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Abstract In social contexts, errors have a special signifi-
cance and often bear consequences for others. Thinking
about others and drawing social inferences in interpersonal
games engages the mentalizing system. We used neuroim-
aging to investigate the differences in brain activations
between errors that affect only agents themselves and errors
that additionally influence the payoffs of interaction part-
ners. Activation in posterior medial frontal cortex (pMFC)
and bilateral insula was increased for all errors, whereas
errors that implied consequences for others specifically
activated medial prefrontal cortex (mPFC), an important
part of the mentalizing system. The results demonstrate that
performance monitoring in social contexts involves addi-
tional processes and brain structures compared with indi-
vidual performance monitoring where errors only have
consequences for the person committing them. Taking into
account how one’s behavior may affect others is particu-
larly crucial for adapting behavior in interpersonal interac-
tions and joint action.

Keywords Error-monitoring - Mentalizing - Medial
frontal cortex - Cingulate cortex - Social neuroscience -
Perspective-taking

Introduction

Performance monitoring is crucial for successful goal-
directed behavior. After commission of an error, preventing
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future errors and their negative consequences can be
achieved by flexibly adapting one’s behavior. Functional
magnetic resonance imaging (fMRI) studies have demon-
strated that posterior medial frontal cortex (pMFC) plays a
crucial role in error-monitoring and subsequent behavioral
adaptation (Ridderinkhof et al. 2004). PMFC involves mid-
cingulate cortex (MCC) and pre-supplementary motor area
(pre-SMA) and shows increased activation during error
detection (De Bruijn et al. 2009). An electrophysiological
correlate of this error-related brain activity is the error-
related negativity (ERN), an event-related brain potential
(ERP) that is generated after an erroneous response
(Falkenstein et al. 1990; Gehring and Willoughby 2002)
and negative feedback (Holroyd and Coles 2002). Coupling
of fMRI and electroencephalography (EEG) has specified
its origin being localized in the rostral cingulate zone
(RCZ) of pMFC (Debener et al. 2005). The anterior insula
is modulated by error awareness and has shown to be more
active during errors of which one was aware compared with
unaware errors (Ullsperger et al. 2010; Klein et al. 2007;
Hester et al. 2005). Outcomes that signal a failure to attain
the intended goal may give rise to affective and motiva-
tional responses to errors (Gehring and Willoughby 2002;
Luu et al. 2000).

Both ERP and fMRI studies show that the detection of
others’ errors relies on similar neural mechanisms as own
error-processing (van Schie et al. 2004; De Bruijn et al.
2009; Shane et al. 2009). Monitoring the actions of others
is relevant in a variety of social interactions, especially in
joint action, thus when coordinating actions in order to
achieve a common goal. When acting together, a failure of
one person may affect the interaction partner as well, e.g.,
most drastically by precluding the common goal to be
reached, but also simply by altering the motivation of the
other to continue working on the task. In real life, errors are
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often made within a social context and therefore have a spe-
cial significance. An incorrect performance may yield nega-
tive consequences not only for agents themselves but also
for other persons involved in the situation. These conse-
quences may be evident, e.g., in material outcomes and rep-
utation. A very explicit situation is a team sport like soccer
when, for instance, missing a penalty kick affects not only
the particular player who has missed it but also the team as
a whole with regard to the final score. This may even
extend to their reputation and the perceived competence of
their coach, who, in turn, may face another cascade of neg-
ative consequences that starts with being fired, might go on
with family members not meeting the expenses for certain
costs of living anymore, etc.

However, taking into account how one’s actions might
affect others occurs almost automatically in daily life
and often serves as an important guideline for decision-
making. Although there are various everyday life situations
where errors imply consequences for others, up to now,
error-monitoring research has focused on errors that affect
only the individual who has committed them. Although
some studies investigating neural correlates of action
observation include manipulations in such a way that
actions of an agent have consequences for the observer,
the focus usually lies on the observer and not the individ-
ual who is performing and therefore responsible for the
consequences (De Bruijn et al. 2009; Marco-Pallares et al.
2010).

