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Pezzetta R, Nicolardi V, Tidoni E, Aglioti SM. Error, rather than
its probability, elicits specific electrocortical signatures: a combined
EEG-immersive virtual reality study of action observation. J Neuro-
physiol 120: 1107–1118, 2018. First published June 6, 2018; doi:
10.1152/jn.00130.2018.—Detecting errors in one’s own actions, and
in the actions of others, is a crucial ability for adaptable and flexible
behavior. Studies show that specific EEG signatures underpin the
monitoring of observed erroneous actions (error-related negativity,
error positivity, mid-frontal theta oscillations). However, the majority
of studies on action observation used sequences of trials where
erroneous actions were less frequent than correct actions. Therefore, it
was not possible to disentangle whether the activation of the perfor-
mance monitoring system was due to an error, as a violation of the
intended goal, or to a surprise/novelty effect, associated with a rare
and unexpected event. Combining EEG and immersive virtual reality
(IVR-CAVE system), we recorded the neural signal of 25 young
adults who observed, in first-person perspective, simple reach-to-
grasp actions performed by an avatar aiming for a glass. Importantly,
the proportion of erroneous actions was higher than correct actions.
Results showed that the observation of erroneous actions elicits the
typical electrocortical signatures of error monitoring, and therefore
the violation of the action goal is still perceived as a salient event. The
observation of correct actions elicited stronger alpha suppression. This
confirmed the role of the alpha-frequency band in the general orient-
ing response to novel and infrequent stimuli. Our data provide novel
evidence that an observed goal error (the action slip) triggers the
activity of the performance-monitoring system even when erroneous
actions, which are, typically, relevant events, occur more often than
correct actions and thus are not salient because of their rarity.

NEW & NOTEWORTHY Activation of the performance-monitor-
ing system (PMS) is typically investigated when errors in a sequence
are comparatively rare. However, whether the PMS is activated by
errors per se or by their infrequency is not known. Combining
EEG-virtual reality techniques, we found that observing frequent
(70%) action errors performed by avatars elicits electrocortical error
signatures suggesting that deviation from the prediction of how
learned actions should correctly deploy, rather than its frequency, is
coded in the PMS.

action observation; error; event probability; theta; virtual reality

INTRODUCTION

Detecting errors in one’s own actions, and in the actions of
others, is a crucial ability for flexible behavioral interactions
with objects and people (Avenanti et al. 2007; Cavanagh and
Frank 2014; de Bruijn et al. 2011; Navarro-Cebrian et al. 2016;
Panasiti et al. 2017; Ullsperger et al. 2014a). Studies in humans
(Hajcak et al. 2005; Luu et al. 2004) and nonhuman primates
(Tsujimoto et al. 2006) have shown that the monitoring of
erroneous actions triggers specific EEG signatures that index
neural activity in a network centered on the middle-frontal
regions of the brain (Cohen 2011; Ridderinkhof et al. 2004).
Crucially, performance-monitoring signatures are elicited by
committed and observed errors, which suggests the presence of
a fundamental, adaptive mechanism that detects the deviation
of an action from the predicted goal (Joch et al. 2017; Ozkan
and Pezzetta 2018; van Schie et al. 2004). This mechanism is
particularly relevant in sports (Abreu et al. 2012; Aglioti et al.
2008; Makris and Urgesi 2015; Proverbio et al. 2012; van Pelt
et al. 2016) and music performances (Candidi et al. 2014;
Panasiti et al. 2016), two domains that require fast detection of
salient information.

In the time domain, two event-related potentials (ERPs)
have been extensively linked to error monitoring, namely,
error-related negativity (ERN) and error positivity (Pe). The
ERN is a negative deflection peaking around 80 ms after an
error is committed (Luck and Kappenman 2011). The Pe is a
sustained positive deflection that typically follows the ERN,
with a diffuse distribution but with maximal amplitude over the
central-parietal region of the scalp (Shalgi et al. 2009; Wessel
2012). The Pe has many overlapping features with the widely
known P300 (Overbeek et al. 2005; Ridderinkhof et al. 2009).
In addition to the morphology and the scalp distribution, both
components are elicited in response to task-significant stimuli
(e.g., low-probability targets) (Gehring et al. 2012; Overbeek et
al. 2005; Polich 2007). However, the Pe has an additional
property in that it reflects the motivational significance of a
salient performance error (Ridderinkhof et al. 2009). In fact,
whereas the ERN is believed to reflect an initial and automatic
brain response to an error, the Pe likely reflects higher levels of
error processing, such as error awareness, reorientation of the
attention, behavioral adaptation, or context updating (Nieu-
wenhuis et al. 2001; Ridderinkhof et al. 2009). The ERN and
the Pe appear to be two mechanisms that might be independent
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(Di Gregorio et al. 2016) and that characterize the complex
performance monitoring system.

In the time-frequency domain, error monitoring has been
primarily associated with mid-frontal theta oscillations (4–
8 Hz) that appear to increase when an error is committed
(Cavanagh and Frank 2014; Cavanagh et al. 2012; Cohen
2011). Although a study suggested that ERN and theta activity
are functionally linked and that the former may originate, at
least partially, from the phase-locking of the latter (Luu et al.
2004), recent data simulations contradict this idea (Yeung et al.
2007). Another frequency band engaged in the general re-
sponse to infrequent and novel stimuli, a property that often
characterizes errors, is the alpha activity. The decreased power
in this frequency band (generally 8–12 Hz) is often linked to
the physiological reaction to novelty and the orientation effect
toward salient conditions. This modulation of power in alpha
activity has been found mainly in the middle-central (Pavone et
al. 2016; Wang et al. 2015) and middle-posterior electrodes/
sensors (Carp and Compton 2009; Mazaheri et al. 2009; van
Driel et al. 2012).

Whereas the original EEG characterization of the error-
monitoring system has been studied in relation to performed
errors (Falkenstein et al. 1991; Gehring et al. 1993), subse-
quent studies also indicate that the detection of errors in the
actions of others is indexed by specific electrocortical signa-
tures, as well (Bates et al. 2005; Miltner et al. 2004; Panasiti et
al. 2016; van Schie et al. 2004). In particular, studies report that
the so-called observed ERN (oERN) and observed error posi-
tivity (oPe) have a topographic distribution and neural local-
ization similar to the ERN and Pe, respectively. However, the
observation-related error-monitoring components exhibit
smaller amplitude and delayed latency with respect to the
execution-related components (Koban and Pourtois 2014; Ko-
ban et al. 2010; van Schie et al. 2004). The link between
markers of error execution and observation in the time-fre-
quency domain is less clear, because only a limited number of
studies have investigated the modulation of oscillatory activity
during vicarious error processing (Conejero et al. 2018; Pavone
et al. 2016; Spinelli et al. 2018; Wang et al. 2015). In both
error-execution and error-observation literature, error-related
potentials and frontal midline theta activity have been associ-
ated with error significance (Maier and Steinhauser 2016;
Nieuwenhuis et al. 2007), cognitive control (Cavanagh and
Frank 2014; Cavanagh et al. 2009; Corbetta and Shulman
2002; Wokke et al. 2017), reinforcement learning (Holroyd and
Coles 2002; Holroyd et al. 2006; Volpato et al. 2016), and rule
violation (Arrighi et al. 2016; Krigolson and Holroyd 2006;
Tzur and Berger 2007). Although certain studies suggest that
error-related signatures are sensitive to outcome significance
(van Driel et al. 2012; Wang et al. 2015), outcome-prediction
accounts support valence-free interpretations. According to
those accounts, error-related cortical responses are modulated
by the likelihood of occurrence and its link with unexpected-
ness (Garofalo et al. 2017; Notebaert et al. 2009; Núñez
Castellar et al. 2010; Oliveira et al. 2007; Wessel et al. 2014)
Thus a wrong prediction (Alexander and Brown 2011; Donna-
rumma et al. 2017; Hajihosseini and Holroyd 2013; Kilner et
al. 2007), rather than the significance of the event itself (Maier
and Steinhauser 2016; Maier et al. 2012), may account for the
triggering of error-related signatures.

To date, most research on action execution and observation
has relied on tasks where error trials were the most infrequent
events (Bates et al. 2005; Conejero et al. 2018; Miltner et al.
2004; Pavone et al. 2016; van Schie et al. 2004). This type of
design makes it impossible to discern whether ERN amplitude
and theta power are modulated by the goal violation or by the
fact that the error is a rare event in a series.

It is worth noting that error observation studies in which the
same number of correct and erroneous actions were used did
not find an oERN (de Bruijn et al. 2007; Panasiti et al. 2016)
or found contrasting results (de Bruijn and von Rhein 2012;
Kobza and Bellebaum 2013; Padrao et al. 2016; Wang et al.
2015). Also, most of the previous studies were based on a
speed-response choice task (Koelewijn et al. 2008; van Schie et
al. 2004), and observed action errors were coded with respect
to sequential frame pictures (de Bruijn et al. 2007) and thus
considered as all-or-nothing events. In a minority of studies
focused on continuous motor actions (Bekkering et al. 2009;
Meyer et al. 2016), no analyses on error signals were provided.
However, in the circumstances of daily life, actions and action
errors occur along a continuum, because the environment
requires us to constantly monitor and detect crucial informa-
tion, often in the absence of explicit feedback about the instant
at which the error is coded.

To deal with such issues, we designed an EEG-immersive
virtual reality task in which healthy participants observed an
avatar performing successful (correct) or ineffective (errone-
ous) reach-to-grasp actions involving a glass. At variance with
Pavone et al. (2016) and Spinelli et al. (2018), we reversed the
proportion of erroneous trials. This meant that erroneous ac-
tions were the most frequent event (70% of cases) and that a
successful grasp was rarely observed (30% of cases). This
difference allowed us to disentangle the contribution error per
se, rather than its rarity, in modulating the activity of the
human performance monitoring system, and specifically in
detecting errors in the continuous actions of a virtual agent.
Finding greater ERN amplitude and greater oscillatory activity
in theta after an erroneous action would suggest that these
electrical events signal the detection of an error (as a divergent
event compared with the intended goal) independently from its
frequency. By contrast, finding increased ERN and theta power
after correct actions would suggest that these electrical corre-
lates code for rare, and thus less expected events. On the basis
of the possible link between rare stimuli and alpha modulation,
we predicted stronger parietal-occipital alpha suppression in
the correct, less frequent outcome.

