-response time window and the late Pe was
determined as the mean amplitude in the 300-500 ms post-response time
window at Fz, FCz, Cz, and Pz (see de Bruijn et al., 2017). Note that
analyses on stimulus-locked ERP components (separately for correct
congruent and incongruent stimuli) are reported in the supplementary
material.

1.7. Statistical analyses

For the behavioral data, we focused on reaction times, percentage of
erroneous responses, and post-error slowing (Rabbitt, 1966). First, all
trials with too fast (<150 ms), too slow (>800 ms) or no responses were
removed from the dataset (2.76% of all trials). Post-error slowing (PES)
was defined in a so-called robust way that has been shown to be less
sensitive to global performance fluctuations (Dutilh et al., 2012). PES
robust is quantified as a single-trial value of PES by comparing correct
trials preceding (pre-error) and following an error (post-error). Only
error trials that were both preceded and followed by at least one correct
response were included. Mean individual reaction times and error rates
were entered into repeated measures general linear models (RM-GLMs)
with the possible within-subject factors Congruency (2 levels: congruent,
incongruent), Correctness (2 levels: correct, error), Post-error slowing (2
levels: pre-error, post-error), and Context (2 levels: non-harmful, harm-
ful). As erroneous responses to congruent trials are rare and thus better
not included in reaction-time analyses, we used two separate statistical
models to investigate the presence of standard flankers effects (see e.g.,
de Bruijn et al., 2017). The first one included only correct reaction times
and the factors Congruency and Context. The second ANOVA included
only responses to incongruent trials and the factors Correctness and
Context. For the ERP data, individual mean amplitudes were entered into
RM-GLMs with the possible within-subject factors Correctness, Condi-
tion, and Electrode (3 or 4 levels: Fz, FCz, Cz, Pz). Follow-up tests for
significant main effects or interactions were Bonferroni corrected for
multiple comparisons.

2. Results
2.1. Manipulation checks

Mean ratings of the exit questions are presented in Table 1. On a
scale of 1-7, ranging from not unpleasant at all to very unpleasant,
participants rated the soft noise in the non-harmful condition signifi-
cantly as less unpleasant (M = 1.63) than the loud noise in the harmful
condition (M =5.74; t(26) = —23.96, p <.001). Also, the exit ques-
tionnaires indicated that participants felt on average more upset when
making a mistake in the harmful (M =5.00) compared to the non-
harmful condition (M =2.74; t(26)=-9.33, p<.001). The VAS
scales — with scores ranging from 1 to 12 — showed that participants
reported more effort to perform well in the harmful (M =09.84,
SD =1.81) than in the non-harmful condition (M =9.18, SD =1.82;
t(26) = —4.18, p < .001). Levels of desperation (2.19 vs 1.47; p =.034)
and boredom (4.30 vs 5.05; p =.048) were non-significant after Bon-
ferroni correction. Anxiety (2.38 vs 1.70; p=.064) and frustration
(3.67 vs 2.97; p=.080) scores did not show significant differences
between the two conditions either.
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Table 1
Mean ratings (standard deviations in parentheses) for the exit questions asked at
the end of the experiment.

Exit Question Mean
(SD)
Noise in the non-harmful condition (1 = not unpleasant at all, 7 = very 1.63 (.63)
unpleasant)
Noise in the harmful condition (1 = not unpleasant at all, 7 = very 5.74 (.94)
unpleasant)
Upset with mistakes in the non-harmful condition (1 =not at all, 2.74
7 = very much) (1.48)
Upset with mistakes in the harmful condition (1 = not at all, 7 = very 5.00
much) (1.54)
Pleasantness of task in general (1 = very unpleasant, 7 = very pleasant)  3.78
(1.22)
Difficulty of task in general (1 = very difficult, 7 = very easy) 4.15
(1.32)
General motivation during task (1 = not motivated, 7 = very motivated) 6.00 (.88)

How often were you thinking about the consequences of your mistakes ~ 3.78

for the other person? (1 = never, 7 = always) (1.76)
Self-other integration (1 = minimal, 7 = maximal) 3.37
(1.69)