On the contrary, social inferences, i.e., thinking about
others (first level) and reflecting about what others think
about oneself (second level), have been extensively investi-
gated within the last decade, especially from a social neuro-
science perspective, and pertain to higher-level cognitive
processes (Ochsner etal. 2005). Anticipating others’
actions or reasoning about triadic relations (relations
between two minds and an object; Saxe 2006) entails acti-
vation of the mentalizing system (Van Overwalle 2010).
Neuroimaging studies have shown that the mentalizing sys-
tem involves parietal cortex, temporoparietal junction
(TPJ), temporal pole, and medial prefrontal cortex (mPFC)
(Van Overwalle and Baetens 2009; Frith and Frith 2003).
Of these, mPFC is the area of greatest relevance to “online”
mentalizing during interactive paradigms (Assaf et al.
2009). According to the distinction of Van Overwalle
(2010), mPFC is located between 30 and 60 mm on the
y-coordinate (posterior-anterior axis), whereas pMFC com-
prises the posterior part of the medial frontal cortex and is
located between the 0 and 30 mm y-coordinate. This is in
line with the theoretical model proposed by Amodio and
Frith (2006), which subdivides medial frontal cortex (MFC)
into anterior rostral MFC (arMFC; activated by social cog-
nition tasks) and posterior rostral MFC (prMFC; activated
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by cognitive tasks) (Amodio and Frith 2006). Inferring
traits and attributes about the self and others has been
shown to selectively engage mPFC (Van Overwalle and
Baetens 2009) of which especially the dorsal part is
involved in spontaneous social-cognitive processing (Ma
et al. 2010; Mitchell et al. 2006a). A further functional divi-
sion of mPFC into a dorsal and a ventral subregion is pro-
posed by Mitchell et al. (2006b) based on the perceived
similarity of the other person: Whereas self-referencing
tasks and mentalizing about similar others engage the
ventral mPFC, dorsal mPFC activation is evident during
mentalizing about dissimilar others. However, this differen-
tiation does not reflect differences in valence (Mitchell et al.
2006b).

When committing an error also bears consequences for
others, reflecting about their thoughts and other second
level mentalizing processes are likely to be initiated.
Therefore, social inferences about the scope and impact of
one’s errors on others may not be limited to activation of
the error-monitoring network, but also engage areas
related to mentalizing. Furthermore, the specific context
might play a role as a competitive setting poses different
mentalizing demands than a cooperative one and goes
in hand with enhanced mPFC activation (Decety et al.
2004).

The aim of the current study was to investigate the differ-
ences in brain activity between errors that affect only the
actors themselves and errors that also have consequences
for others. The differential impact of errors was manipu-
lated by using a cooperative versus a competitive setting
that implemented distinctive payoffs for others. For errone-
ous compared with correct trials, activation in pMFC and
insula should be evident irrespective of the particular set-
ting and consequence, underlining their crucial role in
error-monitoring. When comparing the context that implies
consequences for others to the context that affects only the
agents themselves, we expect engagement of areas related
to mentalizing, such as parietal cortices and mPFC. Our
main focus lies on the differences in brain activation
between errors in the two contexts. We expect to find
increased activation in mPFC for errors that additionally
have an impact on others compared with errors that affect
only the individual who has committed them. Although our
manipulation of competition and cooperation differed from
the one used by Decety etal. (2004), mPFC activation
might further by modulated by the setting in such that a
competitive, compared with a cooperative, setting entails
higher activation of especially dorsal mPFC for errors that
also affect an opponent than errors that only bear conse-
quences for oneself. However, the findings by Mitchell
etal. (2006a) do not suggest a differentiation in mPFC
activity based on valence.
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Fig. 1 Cannon shooting task and payoff matrix. Examples of a correct
(a) and an incorrect action (b) are shown. fMRI was time-locked to the
presentation of the feedback, always containing the crucial information
about the correctness of the performed action. (¢) Payoff matrix for the

Methods
Participants

The same subjects as in De Bruijn etal. (2009) were
recruited. We measured brain activity in 34 healthy partici-
pants (16 female, mean age =25.6 years, SD =3 years)
who played a challenging computer game independently
(solo) and in cooperation with or in competition against
another person (duo). Of these, 20 participants (9 women,
mean age = 26.2 years, SD = 3.2 years) were assigned to a
cooperative setting for the duo condition and 14 partici-
pants (7 women, mean age = 24.7 years, SD = 2.4 years)
were assigned to a competitive one. Note that a different
analysis of the data from the duo session addressing a
different functional question was already published in De
Bruijn et al. (2009). Participants provided written informed
consent prior to participation and the study was approved
by the local research ethics committee.

