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22How dowe recognize ourselves as the agents of our actions? Dowe use the same error detection mechanisms to
23monitor self-generated vs. externally imposed actions?Using event-related brain potentials (ERPs), we identified
24two different error-monitoring loops involved in providing a coherent sense of the agency of our actions. In the
25first ERP experiment, the participants were embodied in a virtual body (avatar) while performing an error-prone
26fast reaction time task. Crucially, in certain trials, participants were deceived regarding their own actions, i.e., the
27avatar movement did not match the participant's movement. Self-generated real errors and false (avatar) errors
28showed very different ERP signatures andwith different processing latencies:while real errors showed a classical
29frontal-central error-related negativity (Ne/ERN), peaking 100 ms after error commission, false errors elicited a
30larger and delayed parietal negative component (at about 350–400 ms). The violation of the sense of agency
31elicited by false avatar errors showed a strong similarity to ERP signatures related to semantic or conceptual
32violations (N400 component). In a follow-up ERP control experiment, a subset of the same participants merely
33acted as observers of the avatar correct and error movements. This experimental situation did not elicit the
34N400 component associated with agency violation. Thus, the present results show a clear neural dissociation
35between internal and external error-monitoring loops responsible for distinguishing our self-generated errors
36from those imposed externally, opening new avenues for the study of the mental processes underlying the
37integration of internal and sensory feedback information while being actors of our own actions.

38 © 2015 Published by Elsevier Inc.
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43 1. Introduction

44 Humans can be successfully embodied in a surrogate body, either of
45 an avatar (Slater et al., 2010; Banakou et al., 2013) or a robot (Kishore
46 et al., 2014), opening a number of interesting scientific questions. For
47 example, are we able to clearly discriminate whether the origin of an
48 action is due to the intention of the human participant or the surrogate
49 itself? Furthermore, to what extent is our brain able to distinguish self-
50 vs. externally generated erroneous actions whichmay undermine one's
51 natural sense of agency? Here, we shed light on this issue describing
52 different neurophysiological signatures associated to both types of

53erroneous actions (self-generated vs. externally imposed errors) in a
54scenario with embodiment in a full virtual surrogate body.
55In normal circumstances, when our ongoing actions and the predicted
56sensory consequences of these actions (feedback) are coherent, we expe-
57rience the sensation of agency with respect to our actions (“this action is
58mine”), and we are typically not even aware of such considerations
59(Pacherie, 2001; Gallagher, 2005). However, in the case where there is a
60conflict between the predicted consequences of our actions and their
61actual consequences (Slachevsky et al., 2001; Haggard and Chambon,
622012), we might detect an agency violation through an error detection
63mechanism (referred to here as external error-monitoring loop—E-eml).
64This mechanismmight be constantly checking whether the final sensory
65feedback is coherent with expected sensory consequences of our actions,
66created using an internal (efference) copy of our motor commands. These
67sensory feedback estimations during movement may rely strongly on
68previous representations of the body in terms of limb position, move-
69ment, or posture which normally give us a naturally sense of being the
70agents of our actions (Giummarra et al., 2008). In the case of a mismatch
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71 in this comparison between expected and actual sensory feedback
72 outcomes, a disruption of the sensation of agency might be elicited
73 (Synofzik et al., 2008).
74 While this E-eml might be constantly checking the congruency be-
75 tween our external and internal worlds, a concurrent internal and
76 rapid error detection mechanism evaluates whether our ongoing
77 motor plans are correct, implementing very fast corrective actions in
78 order to prevent and abort the production of erroneous responses. Sev-
79 eral models have proposed that an internal forward signal – efference
80 copy – is used to generate constant predictions of the consequences of
81 our actions which are used to compute error deviations from the
82 expected goal even before the action has been completed (Holst and
83 Mittelstaedt, 1950; Wolpert and Miall, 1996; Jeannerod, 2006; Crapse
84 and Sommer, 2008). This internal error-monitoring loop (I-eml) has
85 been associated with the error-related negativity or error negativity
86 (Ne/ERN), an event-related potential (ERP) component appearing
87 approximately 60 ms after the commission of a real error (Falkenstein
88 et al., 1990, 1991; Gehring et al., 1993; Rodriguez-Fornells et al., 2002;
89 Holroyd et al., 2005) and elicited in the anterior cingulate cortex
90 (Ullsperger and von Cramon, 2001; Holroyd et al., 2004; Marco-Pallarés
91 et al., 2008).
92 Even though these two error detection mechanisms – E-eml and
93 I-eml – rely on similar representations (both rely on the efference
94 copy), the computations that each performs involve access to different
95 types of feedback information. The main aim of the present research
96 was to functionally dissociate the neurophysiological mechanisms un-
97 derlying the external and the internal EML. To accomplish this goal
98 we performed two ERP experiments. In Experiment 1, we recorded for
99 first time ERPs in healthy participants embodied in a virtual body
100 (Slater et al., 2010) while they carried out an error-prone reaction
101 time task (Rodriguez-Fornells et al., 2002) in a fully immersive virtual
102 environment (IVE) (see Fig. 1a andMovie 1 in SupplementaryMaterial).
103 Critically, on a few occasions, participants' correct responses were falsi-
104 fied by an “erroneous” movement of their embodied avatar (i.e., avatar
105 errors), which perturbed their sense of agency. ERP signals related to
106 self-generated errors and avatar errors were then compared. While the
107 elicitation of the ERN component was expected for self-generated errors
108 (as a reflection of the I-eml), no specific prediction was made regarding
109 externally generated (virtual body) errors. Experiment 2 was carried
110 out in order to rule out the possibility that the ERP effects observed in
111 Experiment 1 for external-generated errors could have been due to the
112 mere observation of a virtual human performing a wrong action rather
113 than the output of the external-error-monitoring loop (E-eml).