2.2. Behavioral results

Reaction-time analyses revealed the expected Flanker effects (see
Fig. 2). The analysis on correct RTs only, revealed a significant main
effect of Congruency, F(1,26) = 685.20, p <.001, ng = .96, with faster
responses to correct congruent trials (370 ms) compared to correct
incongruent ones (479 ms). The analysis on incongruent trials only,
demonstrated a significant main effect of Correctness, F(1,26) = 384.31,
p<.001, 1112) = .94, with erroneous responses to incongruent (374 ms)
being faster than correct responses to incongruent trials. In both analyses,
the main effect of Context was not significant (both Fs < 1) and neither
did the interactions between the factors and Context reach significance
(both Fs < 1). With respect to error rates, more errors were made on
incongruent trials (14.99%) compared to congruent ones (0.53%;
F(1,26) =118.69,p < .001, n§ =.82). Neither the main effect of Context,
F(1,26) =2.52, p=.135, n; = .09, nor the interaction between

550 ~
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Fig. 2. Mean reaction times for correct and erroneous responses to congruent
and incongruent trials in both contexts. Error bars represent standard errors of
the mean.
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Congruency and Context, F(1,26) =2.30, p=.142, ng = .08, reached
significance.

The analyses on adaptive behavior following errors revealed a main
effect of post-error slowing, F(1,26) =59.93, p <.001, nf, = .70, with
slower reaction times for correct responses following a mistake (427 ms)
than before a mistake (395 ms). Again, neither the main effect of Context
nor the interaction between the two was significant (both Fs < 1).

2.3. ERN results

The grand average ERP waveforms for the different conditions at
midline electrodes are depicted in Fig. 3A. The analyses on ERN ampli-
tude revealed a main effect of Correctness, F(1,26) = 50.82, p < .001, ng
= .66, with larger ERN amplitudes following erroneous (—10.42 uV)
compared to correct responses (—4.58 pV). Neither the main effect of
Electrode, F(1,26) =2.06, p=.149, Th% = .14, nor the main effect of
Context was significant, F(1,26) =2.72, p=.111, Th% = .10. However,

Fz
[uv]
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both the interaction between Correctness and Context, F(1,26) = 4.44,
p=.045, n;‘; = .15, and the three-way interaction between Electrode,
Context, and Correctness were significant, F(2,25) = 3.73, p =.038, Tl% =
.23. None of the remaining two-way interactions were significant (both
Fs < 1.66, ps > .21).

Follow-up analyses showed that the effect of Context was significant
for erroneous responses, F(1,26)=4.94, p=.035, nlz, = .16, with
increased ERN amplitudes in the harmful condition (—10.91 pV)
compared to the non-harmful condition (—9.92 pV). The effect of Context
was not significant for correct responses (F <1). The main effect of
Electrode was not significant for the analyses on erroneous responses
only, F(2,25) =2.30,p=.121, ng =.16, but numerically ERN amplitudes
were maximal at Fz (—10.86 pV) and FCz (—10.73 uV) compared to Cz
(—9.67 uV) reflecting the frontocentral topographical distribution of the
ERN (see also Fig. 4). In line with this, the differences in ERN amplitude
between the two contexts were largest at Fz (1.14 pV) and FCz (1.15 pV)
compared to Cz (0.70 pV).

FCz
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Fig. 3. Response-locked grand average ERP waveforms for the non-harmful (grey lines) and the harmful context (black lines). Correct (dashed lines) and incorrect

responses (solid lines) are depicted. Response onset is at 0 ms.
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Fig. 4. Topographical distributions of the ERP components of interest derived from the peak onsets at the difference waveforms (error minus correct) for both the non-

harmful and the harmful context.

Please note that the additional analysis using an area around the most
negative peak revealed a similar pattern as the peak-to-peak ERN quan-
tifications, with a significant main effect of Context, F(1,26) =4.27,
p=.049, ng = .14, reflecting enhanced ERN amplitudes in the harmful
(—7.23 uV) compared to the non-harmful condition (—6.20 pV).

2.4. Early Pe results

The analyses demonstrated a main effect of Electrode,
F(3,24) =16.25, p <.001, ng = .67 and a main effect of Correctness
F(1,26) =10.74,p =.003, ng =.29. The interaction between the two was
also significant, F(3,24)=9.34, p <.001, ng = .54. Follow-up tests
showed that the effect of Correctness was significant at all electrodes (all
ps <.011), except for Fz (p=.425), reflecting a more centroparietal
distribution of the early Pe component compared to the ERN (see Fig. 4).
In line with this, numerically the largest difference between correct and
incorrect waveforms was seen at Pz (5.55pV) in comparison to Cz
(5.27 pV), FCz (3.25 V), and Fz (1.18 pV). The main effect of Context
was not significant (F < 1). Neither did any of the remaining two-way
and three-way interactions reach significance (all Fs < 2.18, all ps > .15).