Task and design

Participants performed a computerized task, the cannon
shooting game (see Fig. 1). The aim of the task was to stop
a horizontally moving cannon (triangle) by a button press,
precisely lining it up with a stationary target in order to
shoot the target (square). The size of the target was dynam-
ically adapted based on participants’ performance such that
a mean hit rate of around 60% was achieved.

Participants started with a financial bonus of 5 Euro in
both the solo condition and the competitive setting, while
the cooperative setting was enforced by a bonus of 10 Euro.
Committing an error was always associated with a mone-
tary loss (10 cents) for the participant. In the duo condition,
errors additionally bore consequences for the other player,
either monetary loss (cooperative setting) or gain (competitive

stops
- - -

() - ™
Pay-off matrix for errors
Duo Solo
Yourself -$$ -$$
Other -$5/+8% n.a.
e S

two conditions. Committing an error was always associated with a
monetary loss (10 cents) for the participant. In the duo condition, errors
additionally bore consequences for the other player, either monetary
loss (cooperative setting) or gain (competitive setting; each 10 cents)

setting; each 10 cents). Correct responses had no effect on
any player’s bonus.

For each experimental session, two participants came
into the lab and were introduced to each other. They
received instructions together, after which one participant
went to one scanner and the other participant to the other.
They were told that during the duo condition the other
player would see the same computer screen they saw
while performing the task. Unknown to the real partici-
pant, the other participant was a confederate. The confed-
erate was always the same person (a woman) throughout
the entire experiment. Participants performed two blocks
of the task, equivalent to the solo and the duo condition,
with 100 trials each. The order of blocks was counterbal-
anced between subjects. Afterward, a questionnaire was
administered outside the scanner to assess subjective
ratings about, e.g., difficulty of the task, bonus motiva-
tion, or feelings, via a visual analog scale with a length of
100 mm.

The original setup included additional conditions (i.e.,
observing others’ performance) that allowed to disentangle
brain activity of error and reward processing, which have
been previously reported elsewhere in the context of
observed error-processing in different settings (De Bruijn
et al. 2009).

Stimulus presentation was controlled with Presentation
software (Neurobehavioral Systems, Albany, NY, USA).
The onset of the trial was jittered with a blank screen for
0, 250, 500, 750, or 1,000 ms. Null events were added to
allow the blood-oxygenation level-dependent (BOLD)
response to go back to baseline. A trial started with the
presentation of the target and the cannon. Target location
was randomly determined on each trial, while the cannon
was always horizontally centered. Immediately following
presentation, the cannon started moving either to the
right or to the left for a maximum of 2.5 lengths

@ Springer



408

Exp Brain Res (2011) 211:405-413

(3,500 ms) in total. An unambiguous feedback signal
(thumb up/thumb down) was presented 500 ms following
the button press, indicating whether the response resulted
in a hit or a miss.

Data acquisition

Imaging was performed at 3T on a Siemens Trio scanner
(Siemens, Erlangen, Germany) at the Max Planck Institute
for Human Cognitive and Brain Sciences, Leipzig, Ger-
many. Twenty-eight functional slices were obtained paral-
lel to the anterior commissure—posterior commissure (AC—
PC) line using a single-shot gradient echoplanar imaging
(EPI) sequence (repetition time, 2s; echo time, 30 ms;
64 x 64 pixel matrix; flip angle, 90°; field of view,
192 mm) sensitive to blood—oxygen level-dependent con-
trast. Trials occurred at multiple, systematically offset time
points (range 0-.5 s) in relation to the image acquisition in
order to jitter the onset of the trials with respect to slice
acquisition.