1142. Materials and methods

1152.1. Participants

116Eighteen neurologically healthy right-handed volunteers from the
117Faculty of Psychology at the University of Barcelona participated in the
118first experiment (Experiment 1) (6 men; mean age, 26 ± 7 years).
119Two weeks after the participation in the main experiment, nine partic-
120ipants (3 men; mean age, 25 ± 8 years) agreed to return to the lab to
121participate in a control experiment (Experiment 2). All gave written
122informed consent according to the declaration of Helsinki and were
123paid for their participation. The ethical committee from the University
124of Barcelona gave approval to the project (Institutional Review Board
125IRB 00003099).

1262.2. Apparatus

127Participants were fitted with a stereo NVIS nVisor SX111 head-
128mounted display (HMD). This has dual SXGA displays with 76°H ×
12964°V degrees field of view (FOV) per eye, totaling a wide field of view
130111° horizontal and 60° vertical, with a resolution of 1280 × 1024 per
131eye displayed at 60Hz. Head tracking was performed by a 6-degrees of
132freedom (DOF) Intersense IS-900 device.
133A gender-matched virtual body (or avatar) was displayed from a
134first person perspective (1PP) with respect to the virtual body's eyes,
135so that it visually substituted the real body of the participant (see
136Fig. 1; see also Movie 1 at the Supplementary Material). The position
137of the participants' real hand was tracked using an optical infrared sys-
138tem (12 camera OptiTrack). The whole arm kinematics (hand, elbow,
139and shoulder positions and rotations) were computed from the hand
140position using inverse kinematics. Our setup supported the real-time
141display of the avatar with 6 DOF in the head and 4 DOF in the right
142arm giving the participant strong visual–motor coherence between
143real and virtual right-arm movements. The virtual environment was
144programmed in the XVR system (Tecchia et al., 2010) and the virtual
145character displayed through the HALCA library (Gillies and Spanlang,
1462010; Spanlang et al., 2014).

1472.3. Procedure

1482.3.1. Experiment 1
149Participants performed a standard error-prone Eriksen flanker
150attention task (Rodriguez-Fornells et al., 2002) and were required to

Fig. 1. Experimental design used in Experiment 1. (A) Participant in the laboratorywith the head-mounted display (HMD), electroencephalography (EEG), and the head and hand tracking
systems. (B) First person perspective (1PP) of the virtual arrow flanker task. Participants were instructed to perform fast movements with the right hand in the direction of the central
arrow. After each movement, the hand returned to the starting position (middle panel). The virtual hand followed the tracked real hand, but in some trials the displayed virtual hand
movementwas incongruent (InCM)with the participants' realmovements, thus generating an “false(avatar) error.” Three conditionswere relevant for the EEG analysis, correct responses,
real errors, and false errors. (C) Gender-matched avatar of the participant in the immersive virtual environment (IVE).
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