MATERIALS AND METHODS

Participants

Twenty-five participants (one left-handed) took part in the exper-
iment. They had normal or corrected-to-normal visual acuity and
reported no history of neurological or psychiatric diseases. All par-
ticipants were naive as to the purposes of the experiment, signed the
written informed consent, and received a compensation of €7.5 per
hour. The experimental protocol was approved by the local Ethics
Committee at the Fondazione Santa Lucia Research Hospital (Rome,
Italy) and was conducted in accordance with the ethical standards of
the Declaration of Helsinki. Data from two participants were dis-
carded because of technical reasons; therefore, EEG analyses were
conducted on a total sample of 23 participants (14 women; age:
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25.22 � 3.02 yr, mean � SD). The appropriateness of our sample
sizes was established using G*Power software (Faul et al. 2007),
which indicated that 20 participants would be required to detect a
medium effect with a power of 0.8 at an alpha of 0.05. Our study
counts a final sample of 23 participants (see Experimental Procedure).

Apparatus, Stimuli, and Procedure

Participants sat in a cave automatic virtual environment (CAVE)
with projectors directed to four walls of a room-sized cube (3 m �
3 m � 2.5 m; Cruz-Neira et al. 1993). The virtual scenario consisted
of a basic room with a table. At the center of the table, a yellow
parallelepipedon was located with a blue glass on top of it. Partici-
pants observed one avatar in first-person perspective (1PP; see Fig. 1)
seated on a chair in front of a table with its arms resting on the table.
The glass was placed in the avatar’s peripersonal space at a distance
of ~50 cm (Costantini et al. 2011). The avatar and the scenarios were
created by means of Autodesk Maya 2011 and 3D Studio Max 2011,
respectively. The kinematics of the avatar were implemented by
HALCA library (Gillies and Spanlang 2010), and the experiment was
performed in an immersive three-dimensional (3D) virtual environ-
ment with a real-size avatar drawn on a 1:1 scale and rendered in XVR
2.1 (Huang et al. 2013; Tecchia et al. 2014). Participants wore Nvidia
stereo glasses in which 3D virtual images were alternately displayed
on both eyes with a refresh rate of 60 Hz. Moreover, these stereo
glasses were interfaced with an Intersense 900 ultrasonic system
(Thales Visionix) and constantly tracked the head position during the
experiment.

Experimental Procedure

Before the beginning of the experiment, participants underwent a
familiarization phase with the experimental setup, as well as a cali-
bration phase within the virtual environment, which consisted of
adapting the size of the virtual body to the real one. After this phase,
a brief practice session (8 trials, 4 correct and 4 erroneous) occurred.
Each participant was informed that the goal of the avatar’s movements
was to reach and grasp the glass on the table and that the action might

or might not be successful. The total number of trials per participant
was 100, 70 of which were incorrect and 30 of which were correct.
This is the same number of trials used in Pavone et al. (2016) but with
the inverse proportion (70 correct and 30 incorrect). The total duration
of our experiment was ~20 min. Participants were not informed about
the probability of the different action outcome.

At the onset of each trial, a sound signaled the beginning of the
action. During the trial, participants observed the movement of the
avatar’s right arm in 1PP. The kinematics of the movement were
identical for the first 700 ms in both conditions and began to div-
erge in the last 300 ms. The trajectory deviation led to either a
successful or unsuccessful grasp. The deviation from the to-be-
grasped object was identical in all the erroneous trials (Fig. 1). The
sequence of correct and incorrect trials was randomized. After the end
of the action, the avatar’s arm rested for 1,000 ms (�50 ms) before a
black screen appeared. During the intertrial interval (ITI), three
different situations could occur: 1) in 10% of the trials, participants
had to answer a catch question (“Did the arm take the glass?” (yes/no
answer); 2) in 40% of the trials, an empty black screen was presented;
and 3) in 50% of the trials, participants had to provide ratings
concerning the sense of embodiment. When the first and third cases
occurred, the black screen lasted until a vocal response was given,
whereas when the second case occurred, the experimenter pressed a
key to start the next trial, producing a variable ITI (mean duration:
~4,000 ms).

To measure their sense of embodiment, participants were asked to
verbally rate two questions on a visual analog scale (VAS) from 0 to
100. One question was about their sense of ownership (“To what
extent did you feel the arm was yours?”; 0 � no ownership to
100 � maximal ownership; Slater et al. 2010), and the other question
was about their sense of agency (“How much did you feel in control
of the arm?”; 0 � no control to 100 � maximal control; Fusaro et al.
2016; Tieri et al. 2015a, 2015b; Villa et al. 2018). The two questions
were always presented together and in a randomized order. A total of
819 embodiment ratings for erroneous trials, and 351 embodiment
ratings for correct trials, were collected across the whole sample, with
each embodiment rating including the two questions on ownership
and agency (2 participant ratings were missing due to technical issues

Fig. 1. A: example of the experimental paradigm and setup. Top images show the participant in the 3-dimensional (3D) rendering of the virtual scenario (cave
automatic virtual environment, CAVE), during which projectors are directed to the 4 walls of a room-sized cube; the participant observes a static situation before
the beginning of the trial (a) and at the end of an action (b). Bottom images represent a snapshot from inside the CAVE. The participant is immersed in the virtual
scenario. In first-person perspective, using 3D visualization glasses, the participant observes a real-size avatar’s arm, perceived as attached to the shoulder during
a correct (c) and an erroneous (d) grasping. B: timeline of a single trial. The avatar’s action lasted 1,000 ms: the reaching phase was equal for both types of
movements and lasted 700 ms; the deviation phase in which the avatar’s arm-path deviation could occur and define an erroneous or correct action lasted 300
ms. The onset of the avatar’s limb-path deviation is set at 0 ms; the end of the avatar’s action occurs at 300 ms. The main EEG analyses (reported at bottom)
have been conducted with intervals of interest chosen a priori. oERN, observed error-related negativity; P300/Pe, error positivity; TF, window of time-frequency
analysis.
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during the saving of data and therefore were not included; 21 partic-
ipants responded to the VAS in 50% of trials, and 4 responded to it in
30% of trials).

Statistical analyses were done using R software (R Core Team
2014). ERPs and time-frequency time series analyses were made
using the erpR package (Arcara and Petrova 2014). All ANOVAs
were performed using the ez package (Lawrence 2013). Analyses
were performed using repeated-measures ANOVA, and Green-
house-Geisser correction for nonsphericity was applied when ap-
propriate. By estimating the effect size relative to the ANOVA test,
we report the partial eta squared (�p

2). Spearman correlations were
executed, and Bonferroni corrections for multiple comparisons
were applied when necessary. Practice trials were excluded from
the analyses.

EEG Recording and Preprocessing Analysis

EEG signals were recorded using a Neuroscan SynAmps RT
amplifier system and 60 scalp electrodes embedded in a fabric cap
(Electro-Cap International), arranged according to the international
10–10 system.1 Horizontal electro-oculogram was recorded bipolarly
from electrodes placed on the outer canthi of each eye. EEG signal
was recorded continuously in alternating current mode with a band-
pass filter (0.05–200 Hz) and sampling rates of 1,000 Hz. Impedances
were kept under 5 k�. All electrodes were physically referenced to an
electrode placed on the right earlobe and re-referenced offline to the
average of both earlobe electrodes. Offline, raw data were low-pass
filtered with a 40-Hz filter (finite impulse response filter, transition
40–42 Hz, stopband attenuation 60 dB). For ERP analyses, an
additional bandpass filter (0.5–30 Hz) was applied on the continuous
raw signal. Independent component analysis (ICA; Jung et al. 2000)
was performed on the continuous EEG signal while components that
were clearly related to blinks and ocular artifacts were removed (on
average, 3.4 ICA components; range 2–5). EEG signal was then
downsampled to 500 Hz and epoched in wide windows of 3-s length,
from �1.5 to �1.5 s to avoid edge artifacts induced by the following
wavelet convolution. Epochs were time-locked to the onset of the
avatar’s arm-path deviation, (i.e., 700 ms from the beginning of the
movement, as in Spinelli et al. 2018). All epochs were baseline
corrected to the 200 ms preceding the avatar’s arm-path deviation
(i.e., when the limb movements were identical in correct and incorrect
conditions; Pavone et al. 2016, Spinelli et al. 2018). The offset of the
avatar’s movement occurred 300 ms after the avatar’s limb deviation
began. Each epoch was then visually inspected for artifacts to man-
ually remove residual eye blinks or epochs exceeding �100/
�100-�V amplitude. A total of 1,524 erroneous trials and 665 correct
trials were analyzed for both ERPs and time-frequency analyses
(~96% of total collected trials). Because the correct and incorrect
actions had different occurrence rates (70% vs 30%), we selected the
trials from the incorrect condition to keep the number of trials equal
in the two conditions and avoid spurious effects due to the different
signal-to-noise ratios (Cohen 2014; Luck 2005). Therefore, for each
participant, trials from the incorrect condition were selected with a
built-in Brainstorm function that selects a subset of trials.2 The
main findings, with the total amount of incorrect trials, are reported
in RESULTS, EEG Analyses on All the Incorrect Trials. Bad channels
were replaced using the spherical splines method only when
necessary (4 channels were interpolated in only 1 subject; Perrin et

al. 1989). Analyses were performed using the Brainstorm toolbox
(free open source for MEG/EEG analysis, https://neuroima-
ge.usc.edu/brainstorm/; Tadel et al. 2011) and customized MATLAB
routines (Cohen 2014).