MRI data analysis

The fMRI data were preprocessed and analyzed in an
event-related manner, within the general linear model,
using SPM5 software (Wellcome Department of Imaging
Neuroscience, London, UK). Preprocessing consisted of
spatial realignment, slice-timing correction, normalization,
and spatial smoothing with a Gaussian kernel with a full
width at half-maximum of 5 mm. At the first (subject)
level, we used a single statistical linear regression model
for all our analyses, as follows. Each trial was modeled as a
boxcar, of which the onset corresponded to feedback onset
and convolved with a standard hemodynamic response
function (HRF). To control for effects of task difficulty, an
additional regressor that modeled target size was included
in the model. To correct for motion-related artifacts, sub-
ject-specific realignment parameters were modeled as
covariates of no interest. Linear contrasts of regression
coefficients (contrast images) were computed at the individ-
ual subject level and then subjected to a second-level ran-
dom-effect analysis. Three paired ¢Tests with an
uncorrected voxel threshold of P <.001 (T=3.21), cor-
rected for multiple comparisons at the cluster level
(P <.005), were computed to reveal the differences
between erroneous and correct responses, between task-
related activity in the solo and the duo context, and between
error-related activity in the duo context and error-related
activity in the solo context. In order to investigate the
between-subject effect of setting (cooperative, competitive),
contrast images of the comparison error(duo) > correct(duo)
were computed on the first level for each setting. These
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contrast images were then subjected to the second level
where a 2-sample ¢ Test was performed with an uncorrected
voxel threshold of P < .001 (T = 3.36), corrected for multi-
ple comparisons at the cluster level (P <.005) (Friston
et al. 1996).

Results
Behavioral results and manipulation check

In the solo condition, the average hit rate was 63.2%
(SD =5.1%). In the duo condition, the average hit rate was
63.0% (SD=4.8%) in the cooperative and 63.7%
(SD =2.7%) in the competitive setting, respectively. A
repeated-measures ANOVA demonstrated that perfor-
mance did neither differ between solo and duo nor between
cooperation and competition (all ps > .60), which verifies
that adapting the size of the target based on participants’
performance was successful. Similarly, mean ratings on
task difficulty did not differ between the duo and the solo
condition (M =46.3 mm and M =46.1 mm, respectively;
P =.95) nor between the cooperative and the competitive

setting (Mcoop,dm, =449 mm, MC(,mp,dm, =47.93 mm, P =.55;
M, opsor0=43.8 mm, M, ,;, = 50.0 mm, P = .34). More-

over, there were no differences in reaction times between
correct and erroneous responses, between solo and duo con-
sequences, and between the cooperative and the competi-
tive setting (all ps > .32).

The exit questionnaire revealed that participants were
aware that their errors affected the other player in the duo
condition as ratings significantly differed from 0
(M =40.7 mm, t=28.09, df=33, P<.0001; no difference
between the cooperative and competitive setting: M, =
38.0mm, M,,,,=44.5mm, P=.53). However, partici-
pants were more annoyed by their own errors in the duo
condition than in the solo condition (M =63.7 mm and
M = 58.6 mm, respectively; r=1.75, df =33, P =.045,
one-tailed), which also did not differ between settings

M oop-quo = 01.3 mm, M, 4,=067.1 mm, P=.46;
M oop-soto = 572 mm, M, 0, = 60.6 mm, P = .66).
FMRI results

As expected, the main effect of response type (erroneous
compared with correct responses) showed activation in the
error-monitoring network, including pMFC (4, 22, 36) and
bilateral insula (36, 20, 2; —42, 18, —10), and was indepen-
dent of setting and consequence (see Table 1 and Fig. 2).
When comparing overall task-related activity in the con-
text that implied consequences for others to overall task-
related activity in the condition that concerned only the
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Table 1 Spatial coordinates of the local maxima of brain regions showing significant effects in the different contrasts

Contrast Anatomical region t value Cluster size P value Stereotactic
coordinates (X, y, z)
Error > correct (R) posterior medial 9.13 1,025 <.001 4,22,36
frontal cortex

R insula 8.85 902 <.001 36, 20,2

L insula 6.48 632 <.001 —42,18, —10
Duo > solo L posterior parietal cortex 7.41 249 <.001 —34, —68, 52

R posterior parietal cortex 7.41 144 <.001 42, —66, 48

(R) medial prefrontal cortex 6.26 373 <.001 10, 38, 24

L temporal pole 5.89 167 <.001 —42,14, —16
Correctness x consequence L medial prefrontal cortex 6.98 439 <.001 —10, 46, 42

(Error > correct (duo) >
Error > correct (solo))

Stereotactic coordinates correspond to the standard Montreal Neurological institute (MNI) brain

Fig. 2 Sagittal and coronal
view of error-specific brain acti-
vations in both contexts (duo and
solo). Increased activation in
pMFC (4, 22, 36) and bilateral
insula (36, 20, 2; —42, 18, —10)
was evident for erroneous
compared with correct
responses. Thresholded at