2.5. Late Pe results

The late Pe analyses demonstrated a similar pattern as the early Pe,
with significant main effects of Electrode, F(3,24) = 6.45, p =.002, ng =
.45 and Correctness, F(1,26) = 51.24, p < .001, q% = .66. The interaction
between the two was also significant, F(3,24) =9.59, p < .001, nﬁ =.55.
Follow-up tests showed that the correctness effect was not significant at

Fz (p=.26), but was significant at the other three locations (all
ps < .001). Again, numerically the largest difference between correct and
incorrect waveforms was observed at Pz (8.36puV; Cz=6.18V;
FCz = 3.59 uV; Fz =1.28 uV; see Fig. 4). The main effect of Context was
not significant (F < 1). Neither did any of the remaining two-way and
three-way interactions reach significance (all Fs < 1.27, all ps>.13).
Please note that analyses on stimulus-locked ERP components (N1, N2,
and P3) did not reveal any effects of the manipulation (see supplemen-
tary material).

2.6. ERP-self report correlations

Exploratory spearman correlation analyses showed that ERN ampli-
tudes at Cz correlated significantly with the self-reported effort partici-
pants put in to perform well (as measured with the VAS) in the harmful
condition (p=—.442, p=.021). ERN amplitudes at FCz (p = .502,
p=.008) and Cz (p = .436, p=.023) also correlated significantly with
experienced boredom in the harmful condition. Please note that the ERN
is a negative ERP component. Negative correlation coefficients thus
reflect larger ERN amplitudes to be associated with higher scores on the
questionnaires. For a report of all correlation analyses, see supplemen-
tary material.

3. Discussion
The aim of the current study was to investigate performance-

monitoring processes in harmful and non-harmful social conditions
using ERPs. Our manipulation check showed that participants rated the
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loud noise more aversive than the soft noise and they felt more upset
when making mistakes that harmed others. They also reported higher
effort to perform well in harmful contexts than in non-harmful ones.
These results indicate that our manipulation was successful and that the
error responsibility paradigm thus created an effective harmful and non-
harmful social context. Behaviorally, all expected standard flanker task
effects were present. Congruency effects were observed for both reaction
times and error rates and erroneous responses were faster than correct
ones. Also, participants slowed down following a mistake, reflecting post-
error slowing (Rabbitt, 1966). These behavioral effects were of similar
size in both conditions and also overall reaction times were comparable
for the harmful and non-harmful situations. At the electrophysiological
level, the results showed that ERN amplitudes at frontocentral electrode
locations were larger for mistakes that harmed others compared to
non-harmful mistakes. Pe amplitudes, however, were not different for the
two conditions.

The absence of manipulation-induced behavioral effects is not very
unexpected given previous research. Performance-monitoring studies
using (variants of) a flanker task often fail to report behavioral effects,
because of the strict instructions that emphasize both speed and accuracy
(cf. de Bruijn et al., 2017). As a minimum number of errors are required
for the analyses, only a small reaction-time window is available during
which responses can be given, thus limiting variability in reaction times.
Also, the aim is to keep error frequencies as comparable as possible be-
tween the different conditions, as it is known that performance differ-
ences, such as dissimilar error rates may affect ERN amplitudes (see e.g.,
Fischer et al., 2017; Gehring et al., 1993). We can therefore conclude that
the currently found effects on ERN amplitude are not confounded by
more general differences in performance.

Note that the emphasis on both speed and accuracy may also limit the
occurrence of post-error slowing, as this is usually more pronounced
when accuracy is emphasized over speed (Danielmeier and Ullsperger,
2011). As a consequence, ERN effects in the absence of effects on
behavioral adaptations are also quite common in the literature. For
example, studies comparing clinical populations to healthy controls often
report this pattern (see e.g., Endrass et al., 2014; Riesel et al., 2019) and
almost all previous pharmacological performance-monitoring studies
have demonstrated ERN effects in the absence of effects on post-error
slowing (see e.g., Barnes et al., 2014; de Bruijn et al., 2004, 2006,
2017; Riba et al., 2005; Spronk et al., 2014, 2016; Zirnheld et al., 2006).
Also, an alternative account of post-error slowing states that slowing
down following a mistake does not reflect adaptive behavior, but rather a
re-orienting process after an infrequent unexpected event (Notebaert
et al., 2009). The discussion about what post-error slowing precisely
reflects is thus still ongoing in the literature. We are therefore cautious in
interpreting the absence of effects of context on this form of behavioral
adaption, e.g., in terms of compensatory mechanisms.