Analysis in the Time Domain: Action Observation-Related ERPs

In line with the literature, oERN and oPe/P300 were respectively
analyzed on FCz and Pz electrodes, where they reached their maxi-
mum amplitude. The oERN was analyzed in the 100-ms time window
following the end of the avatar’s action (300–400 ms) at FCz
electrode. The oPe/P300 were measured in a preselected time window
between 400 and 800 ms at the parietal sites (Pz), in line with previous
results (Pavone et al. 2016). All ERPs analyses were based on mean
amplitude (Luck 2005). Widely recognized in error literature, the
ERN can be hidden from the massive contribution of error positivity
components that propagate from parietal to frontal areas and that mask
some of the frontal components (Luck 2005). For visualization pur-
poses, we minimalized overlap between different components (Fig.
2A) by computing the difference waves in which the average number
of correct trials is subtracted from the average number of erroneous
trials (Fischer et al. 2017; Koban et al. 2010; Maier and Steinhauser
2016).

Analysis in the Time-Frequency Domain

For the time-frequency analysis, we used a complex Morlet
transformation to compute time-frequency decomposition. A
mother wavelet with central frequency of 1 Hz and 3 s of time
resolution (full width half maximum, FWHM) was designed as in
Brainstorm software (Tadel et al. 2011). The other wavelets were
computed from this mother wavelet and ranged from 1 to 30 Hz, with
0.5-Hz linear frequency steps. To normalize each signal and fre-
quency bin separately with respect to a baseline, we computed the
relative power change (in %) over the time-frequency decomposit-
ion as

F �
S�t, f� � Sbase�t, f�

Sbase�t, f�
� 100,

where S(t, f) is the signal spectrum at a certain given interval of time
(t) and frequency (f), and Sbase(t, f) represents the signal power of the
reference signal used as baseline. To avoid edge effects, the power
values from �250 to �50 ms, a window in which the avatar’s
movement was identical in erroneous and correct conditions, was used
as the baseline interval. Positive and negative values index a decrease
or an increase in synchrony of the recorded neuronal population
(Pfurtscheller and Lopes da Silva 1999) with respect to a given
reference interval, where equal neural activity is expected between
conditions. In our case, a relative power increase/decrease represents
a modulation of power compared with the mean power activity during
the baseline.

As in Pavone et al. (2016), the main analyses were computed on
FCz electrode, focusing on theta (4–8 Hz), alpha (8 –12 Hz), and beta
(13–30 Hz) bands, and in the preselected time interval from 300 to
700 ms (i.e., in time windows of 400 ms from the end of the avatar’s
action). On theta frequency, we also performed the analyses on POz
electrode to rule out the possibility of a more general, rather than a
mainly frontal, effect (Pavone et al. 2016). Further exploratory anal-
yses were also performed. To check whether the participants con-
sciously perceived the error before the end of the action, we analyzed
theta activity in the time range of action divergence before the
outcome appeared (0–300 ms). It is widely held that evoked oscilla-
tions reflect a phase-locked activity to the stimulus in the time-
frequency activity. To investigate whether the reported theta effect is
a different representation of the oERN in the time domain, we
performed an additional analysis in which we removed the evoked

1 The EEG was recorded from the following channels: Fp1, Fpz, Fp2, AF3,
AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FC5, FC3, FC1, FCz, FC2, FC4, FC6,
T7, C5, C3, C1, Cz, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPz, CP2, CP4,
CP6, TP8, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO7, PO3, AF7, POz, AF8, PO4,
PO8, O1, Oz, O2, FT7, and FT8.

2 In Brainstorm, this is accomplished with the process “File Select Subset-
Uniformly distributed.” This selection is based on the following MATLAB
command: [round (linspace (1, Number_of_erroneous_trials, n_30_selected
trials))].
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response from each trial before computing the time-frequency decom-
position for both experimental conditions.

RESULTS

Time Domain Analysis

oERN. Analyses on oERN revealed a main effect of condi-
tion [F(1,22) � 6.77; P � 0.016, �p

2 � 0.24], with erroneous
actions showing less positive values than correct actions [mean
value in erroneous condition (MERR) � 1.76 �V; mean value
in correct condition (MCORR) � 3.54 �V; Fig. 2A]. The topo-
graphical distribution shows the typical frontocentral negativ-
ity (Fig. 2B).

oPe. Analyses on oPe revealed that the main effect of
correctness between the two conditions was not significant
[F(1,22) � 0.25; P � 0.62, �p

2 � 0.01; MERR � 5.48 �V;
MCORR � 5.22 �V; Fig. 3A]. Figure 3B shows the typical
topographical distribution of oPe over centroparietal recording
sites for both correct and erroneous actions.

Time-Frequency Results

Theta (4–8 Hz). ANOVA on the electrode and time inte-
rval of interest showed a significant effect of condition
[F(22,1) � 18.35; P � 0.005, �p

2 � 0.45] with higher theta
power activity for observation of erroneous actions compared
with correct actions (MERR � 7.18; MCORR � �8.11; Figs. 4
and 5). A middle-frontal cluster (FCz, FC1, FC2, Fz, F1, F2)
revealed a wide frontal distribution [F(22,1) � 17.48; P � 0.05,
�p

2 � 0.44], confirming the greater theta activity in the errone-
ous rather than correct actions (MERR � 8.33; MCORR �
�6.44). The same ANOVA on POz showed no significant
difference concerning the accuracy of the grasp [F(22,1) � 3.34;
P � 0.08, �p

2 � 0.13]. The time interval between the zero onset
and the end of the avatar’s movement (0–300 ms) showed no

significant difference [F(22,1) � 1.98; P � 0.17, �p
2 � 0.08].

With the removed evoked activity, the analysis of the theta
activity showed a significant effect of condition [F(22,1) �
17.15; P � 0.005, �p

2 � 0.44]: higher theta power activity was
found for observation of erroneous actions compared with
correct actions.

Alpha (8–12 Hz). ANOVA on FCz in the time interval
300–700 ms showed a main significant effect of condition
[F(22,1) � 11.08; P � 0.005, �p

2 � 0.34]. This effect was asso-
ciated with increased alpha power for erroneous actions and
decreased alpha power for correct actions (MERR � 5.36;
MCORR � �12.92) (Fig. 4). Analyses on POz revealed a con-
sistent alpha suppression [F(22,1) � 10.09; P � 0.005, �p

2 �
0.31] in the posterior electrode during the correct rather than
the erroneous actions (MERR � �3.48; MCORR � �23.70;
Fig. 5).

Beta (12–30 Hz). No significant main effects or interactions
were found for this band [F(22,1) � 0.47; P � 0.50, �p

2 � 0.02].

Embodiment Ratings and Relation with EEG Signals

Preliminary application of the Shapiro-Wilk test showed that
embodiment ratings were not normally distributed, and there-
fore a nonparametric analysis, including the Friedman test, for
within-group comparison was used. To explore the link be-
tween sense of embodiment and electrocortical indexes of error
processing, Spearman correlations between embodiment rat-
ings and error signatures (theta and oERN) were conducted
across subjects.

A significant difference in the avatar’s grasp accuracy (cor-
rect vs. erroneous) in terms of sense of ownership [�2(1) � 21,
P � 0.05] and agency [�2(1) � 21, P � 0.05] was found (Fig.
6). As expected, there was a greater sense of embodiment in the
correct actions (ownership: 0.59 � 0.20; agency: 0.48 � 0.21)

Fig. 2. Electrophysiological results in the time domain for
each condition (70% erroneous actions, 30% correct ac-
tions). A: grand average waveforms of observed error-
related negativity (oERN) at FCz electrode, over an interval
of interest (300–400 ms) chosen a priori. The onset of the
avatar’s limb-path deviation is at 0 ms; the end of the avatar’s
action occurs at 300 ms. Shading denotes SE. The gray
rectangle highlights the time window considered for statis-
tical analysis. For representation purposes, we computed
the difference wave on FCz, showing the negative ampli-
tude of the oERN. B: topographical voltage distribution for
erroneous, correct, and erroneous minus correct action
condition.
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compared with erroneous actions (ownership: 0.52 � 0.20;
agency: 0.41 � 0.20). The correlation analysis between theta
power (range 300–700 ms on FCz) and embodiment ratings
revealed no significant association. Further analyses showed a
negative correlation between the oERN and the sense of
embodiment. In particular, the negative correlation between the
oERN and the sense of embodiment was accounted for by the
sense of agency (r � �0.50, P � 0.02); i.e., greater negative
values of the oERN were associated with a stronger sense of
agency in the erroneous actions. The sense of ownership
showed a trend (r � �0.42, P � 0.06) in the same direction.

EEG Analyses on All the Incorrect Trials

Analyses on the total amount of erroneous trials confirmed
the results obtained with the subselection of trials. To give a
holistic overview, we report main results on the time interval of
interest (300–700 ms). Analyses on the theta range on FCz
revealed a significant difference between the two conditions
[F(22,1) � 11.41; P � 0.005, �p

2 � 0.34], with greater theta
power activity in the erroneous actions compared with correct
ones (MERR � 5.68; MCORR � �8.11). Similarly, analyses on
the alpha range on FCz revealed a significant difference
[F(22,1) � 8.31; P � 0.008, �p

2 � 0.27], with greater alpha
power activity in the erroneous actions compared with correct
ones [MERR � �0.47; MCORR � �12.93]; a significant differ-
ence for alpha range between conditions was also found on
POz [F(22,1) � 11.34; P � 0.005, �p

2 � 0.34]. As in the main
analysis, no significant difference was found in the beta range
on FCz [F(22,1) � 0.037; P � 0.84, �p

2 � 0]. Analyses for the
time interval during trajectory divergence (0–300 ms) are also
reported. In terms of theta on FCz, no significant difference
was found [F(22,1) � 1.60; P � 0.21, �p

2 � 0.07]. In the time

domain, analyses on FCz for the oERN confirm the significant
difference between conditions [F(22,1) � 8.16; P � 0.009,
�p

2 � 0.27]. Analyses on Pz for the late positivity confirm no
significant difference between conditions [F(22,1) � 0.02; P �
0.90, �p

2 � 0].