T = 3.36, corrected for multiple
comparisons at the cluster level

Fig. 3 Coronal and sagittal
view of context-related brain
activations. Increased activation
in posterior parietal cortices
(—34, —68, 52; 42, —66, 48),
mPFC (10, 38, 24), and the left
temporal pole (—42, 14, —16)
was evident for the context
which implied consequences for
others (duo) compared with the
condition that affected only the
agents themselves. Thresholded
at T = 3.36, corrected for multi-
ple comparisons at the cluster
level

agents themselves (duo vs. solo), there was larger activa-
tion for the duo context in the posterior parietal cortices
(=34, —68, 52; 42, —66, 48), mPFC (10, 38, 24) and the
left temporal pole (—42, 14, —16) (see Fig. 3).

When comparing error-related activity in the duo context
to error-related activity in the solo context, enhanced activ-
ity in mPFC (—10, 46, 42), extending to the left superior
frontal gyrus, was evident (see Fig. 4).

The comparison of the two settings in the duo condition
(cooperation vs. competition and the reverse comparison)
did not reveal any clusters above threshold.!

"In order to test whether the current fMRI results are affected by
unequal sample sizes (N =20 vs. N = 14) we re-ran the analyzes with
equal sample sizes of N = 14 and did not find any differences in brain
activation for any of the contrasts reported.
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Fig. 4 Sagittal and axial view
of differential error- and context-
related brain activations.
Increased activation in mPFC
(—10, 46, 42) was evident for er-
rors made in the context which
implied consequences for others
(duo) compared with errors
committed in the condition that
affected only the agents them-
selves (solo). Thresholded at

T =3.36, corrected for multiple
comparisons at the cluster level

Discussion

The current study focused on performance monitoring in a
social context by investigating the differences in brain acti-
vations between errors that affect only agents themselves
and errors that also have consequences for others. The
error-related activations in pMFC and the insula are in line
with previous findings (e.g., De Bruijn et al. 2009; Ridder-
inkhof et al. 2004) and occurred independently of the con-
sequence of one’s errors, i.e., whether the monetary
consequences were restricted to the agents themselves or
whether errors also affected the other players’ bonus, and
also independent of the setting, i.e., whether one’s errors
resulted in monetary gain or loss with regard to the partner/
competitor. Similarly, activation of parietal cortices and
temporal poles has been previously reported with regard to
interactive games and Theory of Mind paradigms (Decety
et al. 2004; Olson et al. 2007). However, errors that implied
consequences for others specifically activated mPFC, an
important part of the mentalizing system (Frith and Frith
2003). Although neither thinking about other players nor
actually interacting with them was explicitly required for
performing the task, participants most likely engaged in
social reasoning as reflected by mPFC activity.

Engagement of the mentalizing system

When participants were aware of the fact that their actions
also had consequences for others, activation in temporal
pole, parietal cortex, and mPFC was evident. These areas
constitute the mentalizing system (Frith and Frith 2003) and
are likely to be responsible for integrating social information
in a particular context. Especially the temporal poles are
regarded as convergence zones of all sensory modalities
(Damasio et al. 2004) that enable us to develop both general
knowledge and momentarily conclusions about a particular
person in a particular situation. In the context of mentaliz-
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ing, Frith and Frith (2003) argue that the temporal poles
generate a broad semantic and emotional framework which
facilitates processing of the current input. They might also
play a role in retrieving information about social schemas
and scripts, which helps “simulating” the experiences of
others and anticipating their goals (Gallagher and Frith
2003). A comparable role can be attributed to the posterior
parietal cortices which are involved in the sense of agency,
i.e., referring to the agent of an action and monitoring
whether self-produced actions are in accordance with their
consequences (David et al. 2008). Likewise, Decety et al.
(2004) report engagement of the posterior parietal cortices
during cooperation as well as during competition. The inde-
pendence of posterior parietal involvement from the specific
mental set is supported by the overall task-related activity
that was evident in the current study.