The ERN analyses showed the expected pattern of enhanced ERN
amplitudes for erroneous compared to correct responses. Also, the typical
topographical distribution of the component was observed with
maximum amplitudes at frontocentral electrodes (see e.g., Gehring et al.,
2018 for a recent review). In line with our hypotheses the data revealed
enhanced ERNs for harmful compared to non-harmful mistakes. This
outcome is consistent with the idea that error significance or subjective
salience is an important determinant of ERN amplitude and that the
component is sensitive to distress (Bartholow et al., 2005). This is
particularly interesting as —unlike previous studies- there was no conse-
quence associated with errors for participants themselves in neither
condition. Based on the outcomes of the questionnaires, however, it is
plausible to assume that making mistakes in the high responsibility
context is associated with enhanced distress. The neural generator of the
ERN, the anterior midcingulate cortex, is known to not only respond to
errors, but to multiple aversive signals such as negative affect, cognitive
conflict, and pain (Shackman et al., 2011). The area has therefore been
argued to play a central role in adaptive behavior by signaling aversive
information. The ERN, originating from this area, may be amplified by
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aversive states that indicate a greater need for cognitive control, such as
distress (Nash et al., 2014). The present study thus shows that performing
in a potentially harmful social context may represent an aversive state
that amplifies ERN amplitudes and increases the impact of the resulting
harmful mistakes. Social saliency, here expressed in the level of possible
harm inflicted on others, is thus sufficient for modulating early
performance-monitoring processes reflected in the ERN.

A theoretical explanation of the ERN that also allows mathematical
formalization holds that the component reflects a (reward) prediction
error that triggers behavioral adjustments, such as error-correction pro-
cesses or error-prevention strategies (for a recent overview on the
physiological principles of performance monitoring, see Ullsperger,
Danielmeier and Jocham, 2014b). A prediction error is elicited when
expected and actual outcomes differ and scales (negatively) with ex-
pectancy. Consistent with this idea, surprising outcomes are associated
with greater responses in areas in pMFC including anterior midcingulate
cortex (Ullsperger et al., 2014b). More evidence for a role of prediction
errors in performance monitoring comes from studies that have demon-
strated prediction errors to scale with the ERN elicited by unexpected
feedback (the so-called feedback-related negativity or FRN; see e.g.,
Chase et al., 2011; Fischer and Ullsperger, 2013; Walsh and Anderson,
2013). We propose that the currently self-reported higher effort to
perform well in the harmful condition may be related to subjective ex-
pectancy and hence the magnitude of prediction errors generated. Spe-
cifically, participants’ expectations may be altered in high-effort contexts
rendering mistakes more surprising than in low-effort situations, which
may thus result in relatively larger prediction errors. Although dedicated
studies preferably using a combination of single-trial analyses and
computational modeling are needed to confirm this explanation, the
current data do provide indirect support in the form of the significant
correlation between ERN amplitudes and self-reported effort.

While the ERN has mainly been interpreted in terms of fast automatic
and unconscious error detection (see e.g., Ullsperger et al., 2014a;
Nieuwenhuis et al., 2001), the Pe has been linked to affective conscious
processing of the error (see e.g., Ullsperger et al., 2014a; Overbeek et al.,
2005). An increase in Pe amplitude for harmful mistakes would thus have
fitted the interpretation of subjective saliency and “feeling bad” about
inflicting harm on others. Previously, we reported reduced late Pe am-
plitudes for a social context, where mistakes additionally affected a
co-actor compared to an individual context where mistakes only had
negative consequences for the participant (de Bruijn et al., 2017).
However, the main difference with the current study is that participants
now were solely responsible for the consequences for the co-actor
whereas previously they shared responsibility for their joint outcome.
Accordingly, the earlier reported finding of reduced Pe amplitudes could
be explained by diffusion of responsibility and social loafing (see e.g.,
Gilovich et al., 2005; Karau and Williams, 1993; Latané et al., 1979),
which is absent in the current paradigm. The presently found ERN effects
in the absence of Pe modulations thus suggest that socially harmful
mistakes specifically affect early performance-monitoring processes and
not, or at least to a lesser extent, later, more affective processes related to
error detection.