DISCUSSION

To investigate whether the activation of the performance-
monitoring system is triggered by the goal violation inherently
linked to erroneous events or by the surprise/novelty associated
to its frequency of occurrence, we designed a study in which
participants observed erroneous as well as correct actions
performed by a virtual agent. The percentage of erroneous
(70%) vs. correct actions (30%) was opposite to what is
typically used in studies with similar paradigms (Pavone et al.
2016; Spinelli et al. 2018). This manipulation allowed us to test
whether the electrocortical activity associated with the obser-
vation of infrequent erroneous actions was also present when
the observation of erroneous actions occurred more frequently
than correct ones. We found that activity in the performance
monitoring system (as indexed by oERN and theta power; Figs.
2 and 5) was specific to observed errors despite the fact that
they were the most frequent event in the series. Interestingly,
posterior alpha activity was instead sensitive to the frequency
of occurrence of a stimulus.

Event-Related Responses to Observed Action Error

Although ERN and Pe are typically associated to performed
errors (Ullsperger et al. 2014b), markers of observed errors
(called oERN and oPE) have been reported previously (Koban
and Pourtois 2014; van Schie et al. 2004). These studies reveal

Fig. 3. Electrophysiological results in the time domain for
each condition (70% erroneous actions, 30% correct ac-
tions). A: grand average waveforms of observed error pos-
itivity (oPe) at Pz electrode on an interval of interest
(400–800 ms) chosen a priori. The onset of the avatar’s
limb-path deviation is at 0 ms; the end of the avatar’s action
occurs at 300 ms. Shading denotes SE. The gray rectangle
highlights the time window considered for statistical anal-
ysis. B: topographical voltage distribution for erroneous,
correct, and erroneous minus action condition.
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that our performance-monitoring system is called into play
when observing the actions of others.

A novel result of our investigation was that the oERN is not
only elicited with the observation of an occasional slip in the
action of an avatar (Pavone et al. 2016; Spinelli et al. 2018),
but also when an erroneous grasp is the most frequent event in
a series (Maier and Steinhauser 2016). Furthermore, we found
a negative correlation between oERN and the feeling of agency,
i.e., a greater feeling to control the virtual arm was associated with
greater oERN amplitude in response to observed motor errors.
These results partially mirror previous studies that found a
higher feeling of embodiment associated with greater cortical
response to errors (Padrao et al. 2016; Pavone et al. 2016;
Spinelli et al. 2018). That being said, the relation between the
sense of embodiment and brain activity is still unclear and
necessitates further investigation.

Positive parietal deflections were found for both errone-
ous and correct actions. This result may seem somewhat
counterintuitive but merits further discussion. Positive-go-
ing error-related parietal components have been reported in
previous error-commission studies (Koban et al. 2010;
Overbeek et al. 2005; Ridderinkhof et al. 2009). Interest-
ingly, we found an oPe value similar to the one reported in
action observation studies in which erroneous trials were

less frequent than correct trials (Pavone et al. 2016). In our
study, the positivity found in the infrequent correct trials
may represent a P300, which has been traditionally associ-
ated with task-relevant, novel, and rare events (Overbeek et
al. 2005). The oPe has been associated with P300 and errors
(Koban and Pourtois 2014; Nieuwenhuis et al. 2001; Shalgi
et al. 2009). Both oPe and P300 have been further classified
into an earlier frontocentral component (early oPe and P3a,
respectively), associated with the orientation of attention,
and a later centroparietal component (late oPe and P3b,
respectively), associated with the conscious recognition of
the event (Debener et al. 2005; Overbeek et al. 2005;
Ullsperger et al. 2014a).

That both erroneous and correct grasping actions elicit a
parietal positive-going deflection (Fig. 3) suggests that both
events might be perceived as salient and meaningful (Wessel et
al. 2014; Wu and Zhou 2009), on the one hand, because it
represents a violation of the default expectation of goal
achievement, and on the other hand, because of its rarity in
the sequence. This is in line with the context-updating
hypothesis (Donchin and Coles 1988), according to which
positive parietal deflection reflects the conscious and active
updating of the mental model on contextual information.
Similarly, this aligns with the notion that the late positivity

Fig. 4. Time-frequency representation of relative power change (in %) with respect to the baseline for erroneous, correct, and difference (error minus correct)
conditions. The onset of the avatar’s limb-path deviation is at 0 ms; the end of the avatar’s action occurs at 300 ms. Black rectangles indicate the a priori chosen
window of interest between 300 and 700 ms. A: erroneous, correct, and difference plots at FCz electrode in the selected interval (300–700 ms) for the theta band
(4–8 Hz). B: erroneous, correct, and difference plots at POz electrode in the selected interval (300–700 ms) for the alpha band (8–12 Hz). Black rectangles
indicate the values that have been submitted to statistical analyses.
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reflects the accumulated subjective evidence collected from
internal and external information (Wessel et al. 2011; Fi-
scher and Ullsperger 2013; Ullsperger et al. 2014a). The fact
that oPe was not significantly different from correct actions
may also suggest that adaptation after an error, as well as
post-error strategies, were not needed in our task where
participants were unable to actively engage in the action
(van Gaal et al. 2010). Future studies are needed to better
understand the functional role of positive parietal deflec-
tions.

Cortical Oscillations of Observed Action Error

Theta and alpha modulations are considered to be the
oscillatory bands involved in action monitoring and error
detection (Cavanagh et al. 2009; van Driel et al. 2012). Most
studies have investigated cortical activity during action
execution (Hajihosseini and Holroyd 2013; Mas-herrero and
Marco-Pallarés 2014; Oliveira et al. 2007). Much less is
known about the modulation of these frequency bands
during action observation, as well as the impact of outcome

Fig. 5. A: time series representation of theta power (4–8 Hz) in FCz electrode (left) and of alpha power (8–12 Hz) in POz electrode (right) plotted for the correct
and erroneous action observation conditions. The onset of the avatar’s limb-path deviation is at 0 ms; the end of the avatar’s action occurs at 300 ms. Shading
denotes SE. Gray rectangles highlight the time window considered for statistical analysis. B: topographical distribution of the event-related synchronization and
desynchronization from baseline of theta (left) and alpha (right) averaged in the time window of interest (300–700 ms).

Fig. 6. Subjective reports of embodiment in correct and erroneous action observation conditions. Y-axes represent embodiment ratings along a 1–100 point visual
analog scale (VAS). Participants answered two questions: one concerning sense of ownership (“To what extent did you feel the arm was yours?”; 0 � no
ownership to 100 � maximal ownership) and one concerning sense of agency (“How much did you feel in control of the arm?” 0 � no control to 100 � maximal
control). The order of the questions was randomized. Black diamonds in the violin plots represent the mean value; gray lines connect individual subject
observations (i.e., gray points) between the two conditions. The scatterplot (rightmost panel) is a representation of the correlation between observed error-related
negativity (oERN) and sense of agency.
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expectancy and valence on the cortical response to observed
errors.

Another novel finding of our study is that theta oscillations
are not necessarily associated with rare and less expected
events (Jessup et al. 2010; Oliveira et al. 2007), but rather with
the violation of the intended goal and the significant value of an
event. It is worth noting that previous studies on error moni-
toring show a theta response associated with errors that were
always less frequent than correct actions (Janssen et al.
2016; Padrao et al. 2016; Pavone et al. 2016; Tzur and
Berger 2007). Our data suggest that a simple motor plan
(e.g., the grasp of an object on a table) is deeply encoded in
our daily routine. Therefore, a violation of the plan might be
a relevant and significant event that elicits a strong theta
response (Figs. 4 and 5).

It is also worth noting that motivationally significant errors
(e.g., great monetary loss) produce enhanced theta activity
(Foti et al. 2015) and larger ERN amplitude (Hajcak et al.
2005; Maier and Steinhauser 2016) with respect to less moti-
vationally significant errors (e.g., small monetary loss). Inter-
estingly, this effect is found independently from the frequency
of bad and good outcomes. In our case, the violation of the
avatar’s goal of grasping the glass, and not the money loss, can
be considered the significant event that modulates the response
of the performance monitoring system.

On a technical note, it has been argued that ERN and theta
could reflect different ways of displaying the same result.
Specifically, others have claimed that the theta response asso-
ciated with errors could be the consequence of the mathemat-
ical transformation performed on the ERN during time-fre-
quency analysis (Luu et al. 2004; Trujillo and Allen 2007).
However, it is possible to partially exclude this explanation by
removing the phase-locked activity, namely, the ERPs activity
(including the ERN), from the signal before computing the
time-frequency analysis (Moreau et al. 2017; Sauseng et al.
2007). We applied this procedure and found differences be-
tween error trials and correct trials, with increasing theta power
in the first compared with the latter condition. This result rules
out the possibility that ERN and theta are merely a different
representation of the same process. Interestingly, theta power
increase after the erroneous actions was greater than the effect
elicited by the same actions in the time domain (note that
differences concerning oERN were found, but with a smaller
effect size). This might be explained by the different sensitivity
of time and time-frequency analyses in detecting non-phase-
locked activity. We believe that time-frequency analyses,
which could capture both phase and non-phase-locked activity,
are particularly indicated to analyze the reactivity to the ob-
servation of continuous actions.