Moreover, activation in mPFC was enhanced when
actions affected not only the agents themselves, but also
other players involved in the game situation. This was
observable both in the rather “tonic” mentalizing effect
which was independent of the actual correctness of an
action, reflecting larger activation when another person is
potentially affected than when playing alone, and particu-
larly when contrasting error trials that do and do not have
consequences for others. Whereas the former might indi-
cate mentalizing processes that operate relatively automati-
cally in the background during the whole course of the duo
condition, the strong mPFC activation in response to errors
can be explained by our design: Importantly, correct
responses did not have an effect on any player’s score; only
errors altered their bonus. Crucially, this was implemented
through the payoff structure that linked errors as specific
actions to monetary consequences for participants.
Although committing an error always entailed a monetary
loss for oneself, whether playing alone or in a cooperative
or competitive setting, participants were more annoyed by
errors made in the duo condition than in the solo condition.
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This suggests that these errors indeed had a special signifi-
cance and stimulated mentalizing processes.

Implict and explicit mentalizing

Both settings, cooperation and competition, entailed a com-
mon activation pattern in mPFC, which reflects rather gen-
eral aspects of mentalizing and contradicts with the
context-specific demands suggested by Decety etal.
(2004). However, in our task, mentalizing takes place in
both settings and independently of the actual mental/affec-
tive state of the other associated with the committed error.
Note that contrary to Decety et al.’s (2004), but similar to
Mitchell et al.’s (2006a) study, anticipating possible actions
of a partner or opponent was not part of the task. In previ-
ous experiments, mentalizing has often been implemented
rather explicitly by instructing participants to infer or judge
the mental states of others, including fictional characters
and animated shapes (Van Overwalle and Baetens 2009). In
contrast, we used a design that involves implicit mentaliz-
ing as participants were not required to think about the
other participants and their intentions or actions. It has been
shown that the core mentalizing areas, especially mPFC,
are recruited during impression formation and spontaneous
processing of social information, thus without the deliber-
ate endeavor to make social judgments (Ma etal. 2010;
Mitchell et al. 2006a).

Performance-monitoring perspective

A study by Hajcak et al. (2005) manipulated the motiva-
tional significance of errors. When participants thought that
their performance was being evaluated by a person sitting
next to them, the ERN in response to committing errors was
larger. The authors argue that an error is more salient and
significant when subjects are confronted with the prospect
of receiving evaluative feedback about their performance
(Hajcak et al. 2005). Along with the evaluation, partici-
pants were also observed while performing the task, which
is similar to our current paradigm and may lead to concerns
and worries about one’s reputation—a process that funda-
mentally depends on mentalizing. However, in Hajcak
et al.”s design, errors only affected the actors’ own reputa-
tion; thus there were only negative consequences for
participants themselves without any implications for the
evaluators, whereas our central manipulation was that
errors also bore consequences for others. Koban et al.
(2010) investigated the impact of the social context (coop-
eration vs. competition) on brain potentials and found no
differences in the ERN between contexts when participants
were observed by their competitor or partner. However,
their design also lacked the direct consequences for both
oneself and the other player since only overall performance

(in two blocks, not trial-wise) determined the outcomes
(Koban et al. 2010). Previously published data (De Bruijn
et al. 2009) indicated that activity in pMFC was increased
for all types of errors, regardless of setting and agency. Yet,
the activation we found is located more anterior than the
usually reported generator of the ERN (Debener et al.
2005), which is more in line with its role in social infer-
ences and mentalizing.

Limitations

The asymmetrical manipulation that only errors, but not
correct responses, have consequences for oneself and oth-
ers might not be ideal under methodological consider-
ations. As errors were always associated with a negative
outcome in the current design, no inferences about reward
processing in terms of positive valences can be made. A
previous study addressed this topic in detail (De Bruijn
et al. 2009) and demonstrated an effect of setting for stria-
tal, but not for medial frontal areas. As our focus was not
on reward-related processes, but on contrasting brain
activity between errors that affect only the actors them-
selves and errors that also have consequences for others,
we chose not to reward correct actions either way (neither
for oneself nor others). However, our results do indicate
that mentalizing does not depend on the valence of an
error for the other player (i.e., whether it entailed a monetary
loss or gain).

Moreover, it would be helpful to include standard The-
ory of Mind paradigms as well as control tasks in future
studies in order to assess the overlap between different par-
adigms, i.e., explicit and implicit mentalizing tasks, prefer-
ably in within-subject designs.