The current findings are also relevant from a clinical perspective, as
differences in the magnitude of the concern people have for others can be
observed in various disorders. Enhanced feelings of guilt or responsibility
for harm is, for example, observed in OCD (Mancini and Gangemi, 2017;
Salkovskis et al. (2000). Patients often worry that harm may come to
others because of something they do or fail to do (Hezel and McNally,
2016). Although patients are aware that these behaviors do not have a
realistic relation to the possible harm (e.g., taking a long route to the
supermarket to prevent a fire in one’s parents apartment), they do feel
the need to perform this behavior to reduce the distress associated with
the thought and/or the likelihood of the event taking place. Conversely,
individuals that score high on psychopathic traits are characterized by
reduced feelings of guilt and a lack of remorse (Cleckley, 1982; Hare and
McPherson, 1984; Prado et al., 2016), which may promote antisocial



E.R.A. de Bruijn et al.

behavior (Blair, 1995; Cima et al., 2009). Also, psychopathic individuals
often do not take responsibility for their actions and show decreased
concern for how their behavior may negatively affect others (Hare,
1980). Studying performance monitoring in socially harmful contexts
may thus provide important insight into the often reported but still
poorly understood altered performance-monitoring processes in these
disorders. For example, enhanced ERN amplitudes have been repeatedly
demonstrated in OCD and have therefore been proposed to reflect an
endophenotype of the disorder (Endrass and Ullsperger, 2014; Riesel
et al., 2015). However, excessive performance monitoring is not exclu-
sive to OCD, but is also observed in anxiety and depressive disorders and
may thus represent a more general biomarker (Olvet and Hajcak, 2008;
Weinberg et al., 2012). Investigating processing of harmful mistakes from
a social perspective in these various disorders may thus facilitate
formulating a more specific endophenotype thereby advancing our un-
derstanding of disturbed performance monitoring in these clinical
populations.

In addition, future studies could focus in more detail on the role of
individual differences in relevant personality traits such as empathy or
perspective taking. Note that we presently did not design our study to
specifically investigate this issue (e.g., the sample size was too small, no
pre-selection on the basis of these traits took place, etc.), but the current
data did not provide evidence for a central role of these traits either (see
supplementary results). Alternatively, one could argue that the impact of
the manipulation was simply not strong enough for these patterns to
emerge. Manipulations, such as establishing prior cooperative or
competitive states (cf. Ruissen and de Bruijn, 2016) may enhance the
impact of the manipulation and the role that certain traits play in these
processes. Such manipulations may then help in disentangling the exact
role of task-induced affective processes or personality traits in modula-
tions of social performance monitoring.

Another interesting option for future research is to further investigate
the absence of a behavioral equivalent of the currently found context
effects in our ERP measures. Using a probabilistic learning paradigm, for
example, one could establish whether participants also learn faster from
errors or negative feedback when negative consequences for another
person are involved. Support for the possible influence of social manip-
ulations on performance monitoring in the context of learning comes
from a recent study by Voegler et al. (2019) in patients with social
anxiety disorder. The results demonstrated reduced learning from
negative feedback in these patients as well as modulations of the
feedback-related negativity specifically under social observation. In
short, we emphasize the importance of employing experimental designs
that incorporate social manipulations to increase our understanding of
the complex interplay of social and personality factors in performance
monitoring as well as its clinical relevance.

To conclude, using a novel social performance-monitoring paradigm,
we demonstrated enhanced early performance monitoring as reflected in
the ERN for harmful compared to non-harmful mistakes. This finding not
only extends existing fMRI studies that demonstrated the involvement of
both social-cognitive and performance-monitoring related neural mech-
anisms, but it also reveals that social saliency in itself is sufficient to
modulate early, automatic performance-monitoring processes. The pre-
sent outcomes are consistent with theories that propose that the distress
associated with errors scales with ERN amplitudes and that the ERN re-
flects prediction errors that are used to improve performance through
adaptive behavior. As a result, the current study not only furthers our
theoretical and fundamental knowledge of performance monitoring, but
also opens up new research avenues into alterations in these processes
often observed in clinical disorders characterized by aberrant re-
sponsibility attitudes.
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