We found a parieto-occipital alpha power increase in the
correct (rare) but not erroneous (frequent) actions. Although
Pavone et al. (2016) found an opposite result of higher alpha
desynchronization in the erroneous (rare) but not correct (fre-
quent) actions, our result coalign with the idea that alpha
desynchronization reflects the degree to which task-relevant
events, as in our case natural grasping movements, recruit
attentional resources (Klimesch 2012). A similar result was
found in an experiment by Wang et al. (2015) during which
participants observed correct responses made by others in a
speed-response task where correct responses rarely occurred.
Taken together, the data seem to confirm the role of alpha-

frequency band in the general orienting response to stimuli and
reorientation of attention (Clayton et al. 2015; van Driel et al.
2012). The alpha synchronization we found on the frontal
electrodes with observation of erroneous actions merits future
discussion. Although we do not have a clear explanation for
this result, we speculate that the alpha increase may be related
to particular error types (Pavone et al. 2016; van Driel et al.
2012), to a transient disengagement from the task during the
intertrial interval (Carp and Compton 2009), or to active
internal processing of information (Benedek et al. 2014; Sau-
seng et al. 2005).

Overall, given the EEG results found in this study, we
cannot rule out the possibility that similar modulations can be
obtained with a traditional setup (i.e., observation of movies).
Although only a direct 3D vs. 2D comparison may offer a
straightforward response, several considerations merit further
discussion. First, the virtual body was previously calibrated
and adapted to the participants body size within our immers-
ive virtual reality setup. This created the illusion of owning the
virtual body. Thus our participants not only observed the
virtual action from a first-person perspective, but they also
observed a real-size moving body located in the very same
spatial position of the participant. Our previous studies dem-
onstrate that 1) virtual first-person perspective is sufficient to
embody the avatar without external boosting (e.g., visuotactile
stimulation, as in the case of virtual hand illusion; Tieri et al.
2015a), and 2) experiencing a higher sense of embodiment
elicited greater theta power in response to errors (Pavone et al.
2016). Moreover, studies that directly compared brain activity
in 2D vs. 3D scenarios found that the 3D scenario required a
general allocation of greater resources for cognitive control
compared with 2D presentations (Slobounov et al. 2015; Vec-
chiato et al. 2015). Finally, all the events in our experimental
paradigm occurred in a 3D real-size peripersonal space, an
environment that may produce an enriched source of affor-
dance toward the object (Costantini et al. 2010, 2011; Pezzulo
and Cisek 2016) and thus maximize the salience of action
errors.

Conclusions

By combining EEG and immersive virtual reality, we have
been able to demonstrate that increased ERN amplitude and
theta oscillatory power are associated with first-person obser-
vation of an error in the action of a virtual agent even when the
error occurrence is highly probable and thus less unexpected.
Therefore, our data suggest that, given its relevance (Maier and
Steinhauser 2016), an observed error (as a mismatch between
the intended goal and the actual outcome), and not its fre-
quency of occurrence, triggers the activity of the performance-
monitoring system. Contrarily, we found that alpha power
decrease was associated with the infrequency of a stimulus,
independent of the outcome. Our results represent an important
step toward understanding the involvement of middle-frontal
and parietal regions during the observation of familiar errone-
ous and correct motor actions.

ACKNOWLEDGMENTS

We are thankful to Gaetano Tieri (University of Rome Unitelma Sapienza,
Rome, Italy; Fondazione Santa Lucia, IRCCS, Rome, Italy) for help in
preparing Fig. 1.

1115THE SALIENCE OF OBSERVED ACTION ERRORS

J Neurophysiol • doi:10.1152/jn.00130.2018 • www.jn.org



GRANTS

This study was supported by the Italian Ministry of University and Research
(PRIN, Progetti di Ricerca di Rilevante Interesse Nazionale, 2015, Prot.
20159CZFJK).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

R.P. and S.M.A. conceived and design the research; R.P., V.N., E.T.,
performed experiments; R.P. analyzed data; R.P., V.N., E.T., S.M.A. inter-
preted results of experiments; R.P. prepared figures; R.P. and S.M.A. drafted
manuscript; R.P., V.N., E.T., S.M.A. edited and revised manuscript; R.P.,
V.N., E.T., S.M.A. approved final version of manuscript.

REFERENCES

Abreu AM, Macaluso E, Azevedo R, Cesari P, Urgesi C, Aglioti SM.
Action anticipation beyond the fronto-parietal mirror neuron system: an
fMRI study in expert basketball players. Eur J Neurosci 35: 1646–1654,
2012. doi:10.1111/j.1460-9568.2012.08104.x.

Aglioti SM, Cesari P, Romani M, Urgesi C. Action anticipation and motor
resonance in elite basketball players. Nat Neurosci 11: 1109–1116, 2008.
doi:10.1038/nn.2182.

Alexander WH, Brown JW. Medial prefrontal cortex as an action-outcome
predictor. Nat Neurosci 14: 1338–1344, 2011. doi:10.1038/nn.2921.

Arcara G, Petrova A. erpR: event-related potentials (ERP) analysis, graphics
and utility functions (version 0.2.0), 2014. https://rdrr.io/cran/erpR/.

Arrighi P, Bonfiglio L, Minichilli F, Cantore N, Carboncini MC, Piccotti
E, Rossi B, Andre P. EEG theta dynamics within frontal and parietal
cortices for error processing during reaching movements in a prism adap-
tation study altering visuo-motor predictive planning. PLoS One 11:
e0150265, 2016. doi:10.1371/journal.pone.0150265.

Avenanti A, Bolognini N, Maravita A, Aglioti SM. Somatic and motor
components of action simulation. Curr Biol 17: 2129–2135, 2007. doi:10.
1016/j.cub.2007.11.045.

Bates AT, Patel TP, Liddle PF. External behavior monitoring mirrors internal
behavior monitoring error-related negativity for observed errors. J Psycho-
physiol 19: 281–288, 2005. doi:10.1027/0269-8803.19.4.281.

Bekkering H, de Bruijn ER, Cuijpers RH, Newman-Norlund R, Van Schie
HT, Meulenbroek R. Joint action: neurocognitive mechanisms supporting
human interaction. Top Cogn Sci 1: 340–352, 2009. doi:10.1111/j.1756-
8765.2009.01023.x.

Benedek M, Schickel RJ, Jauk E, Fink A, Neubauer AC. Alpha power
increases in right parietal cortex reflects focused internal attention. Neuro-
psychologia 56: 393–400, 2014. doi:10.1016/j.neuropsychologia.2014.02.
010.

Candidi M, Sacheli LM, Mega I, Aglioti SM. Somatotopic mapping of piano
fingering errors in sensorimotor experts: TMS studies in pianists and
visually trained musically naives. Cereb Cortex 24: 435–443, 2014. doi:10.
1093/cercor/bhs325.

Carp J, Compton RJ. Alpha power is influenced by performance errors.
Psychophysiology 46: 336 –343, 2009. doi:10.1111/j.1469-8986.2008.
00773.x.

Cavanagh JF, Cohen MX, Allen JJ. Prelude to and resolution of an error:
EEG phase synchrony reveals cognitive control dynamics during action
monitoring. J Neurosci 29: 98–105, 2009. doi:10.1523/JNEUROSCI.4137-
08.2009.

Cavanagh JF, Frank MJ. Frontal theta as a mechanism for cognitive control.
Trends Cogn Sci 18: 414–421, 2014. doi:10.1016/j.tics.2014.04.012.

Cavanagh JF, Zambrano-Vazquez L, Allen JJ. Theta lingua franca: a
common mid-frontal substrate for action monitoring processes. Psychophys-
iology 49: 220–238, 2012. doi:10.1111/j.1469-8986.2011.01293.x.

Clayton MS, Yeung N, Cohen Kadosh R. The roles of cortical oscillations in
sustained attention. Trends Cogn Sci 19: 188–195, 2015. doi:10.1016/j.tics.
2015.02.004.

Cohen MX. Error-related medial frontal theta activity predicts cingulate-
related structural connectivity. Neuroimage 55: 1373–1383, 2011. doi:10.
1016/j.neuroimage.2010.12.072.

Cohen MX. Analyzing Neural Time Series Data: Theory and Practice.
Cambridge, MA: MIT Press, 2014, p. 600.

Conejero A, Guerra S, Abundis-Gutiérrez A, Rueda MR. Frontal theta
activation associated with error detection in toddlers: influence of familial
socioeconomic status. Dev Sci 21: e12494, 2018. doi:10.1111/desc.12494.

Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven
attention in the brain. Nat Rev Neurosci 3: 201–215, 2002. doi:10.1038/
nrn755.

Costantini M, Ambrosini E, Scorolli C, Borghi AM. When objects are close
to me: affordances in the peripersonal space. Psychon Bull Rev 18: 302–308,
2011. doi:10.3758/s13423-011-0054-4.

Costantini M, Ambrosini E, Tieri G, Sinigaglia C, Committeri G. Where
does an object trigger an action? An investigation about affordances in
space. Exp Brain Res 207: 95–103, 2010. doi:10.1007/s00221-010-2435-8.

Cruz-Neira C, Sandin DJ, DeFanti TA. Surround-screen projection- based
virtual reality: the design and implementation of the CAVE. In: SIGGRAPH
’93. Proceedings of the 20th Annual Conference on Computer Graphics and
Interactive Techniques. New York: Association for Computing Machinery,
1993, p. 135–142.

de Bruijn ER, von Rhein DT. Is your error my concern? An event-related
potential study on own and observed error detection in cooperation and
competition. Front Neurosci 6: 8, 2012. doi:10.3389/fnins.2012.00008.

de Bruijn ER, Miedl SF, Bekkering H. How a co-actor’s task affects
monitoring of own errors: evidence from a social event-related potential
study. Exp Brain Res 211: 397–404, 2011. doi:10.1007/s00221-011-2615-1.

de Bruijn ER, Schubotz RI, Ullsperger M. An event-related potential study
on the observation of erroneous everyday actions. Cogn Affect Behav
Neurosci 7: 278–285, 2007. doi:10.3758/CABN.7.4.278.

Debener S, Makeig S, Delorme A, Engel AK. What is novel in the novelty
oddball paradigm? Functional significance of the novelty P3 event-related
potential as revealed by independent component analysis. Brain Res Cogn
Brain Res 22: 309–321, 2005. doi:10.1016/j.cogbrainres.2004.09.006.