Differentiation between pMFC and mPFC

The recent meta-analysis of Van Overwalle (2010) pro-
poses a distinction between pMFC and mPFC based on
both coordinates and function: Whereas the pMFC
(between 0 and 30 mm on the y-coordinate) is involved
in conflict- and error-processing, the mPFC (between 30
and 60 mm) is recruited during mentalizing and social
reasoning (Van Overwalle 2010). Our results underline the
differentiation between pMFC and mPFC nicely by disen-
tangling brain activity that is related to error-processing
from social inferences pertaining to the consequences that
one’s errors imply for others.

Conclusion

To conclude, the current study was the first to investigate
the neural mechanisms involved in processing own errors
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that also entail consequences for an interaction partner. The
results demonstrate that performance monitoring in social
contexts engages additional processes and brain structures
compared with individual performance monitoring where
errors only have consequences for the person committing
them. When bearing in mind how one’s own actions affect
others, mentalizing plays an important role. Performance
monitoring in social contexts is likely to be a highly com-
plex process that becomes increasingly difficult when out-
comes are uncertain or ambiguous, as often in real life. This
is particularly evident in symptoms of obsessive—compul-
sive disorder, i.e., intrusions that one’s actions will harm
others, especially loved ones, and the arising fear of taking
the wrong action. Further research in both healthy and psy-
chiatric populations might elucidate how the relationship
between the agent and other individuals involved could
modulate these processes and their potential disturbance.
Psychiatric patients with clear social deficits may show
impaired performance monitoring in social contexts, while
this may not be apparent when looking at individual perfor-
mance monitoring. For patients with depression, additional
factors like negative internal attributions and self-blame or
the experience of uncontrollability might lead to an alter-
ation of behavior in different social contexts where errors
have a special significance.

Acknowledgments EDB was supported by a VENI grant from the
Netherlands Organization for Scientific Research (NWO) (451-07-
022). The authors report no financial interests or any conflicts of inter-
est. The authors thank Mareike Menz and the technical staff at the MPI
in Leipzig for their support in data collection.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

Amodio DM, Frith CD (2006) Meeting of minds: the medial frontal
cortex and social cognition. Nat Rev Neurosci 7(4):268-277
Assaf M, Kahn I, Pearlson GD, Johnson MR, Yeshurun Y, Calhoun
VD, Hendler T (2009) Brain activity dissociates mentalization
from motivation during an interpersonal competitive game. Brain
Imaging Behav 3(1):24-37

Damasio H, Tranel D, Grabowski T, Adolphs R, Damasio A (2004)
Neural systems behind word and concept retrieval. Cognition
92(1-2):179-229

David N, Newen A, Vogeley K (2008) The “sense of agency” and its
underlying cognitive and neural mechanisms. Conscious Cogn
17(2):523-534

De Bruijn ERA, de Lange FP, von Cramon DY, Ullsperger M (2009)
When errors are rewarding. J Neurosci 29(39):12183-12186

Debener S, Ullsperger M, Siegel M, Fiehler K, von Cramon DY, Engel AK
(2005) Trial-by-trial coupling of concurrent electroencephalogram
and functional magnetic resonance imaging identifies the dynamics
of performance monitoring. J Neurosci 25(50):11730-11737

@ Springer

Decety J, Jackson PL, Sommerville JA, Chaminade T, Meltzoff AN
(2004) The neural bases of cooperation and competition: an fMRI
investigation. Neuroimage 23(2):744-751

Falkenstein M, Hohnsbein J, Hoormann J, Blanke L (1990) Effects of
errors in choice reaction tasks on the ERP under focused and
divided attention. In: Brunia CHM, Gaillard AWK, Kok A (eds)
Psychophysiological brain research. Tilburg University Press,
Tilburg, pp 192-195

Friston KJ, Holmes A, Poline JB, Price CJ, Frith CD (1996) Detecting
activations in PET and fMRI: Levels of inference and power.
Neuroimage 4(3):223-235

Frith C, Frith U (2003) Development and neurophysiology of mental-
izing. Philos T Roy Soc B 358:459-473

Gallagher HL, Frith CD (2003) Functional imaging of ‘theory of
mind’. Trends Cogn Sci 7(2):77-83

Gehring WJ, Willoughby AR (2002) The medial frontal cortex and the
rapid processing of monetary gains and losses. Science
295(5563):2279-2282