Di Gregorio F, Steinhauser M, Maier ME. Error-related brain activity and
error awareness in an error classification paradigm. Neuroimage 139: –210,
2016. doi:10.1016/j.neuroimage.2016.05.074.

Donchin E, Coles MG. Is the P300 component a manifestation of cont-
ext updating? Behav Brain Sci 11: 357–374, 1988. doi:10.1017/
S0140525X00058027.

Donnarumma F, Costantini M, Ambrosini E, Friston K, Pezzulo G. Action
perception as hypothesis testing. Cortex 89: 45–60, 2017. doi:10.1016/j.
cortex.2017.01.016.

Falkenstein M, Hohnsbein J, Hoormann J, Blanke L. Effects of crossmodal
divided attention on late ERP components. II. Error processing in choice
reaction tasks. Electroencephalogr Clin Neurophysiol 78: 447–455, 1991.
doi:10.1016/0013-4694(91)90062-9.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences.
Behav Res Methods 39: 175–191, 2007. doi:10.3758/BF03193146.

Fischer AG, Klein TA, Ullsperger M. Comparing the error-related negativity
across groups: The impact of error- and trial-number differences. Psycho-
physiology 54: 998–1009, 2017. doi:10.1111/psyp.12863.

Fischer AG, Ullsperger M. Real and fictive outcomes are processed differ-
ently but converge on a common adaptive mechanism. Neuron 79: 1243–
1255, 2013. doi:10.1016/j.neuron.2013.07.006.

Foti D, Weinberg A, Bernat EM, Proudfit GH. Anterior cingulate activity to
monetary loss and basal ganglia activity to monetary gain uniquely contrib-
ute to the feedback negativity. Clin Neurophysiol 126: 1338–1347, 2015.
doi:10.1016/j.clinph.2014.08.025.

Fusaro M, Tieri G, Aglioti SM. Seeing pain and pleasure on self and others:
behavioural and psychophysiological reactivity in immersive virtual reality.
J Neurophysiol 116: 2656–2662, 2016. doi:10.1152/jn.00489.2016.

Garofalo S, Timmermann C, Battaglia S, Maier ME, di Pellegrino G.
Mediofrontal negativity signals unexpected timing of salient outcomes. J
Cogn Neurosci 29: 718–727, 2017. doi:10.1162/jocn_a_01074.

Gehring WJ, Goss B, Coles MG, Meyer DE, Donchin E. A neural system
for error detection and compensation. Psychol Sci 4: 385–390, 1993.
doi:10.1111/j.1467-9280.1993.tb00586.x.

Gehring WJ, Liu Y, Orr JM, Carp J. The error-related negativity (ERN/Ne).
In: The Oxford Handbook of Event-Related Potentials, edited by Kappen-
man ES, Luck SJ. New York: Oxford University Press, 2012.

Gillies M, Spanlang B. Comparing and evaluating real time character engines
for virtual environments. Presence (Camb) 19: 95–117, 2010. doi:10.1162/
pres.19.2.95.

Hajcak G, Moser JS, Yeung N, Simons RF. On the ERN and the significance
of errors. Psychophysiology 42: 151–160, 2005. doi:10.1111/j.1469-8986.
2005.00270.x.

1116 THE SALIENCE OF OBSERVED ACTION ERRORS

J Neurophysiol • doi:10.1152/jn.00130.2018 • www.jn.org

https://doi.org/10.1111/j.1460-9568.2012.08104.x
https://doi.org/10.1038/nn.2182
https://doi.org/10.1038/nn.2921
https://rdrr.io/cran/erpR/
https://doi.org/10.1371/journal.pone.0150265
https://doi.org/10.1016/j.cub.2007.11.045
https://doi.org/10.1016/j.cub.2007.11.045
https://doi.org/10.1027/0269-8803.19.4.281
https://doi.org/10.1111/j.1756-8765.2009.01023.x
https://doi.org/10.1111/j.1756-8765.2009.01023.x
https://doi.org/10.1016/j.neuropsychologia.2014.02.010
https://doi.org/10.1016/j.neuropsychologia.2014.02.010
https://doi.org/10.1093/cercor/bhs325
https://doi.org/10.1093/cercor/bhs325
https://doi.org/10.1111/j.1469-8986.2008.00773.x
https://doi.org/10.1111/j.1469-8986.2008.00773.x
https://doi.org/10.1523/JNEUROSCI.4137-08.2009
https://doi.org/10.1523/JNEUROSCI.4137-08.2009
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1111/j.1469-8986.2011.01293.x
https://doi.org/10.1016/j.tics.2015.02.004
https://doi.org/10.1016/j.tics.2015.02.004
https://doi.org/10.1016/j.neuroimage.2010.12.072
https://doi.org/10.1016/j.neuroimage.2010.12.072
https://doi.org/10.1111/desc.12494
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.3758/s13423-011-0054-4
https://doi.org/10.1007/s00221-010-2435-8
https://doi.org/10.3389/fnins.2012.00008
https://doi.org/10.1007/s00221-011-2615-1
https://doi.org/10.3758/CABN.7.4.278
https://doi.org/10.1016/j.cogbrainres.2004.09.006
https://doi.org/10.1016/j.neuroimage.2016.05.074
https://doi.org/10.1017/S0140525X00058027
https://doi.org/10.1017/S0140525X00058027
https://doi.org/10.1016/j.cortex.2017.01.016
https://doi.org/10.1016/j.cortex.2017.01.016
https://doi.org/10.1016/0013-4694(91)90062-9
https://doi.org/10.3758/BF03193146
https://doi.org/10.1111/psyp.12863
https://doi.org/10.1016/j.neuron.2013.07.006
https://doi.org/10.1016/j.clinph.2014.08.025
https://doi.org/10.1152/jn.00489.2016
https://doi.org/10.1162/jocn_a_01074
https://doi.org/10.1111/j.1467-9280.1993.tb00586.x
https://doi.org/10.1162/pres.19.2.95
https://doi.org/10.1162/pres.19.2.95
https://doi.org/10.1111/j.1469-8986.2005.00270.x
https://doi.org/10.1111/j.1469-8986.2005.00270.x


Hajihosseini A, Holroyd CB. Frontal midline theta and N200 amplitude
reflect complementary information about expectancy and outcome evalua-
tion. Psychophysiology 50: 550–562, 2013. doi:10.1111/psyp.12040.

Holroyd CB, Coles MG. The neural basis of human error processing:
reinforcement learning, dopamine, and the error-related negativity. Psychol
Rev 109: 679–709, 2002. doi:10.1037/0033-295X.109.4.679.

Holroyd CB, Hajcak G, Larsen JT. The good, the bad and the neutral:
electrophysiological responses to feedback stimuli. Brain Res 1105: 93–101,
2006. doi:10.1016/j.brainres.2005.12.015.

Huang W, Alem L, Tecchia F. HandsIn3D: supporting remote guidance with
immersive virtual environments. In: Lecture Notes in Computer Science
(including subseries Lecture Notes in Artificial Intelligence and Lecture
Notes in Bioinformatics). Berlin: Springer, 2013, vol. 8117, p. 70–77.

Janssen DJ, Poljac E, Bekkering H. Binary sensitivity of theta activity for
gain and loss when monitoring parametric prediction errors. Soc Cogn Affect
Neurosci 11: 1280–1289, 2016. doi:10.1093/scan/nsw033.

Jessup RK, Busemeyer JR, Brown JW. Error effects in anterior cingulate
cortex reverse when error likelihood is high. J Neurosci 30: 3467–3472,
2010. doi:10.1523/JNEUROSCI.4130-09.2010.

Joch M, Hegele M, Maurer H, Müller H, Maurer LK. Brain negativity as
an indicator of predictive error processing: the contribution of visual action
effect monitoring. J Neurophysiol 118: 486–495, 2017. doi:10.1152/jn.
00036.2017.

Jung TP, Makeig S, Westerfield M, Townsend J, Courchesne E, Sejnowski
TJ. Removal of eye activity artifacts from visual event-related potentials in
normal and clinical subjects. Clin Neurophysiol 111: 1745–1758, 2000.
doi:10.1016/S1388-2457(00)00386-2.

Kilner JM, Friston KJ, Frith CD. Predictive coding: an account of the mirror
neuron system. Cogn Process 8: 159–166, 2007. doi:10.1007/s10339-007-
0170-2.

Klimesch W. Alpha-band oscillations, attention, and controlled access to
stored information. Trends Cogn Sci 16: 606–617, 2012. doi:10.1016/j.tics.
2012.10.007.

Koban L, Pourtois G. Brain systems underlying the affective and social
monitoring of actions: an integrative review. Neurosci Biobehav Rev 46, P1:
71–84, 2014. doi:10.1016/j.neubiorev.2014.02.014.

Koban L, Pourtois G, Vocat R, Vuilleumier P. When your errors make me lose
or win: event-related potentials to observed errors of cooperators and compet-
itors. Soc Neurosci 5: 360–374, 2010. doi:10.1080/17470911003651547.

Kobza S, Bellebaum C. Mediofrontal event-related potentials following
observed actions reflect an action prediction error. Eur J Neurosci 37:
1435–1440, 2013.

Koelewijn T, van Schie HT, Bekkering H, Oostenveld R, Jensen O.
Motor-cortical beta oscillations are modulated by correctness of observed
action. Neuroimage 40: 767–775, 2008. doi:10.1016/j.neuroimage.2007.12.
018.

Krigolson OE, Holroyd CB. Evidence for hierarchical error processing in the
human brain. Neuroscience 137: 13–17, 2006. doi:10.1016/j.neuroscience.
2005.10.064.

Lawrence MA. ez: Easy Analysis and Visualization of Factorial Experiments
(version 4.2–2), 2013. https://CRAN.R-project.org/package�ez.

Luck SJ. An Introduction to Event-Related Potential Technique. Cambridge,
MA: MIT Press, 2005.

Luck SJ, Kappenman ES (Editors). The Oxford Handbook of Event-Related
Potential Components. New York: Oxford University Press, 2011.

Luu P, Tucker DM, Makeig S. Frontal midline theta and the error-related
negativity: neurophysiological mechanisms of action regulation. Clin Neu-
rophysiol 115: 1821–1835, 2004. doi:10.1016/j.clinph.2004.03.031.

Maier ME, di Pellegrino G, Steinhauser M. Enhanced error-related nega-
tivity on flanker errors: error expectancy or error significance? Psychophys-
iology 49: 899–908, 2012. doi:10.1111/j.1469-8986.2012.01373.x.

Maier ME, Steinhauser M. Error significance but not error expectancy
predicts error-related negativities for different error types. Behav Brain Res
297: 259–267, 2016. doi:10.1016/j.bbr.2015.10.031.

Makris S, Urgesi C. Neural underpinnings of superior action prediction
abilities in soccer players. Soc Cogn Affect Neurosci 10: 342–351, 2015.
doi:10.1093/scan/nsu052.

Mas-Herrero E, Marco-Pallarés J. Frontal theta oscillatory activity is a
common mechanism for the computation of unexpected outcomes and
learning rate. J Cogn Neurosci 26: 447–458, 2014. doi:10.1162/jocn_a_
00516.

Mazaheri A, Nieuwenhuis IL, van Dijk H, Jensen O. Prestimulus alpha and
mu activity predicts failure to inhibit motor responses. Hum Brain Mapp 30:
1791–1800, 2009. doi:10.1002/hbm.20763.

Meyer M, Braukmann R, Stapel JC, Bekkering H, Hunnius S. Monitoring
others’ errors: The role of the motor system in early childhood and
adulthood. Br J Dev Psychol 34: 66–85, 2016. doi:10.1111/bjdp.12101.

Miltner WH, Brauer J, Hecht H, Trippe R, Coles MG. Parallel brain
activity for self-generated and observed errors. In: Errors, Conflicts, and the
Brain. Current Opinions on Performance Monitoring: Proceedings of the
conference held in Dortmund, Germany, on July 3–5, 2003, edited by
Ullsperger M, Falkenstein M. Leipzig, Germany: Max Planck Institute for
Cognitive Neuroscience, 2004, p. 124–129.

Moreau Q, Pavone EF, Aglioti SM, Candidi M. Theta synchronization over
occipito-temporal cortices during visual perception of body parts. Eur J
Neurosci. 2017. doi:10.1111/ejn.13782.

Navarro-Cebrian A, Knight RT, Kayser AS. Frontal monitoring and parietal
evidence: mechanisms of error correction. J Cogn Neurosci 28: 1166–1177,
2016. doi:10.1162/jocn_a_00962.

Nieuwenhuis S, Ridderinkhof KR, Blom J, Band GP, Kok A. Error-related
brain potentials are differentially related to awareness of response errors:
evidence from an antisaccade task. Psychophysiology 38: 752–760, 2001.
doi:10.1111/1469-8986.3850752.

Nieuwenhuis S, Schweizer TS, Mars RB, Botvinick MM, Hajcak G.
Error-likelihood prediction in the medial frontal cortex: a critical evaluation.
Cereb Cortex 17: 1570–1581, 2007. doi:10.1093/cercor/bhl068.

Notebaert W, Houtman F, Opstal FV, Gevers W, Fias W, Verguts T.
Post-error slowing: an orienting account. Cognition 111: 275–279, 2009.
doi:10.1016/j.cognition.2009.02.002.

Núñez Castellar E, Kühn S, Fias W, Notebaert W. Outcome expectancy and
not accuracy determines posterror slowing: ERP support. Cogn Affect Behav
Neurosci 10: 270–278, 2010. doi:10.3758/CABN.10.2.270.

Oliveira FTP, McDonald JJ, Goodman D. Performance monitoring in the
anterior cingulate is not all error related: expectancy deviation and the
representation of action-outcome associations. J Cogn Neurosci 19: 1994–
2004, 2007. doi:10.1162/jocn.2007.19.12.1994.

Overbeek TJ, Nieuwenhuis S, Ridderinkhof KR. Dissociable components of
error processing: on the functional significance of the Pe vis-a-vis the
ERN/Ne. J Psychophysiol 19: 319–329, 2005. doi:10.1027/0269-8803.19.
4.319.

Ozkan DG, Pezzetta R. Predictive monitoring of actions, EEG recordings in
virtual reality. J Neurophysiol 119: 1254–1256, 2018. doi:10.1152/jn.
00825.2017.

Padrao G, Gonzalez-Franco M, Sanchez-Vives MV, Slater M, Rodriguez-
Fornells A. Violating body movement semantics: Neural signatures of
self-generated and external-generated errors. Neuroimage 124: 147–156,
2016. doi:10.1016/j.neuroimage.2015.08.022.

Panasiti MS, Pavone EF, Aglioti SM. Electrocortical signatures of detecting
errors in the actions of others: An EEG study in pianists, non-pianist
musicians and musically naïve people. Neuroscience 318: 104–113, 2016.
doi:10.1016/j.neuroscience.2016.01.023.

Panasiti MS, Porciello G, Aglioti SM. The bright and the dark sides of
motor simulation. Neuropsychologia 105: 92–100, 2017. doi:10.1016/j.
neuropsychologia.2017.05.020.

Pavone EF, Tieri G, Rizza G, Tidoni E, Grisoni L, Aglioti SM. Embodying
others in immersive virtual reality: electro-cortical signatures of monitoring
the errors in the actions of an avatar seen from a first-person perspective. J
Neurosci 36: 268–279, 2016. doi:10.1523/JNEUROSCI.0494-15.2016.

Perrin F, Pernier J, Bertrand O, Echallier JF. Spherical splines for scalp
potential and current density mapping. Electroencephalogr Clin Neuro-
physiol 72: 184–187, 1989. doi:10.1016/0013-4694(89)90180-6.

Pezzulo G, Cisek P. Navigating the affordance landscape: feedback control as
a process model of behavior and cognition. Trends Cogn Sci 20: 414–424,
2016. doi:10.1016/j.tics.2016.03.013.

Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchroniza-
tion and desynchronization: basic principles. Clin Neurophysiol 110: 1842–
1857, 1999. doi:10.1016/S1388-2457(99)00141-8.

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin Neuro-
physiol 118: 2128–2148, 2007. doi:10.1016/j.clinph.2007.04.019.

Proverbio AM, Crotti N, Manfredi M, Adorni R, Zani A. Who needs a
referee? How incorrect basketball actions are automatically detected by
basketball players’ brain. Sci Rep 2: 883, 2012. doi:10.1038/srep00883.

R Core Team. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing, 2014. https://
www.R-project.org/.

Ridderinkhof KR, Ramautar JR, Wijnen JG. To PE or not to PE: a P3-like
ERP component reflecting the processing of response errors. Psychophysi-
ology 46: 531–538, 2009. doi:10.1111/j.1469-8986.2009.00790.x.

1117THE SALIENCE OF OBSERVED ACTION ERRORS

J Neurophysiol • doi:10.1152/jn.00130.2018 • www.jn.org

https://doi.org/10.1111/psyp.12040
https://doi.org/10.1037/0033-295X.109.4.679
https://doi.org/10.1016/j.brainres.2005.12.015
https://doi.org/10.1093/scan/nsw033
https://doi.org/10.1523/JNEUROSCI.4130-09.2010
https://doi.org/10.1152/jn.00036.2017
https://doi.org/10.1152/jn.00036.2017
https://doi.org/10.1016/S1388-2457(00)00386-2
https://doi.org/10.1007/s10339-007-0170-2
https://doi.org/10.1007/s10339-007-0170-2
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/j.neubiorev.2014.02.014
https://doi.org/10.1080/17470911003651547
https://doi.org/10.1016/j.neuroimage.2007.12.018
https://doi.org/10.1016/j.neuroimage.2007.12.018
https://doi.org/10.1016/j.neuroscience.2005.10.064
https://doi.org/10.1016/j.neuroscience.2005.10.064
https://CRAN.R-project.org/package=ez
https://doi.org/10.1016/j.clinph.2004.03.031
https://doi.org/10.1111/j.1469-8986.2012.01373.x
https://doi.org/10.1016/j.bbr.2015.10.031
https://doi.org/10.1093/scan/nsu052
https://doi.org/10.1162/jocn_a_00516
https://doi.org/10.1162/jocn_a_00516
https://doi.org/10.1002/hbm.20763
https://doi.org/10.1111/bjdp.12101
https://doi.org/10.1111/ejn.13782
https://doi.org/10.1162/jocn_a_00962
https://doi.org/10.1111/1469-8986.3850752
https://doi.org/10.1093/cercor/bhl068
https://doi.org/10.1016/j.cognition.2009.02.002
https://doi.org/10.3758/CABN.10.2.270
https://doi.org/10.1162/jocn.2007.19.12.1994
https://doi.org/10.1027/0269-8803.19.4.319
https://doi.org/10.1027/0269-8803.19.4.319
https://doi.org/10.1152/jn.00825.2017
https://doi.org/10.1152/jn.00825.2017
https://doi.org/10.1016/j.neuroimage.2015.08.022
https://doi.org/10.1016/j.neuroscience.2016.01.023
https://doi.org/10.1016/j.neuropsychologia.2017.05.020
https://doi.org/10.1016/j.neuropsychologia.2017.05.020
https://doi.org/10.1523/JNEUROSCI.0494-15.2016
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/j.tics.2016.03.013
https://doi.org/10.1016/S1388-2457(99)00141-8
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1038/srep00883
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/j.1469-8986.2009.00790.x


Ridderinkhof KR, Ullsperger M, Crone EA, Nieuwenhuis S. The role of the
medial frontal cortex in cognitive control. Science 306: 443–447, 2004.
doi:10.1126/science.1100301.