Hajcak G, Moser JS, Yeung N, Simons RF (2005) On the ERN and the
significance of errors. Psychophysiology 42(2):151-160

Hester R, Foxe JJ, Molholm S, Shpaner M, Garavan H (2005) Neural
mechanisms involved in error processing: A comparison of errors
made with and without awareness. Neuroimage 27(3): 602-608

Holroyd CB, Coles MGH (2002) The neural basis of human error pro-
cessing: Reinforcement learning, dopamine, and the error-related
negativity. Psychol Rev 109(4):679-709

Klein TA, Endrass T, Kathmann N, Neumann J, von Cramon DY, Ull-
sperger M (2007) Neural correlates of error awareness. Neuroim-
age 34(4):1774-1781

Koban L, Pourtois G, Vocat R, Vuilleumier P (2010) When your errors
make me lose or win: Event-related potentials to observed errors
of cooperators and competitors. Soc Neurosci 5(4):360-374

Luu P, Flaisch T, Tucker DM (2000) Medial frontal cortex in action
monitoring. J Neurosci 20(1):464-469

Ma N, Vandekerckhove M, Van Overwalle F, Seurinck R, Fias W
(2010) Spontaneous and intentional trait inferences recruit a com-
mon mentalizing network to a different degree: Spontaneous
inferences activate only its core areas. Soc Neurosci 21:1-16

Marco-Pallares J, Kramer UM, Strehl S, Schroder A, Munte TF (2010)
When decisions of others matter to me: an electrophysiological
analysis. BMC Neurosci 11(86)

Mitchell JP, Cloutier J, Banaji MR, Macrae CN (2006a) Medial prefron-
tal dissociations during processing of trait diagnostic and nondiag-
nostic person information. Soc Cog Aff Neurosci 1(1):49-55

Mitchell JP, Macrae CN, Banaji MR (2006b) Dissociable medial pre-
frontal contributions to judgments of similar and dissimilar oth-
ers. Neuron 50(4):655-663

Ochsner KN, Beer JS, Robertson ER, Cooper JC, Gabrieli JDE, Kihsl-
trom JF, D’Esposito M (2005) The neural correlates of direct and
reflected self-knowledge. Neuroimage 28(4):797-814

Olson IR, Plotzker A, Ezzyat Y (2007) The Enigmatic temporal pole:
a review of findings on social and emotional processing. Brain
130(7):1718-1731

Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S (2004)
The role of the medial frontal cortex in cognitive control. Science
306:443-447

Saxe R (2006) Uniquely human social cognition. Curr Opin Neurobiol
16(2):235-239

Shane MS, Stevens MC, Harenski CL, Kiehl KA (2009) Double disso-
ciation between perspective-taking and empathic-concern as pre-
dictors of hemodynamic response to another’s mistakes. Soc
Cogn Aff Neurosci 4(2):111-118

Ullsperger M, Harsay HA, Wessel JR, Ridderinkhof KR (2010) Con-
scious perception of errors and its relation to the anterior insula.
Brain Struct Funct 214:629-643



Exp Brain Res (2011) 211:405-413

413

Van Overwalle F (2010) A dissociation between social mentalizing
and general reasoning. Neurolmage. doi:10.1016/j.neuroimage.
2010.1009.1043

Van Overwalle F, Baetens K (2009) Understanding others’ actions and
goals by mirror and mentalizing systems: A meta-analysis.
Neuroimage 48(3):564-584

van Schie HT, Mars RB, Coles MGH, Bekkering H (2004) Modulation
of activity in medial frontal and motor cortices during error obser-

vation. Nat Neurosci 7(5):549-554

@ Springer


http://dx.doi.org/10.1016/j.neuroimage.2010.1009.1043
http://dx.doi.org/10.1016/j.neuroimage.2010.1009.1043

	Mistakes that affect others: An fMRI study on processing of own errors in a social context
	Abstract
	Introduction
	Methods
	Participants
	Task and design
	Data acquisition
	MRI data analysis

	Results
	Behavioral results and manipulation check
	FMRI results

	Discussion
	Engagement of the mentalizing system
	Implict and explicit mentalizing
	Performance-monitoring perspective
	Limitations
	Differentiation between pMFC and mPFC

	Conclusion
	Acknowledgments
	Open Access
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