Sauseng P, Klimesch W, Doppelmayr M, Pecherstorfer T, Freunberger R,
Hanslmayr S. EEG alpha synchronization and functional coupling during
top-down processing in a working memory task. Hum Brain Mapp 26:
148–155, 2005. doi:10.1002/hbm.20150.

Sauseng P, Klimesch W, Gruber WR, Hanslmayr S, Freunberger R,
Doppelmayr M. Are event-related potential components generated by phase
resetting of brain oscillations? A critical discussion. Neuroscience 146:
1435–1444, 2007. doi:10.1016/j.neuroscience.2007.03.014.

Shalgi S, Barkan I, Deouell LY. On the positive side of error processing:
error-awareness positivity revisited. Eur J Neurosci 29: 1522–1532, 2009.
doi:10.1111/j.1460-9568.2009.06690.x.

Slater M, Spanlang B, Sanchez-Vives MV, Blanke O. First person experi-
ence of body transfer in virtual reality. PLoS One 5: e10564, 2010.
doi:10.1371/journal.pone.0010564.

Slobounov SM, Ray W, Johnson B, Slobounov E, Newell KM. Modulation
of cortical activity in 2D versus 3D virtual reality environments: an EEG
study. Int J Psychophysiol 95: 254–260, 2015. doi:10.1016/j.ijpsycho.2014.
11.003.

Spinelli G, Tieri G, Pavone EF, Aglioti SM. Wronger than wrong: Graded
mapping of the errors of an avatar in the performance monitoring system of
the onlooker. Neuroimage 167: 1–10, 2018. doi:10.1016/j.neuroimage.2017.
11.019.

Tadel F, Baillet S, Mosher JC, Pantazis D, Leahy RM. Brainstorm: a
user-friendly application for MEG/EEG analysis. Comput Intell Neurosci
2011: 879716, 2011. doi:10.1155/2011/879716.

Tecchia F, Avveduto G, Brondi R, Carrozzino M, Bergamasco M, Alem L.
I’m in VR! In: Proceedings of the 20th ACM Symposium on Virtual Reality
Software and Technology-VRST’14. New York: Association for Computing
Machinery, 2014, p. 73–76.

Tieri G, Tidoni E, Pavone EF, Aglioti SM. Body visual discontinuity affects
feeling of ownership and skin conductance responses. Sci Rep 5: 17139,
2015a. doi:10.1038/srep17139.

Tieri G, Tidoni E, Pavone EF, Aglioti SM. Mere observation of body
discontinuity affects perceived ownership and vicarious agency over a
virtual hand. Exp Brain Res 233: 1247–1259, 2015b. doi:10.1007/s00221-
015-4202-3.

Trujillo LT, Allen JJ. Theta EEG dynamics of the error-related negativity.
Clin Neurophysiol 118: 645–668, 2007. doi:10.1016/j.clinph.2006.11.009.

Tsujimoto T, Shimazu H, Isomura Y. Direct recording of theta oscillations
in primate prefrontal and anterior cingulate cortices. J Neurophysiol 95:
2987–3000, 2006. doi:10.1152/jn.00730.2005.

Tzur G, Berger A. When things look wrong: theta activity in rule violation.
Neuropsychologia 45: 3122–3126, 2007. doi:10.1016/j.neuropsychologia.
2007.05.004.

Ullsperger M, Danielmeier C, Jocham G. Neurophysiology of performance
monitoring and adaptive behavior. Physiol Rev 94: 35–79, 2014a. doi:10.
1152/physrev.00041.2012.

Ullsperger M, Fischer AG, Nigbur R, Endrass T. Neural mechanisms and
temporal dynamics of performance monitoring. Trends Cogn Sci 18: 259–
267, 2014b. doi:10.1016/j.tics.2014.02.009.

van Driel J, Ridderinkhof KR, Cohen MX. Not all errors are alike: theta
and alpha EEG dynamics relate to differences in error-processing dy-
namics. J Neurosci 32: 16795–16806, 2012. doi:10.1523/JNEUROSCI.
0802-12.2012.

van Gaal S, Lamme VA, Ridderinkhof KR. Unconsciously triggered conflict
adaptation. PloS One 5: e11508, 2010. doi:10.1371/journal.pone.0011508.

van Pelt S, Heil L, Kwisthout J, Ondobaka S, van Rooij I, Bekkering H.
Beta- and gamma-band activity reflect predictive coding in the processing of
causal events. Soc Cogn Affect Neurosci 11: 973–980, 2016. doi:10.1093/
scan/nsw017.

van Schie HT, Mars RB, Coles MG, Bekkering H. Modulation of activity in
medial frontal and motor cortices during error observation. Nat Neurosci 7:
549–554, 2004. doi:10.1038/nn1239.

Vecchiato G, Tieri G, Jelic A, De Matteis F, Maglione AG, Babiloni F.
Electroencephalographic correlates of sensorimotor integration and embodi-
ment during the appreciation of virtual architectural environments. Front
Psychol 6: 1944, 2015. doi:10.3389/fpsyg.2015.01944.

Villa R, Tidoni E, Porciello G, Aglioti SM. Violation of expectations about
movement and goal achievement leads to sense of agency reduction. Exp
Brain Res 236: 2123–2135, 2018. doi:10.1007/s00221-018-5286-3.

Volpato C, Schiff S, Facchini S, Silvoni S, Cavinato M, Piccione F,
Antonini A, Birbaumer N. Dopaminergic medication modulates learning
from feedback and error-related negativity in Parkinson’s disease: a pilot
study. Front Behav Neurosci 10: 205, 2016. doi:10.3389/fnbeh.2016.00205.

Wang L, Tang D, Zhao Y, Hitchman G, Wu S, Tan J, Chen A. Disentan-
gling the impacts of outcome valence and outcome frequency on the
post-error slowing. Sci Rep 5: 8708, 2015. doi:10.1038/srep08708.

Wessel JR. Error awareness and the error-related negativity: evaluating the
first decade of evidence. Front Hum Neurosci 6: 88, 2012. doi:10.3389/
fnhum.2012.00088.

Wessel JR, Danielmeier C, Ullsperger M. Error awareness revisited: accu-
mulation of multimodal evidence from central and autonomic nervous
systems. J Cogn Neurosci 23: 3021–3036, 2011. doi:10.1162/jocn.2011.
21635.

Wessel JR, Klein TA, Ott DV, Ullsperger M. Lesions to the prefrontal
performance-monitoring network disrupt neural processing and adaptive
behaviors after both errors and novelty. Cortex 50: 45–54, 2014. doi:10.
1016/j.cortex.2013.09.002.

Wokke ME, Cleeremans A, Ridderinkhof KR. Sure I’m sure: prefrontal
oscillations support metacognitive monitoring of decision making. J Neu-
rosci 37: 781–789, 2017. doi:10.1523/JNEUROSCI.1612-16.2016.

Wu Y, Zhou X. The P300 and reward valence, magnitude, and expecta-
ncy in outcome evaluation. Brain Res 1286: 114–122, 2009. doi:10.1016/
j.brainres.2009.06.032.

Yeung N, Bogacz R, Holroyd CB, Nieuwenhuis S, Cohen JD. Theta phase
resetting and the error-related negativity. Psychophysiology 44: 39–49,
2007. doi:10.1111/j.1469-8986.2006.00482.x.

1118 THE SALIENCE OF OBSERVED ACTION ERRORS

J Neurophysiol • doi:10.1152/jn.00130.2018 • www.jn.org

https://doi.org/10.1126/science.1100301
https://doi.org/10.1002/hbm.20150
https://doi.org/10.1016/j.neuroscience.2007.03.014
https://doi.org/10.1111/j.1460-9568.2009.06690.x
https://doi.org/10.1371/journal.pone.0010564
https://doi.org/10.1016/j.ijpsycho.2014.11.003
https://doi.org/10.1016/j.ijpsycho.2014.11.003
https://doi.org/10.1016/j.neuroimage.2017.11.019
https://doi.org/10.1016/j.neuroimage.2017.11.019
https://doi.org/10.1155/2011/879716
https://doi.org/10.1038/srep17139
https://doi.org/10.1007/s00221-015-4202-3
https://doi.org/10.1007/s00221-015-4202-3
https://doi.org/10.1016/j.clinph.2006.11.009
https://doi.org/10.1152/jn.00730.2005
https://doi.org/10.1016/j.neuropsychologia.2007.05.004
https://doi.org/10.1016/j.neuropsychologia.2007.05.004
https://doi.org/10.1152/physrev.00041.2012
https://doi.org/10.1152/physrev.00041.2012
https://doi.org/10.1016/j.tics.2014.02.009
https://doi.org/10.1523/JNEUROSCI.0802-12.2012
https://doi.org/10.1523/JNEUROSCI.0802-12.2012
https://doi.org/10.1371/journal.pone.0011508
https://doi.org/10.1093/scan/nsw017
https://doi.org/10.1093/scan/nsw017
https://doi.org/10.1038/nn1239
https://doi.org/10.3389/fpsyg.2015.01944
https://doi.org/10.1007/s00221-018-5286-3
https://doi.org/10.3389/fnbeh.2016.00205
https://doi.org/10.1038/srep08708
https://doi.org/10.3389/fnhum.2012.00088
https://doi.org/10.3389/fnhum.2012.00088
https://doi.org/10.1162/jocn.2011.21635
https://doi.org/10.1162/jocn.2011.21635
https://doi.org/10.1016/j.cortex.2013.09.002
https://doi.org/10.1016/j.cortex.2013.09.002
https://doi.org/10.1523/JNEUROSCI.1612-16.2016
https://doi.org/10.1016/j.brainres.2009.06.032
https://doi.org/10.1016/j.brainres.2009.06.032
https://doi.org/10.1111/j.1469-8986.2006.00482.x

