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ARTICLE INFO ABSTRACT

Keywords: Functional magnetic resonance imaging (fMRI) studies on the sense of agency (SoA) have yielded
Seﬂ_s‘? of agency heterogeneous findings identifying regional brain activity during tasks that probed SoA. In this
Volitional movements review, we argue that the reason behind this between-study heterogeneity is a “synecdochic” way
fMRI . . . . . . . .
. , the field conceptualizes and studies SoA. Typically, a single feature is experimentally manipulated
Feedback manipulation ... . . . 3
and then this is interpreted as covering all aspects of SoA. The purpose of this paper is to give an

Action-effect
Explicit reports overview of the fMRI studies of SoA and attempt to provide meaningful categories whereby the

Implicit measurements of sense of agency
Online monitoring of movements
Sensorimotor integration

Judgments of agency

heterogeneous findings may be classified. This classification is based on a separation of the
experimental paradigms (Feedback Manipulations of ongoing movements, Action-Effect, and
Sensory Attenuation) and type of report employed (implicit, explicit reports of graded or dichotic
nature, and whether these concern self-other distinctions or sense of control). We only find that
Feedback Manipulation and Action-Effect share common activation in supplementary motor area,
insula and cerebellum in positive SoA and inferior frontal gyrus in the negative SoA, but observe
large networks related to SoA only in Feedback Manipulation studies. To illustrate the advantages
of this approach, we discuss the findings from an fMRI study which we conducted, within this
framework.

1. Introduction

The sense of agency (SoA) is an important psychological construct that describes the feeling of being in control of one’s own
movements, actions, and consequences of these in the external world (Haggard, 2017). SoA is a frequently used term within different
disciplines. In this review, we will refer to its use in experimental psychology and cognitive neuroscience, where the term either

* Corresponding author at: Bernstein Center for Computational Neuroscience, Philippstrae 13, Haus 6, 10115 Berlin, Germany.
E-mail address: angelikichar@gmail.com (A. Charalampaki).

https://doi.org/10.1016/j.concog.2022.103307

Received 2 September 2020; Received in revised form 13 January 2022; Accepted 23 February 2022

Available online 18 April 2022

1053-8100/© 2022 Elsevier Inc. All rights reserved.


mailto:angelikichar@gmail.com
www.sciencedirect.com/science/journal/10538100
https://www.elsevier.com/locate/concog
https://doi.org/10.1016/j.concog.2022.103307
https://doi.org/10.1016/j.concog.2022.103307
http://crossmark.crossref.org/dialog/?doi=10.1016/j.concog.2022.103307&domain=pdf
https://doi.org/10.1016/j.concog.2022.103307

A. Charalampaki et al. Consciousness and Cognition 101 (2022) 103307

describes the phenomenological experience of being the agent of a movement or action (Frith, 2005; Gallagher, 2000; Jeannerod,
2003; Pacherie, 2007) or the ability to determine who is the agent of a movement or an action (Christensen & Griinbaum, 2018;
Gallagher, 2000; Griinbaum & Christensen, 2020; Jeannerod, 2003). The literature on SoA is quite extensive. Many aspects of this
notion have been the topic of scientific discussions, ranging from the question of which model best describes the phenomenological
experience (David, Newen, & Vogeley, 2008; Synofzik, Vosgerau, & Newen, 2008; Wegner, 2002) to more recent discussions on the
relation between implicit and explicit measures of SoA (Imaizumi & Tanno, 2019; Schwarz et al., 2019a, 2019b; Wen, 2019). However,
one discussion which has not been in focus yet is the diversity in the experimental designs employed to study SoA and how this frames
our understanding of what constitutes the neuronal network underlying the psychological construct of SoA, when SoA is studied using
fMRI.

To operationalize work on SoA, Christensen and Griinbaum (Christensen & Griinbaum, 2017, 2018; Griinbaum & Christensen,
2020) have identified two dimensions of SoA that often are conflated but can help classify the studies on SoA into meaningful cate-
gories. The first dimension focuses on whether SoA can be assigned a functional role or not, and the second on the breadth of the SoA
definition. Along the first dimension, SoA can be described as either an ability to determine the agent of an action or a phenomenological
experience of being in control of one’s movements/actions. Within this dimension, the phenomenological experience is independent of
the ability. In fact, the contrast ability vs phenomenological experience does not map onto the discussion of Feeling of Agency (FoA)
and Judgment of Agency (JoA) (Bayne & Pacherie, 2007; see discussion by Griinbaum (2015)), in which it is argued that JoA follows
from a FoA, and therefore cannot be separated as independent aspects of SoA. The contrast ability vs phenomenological experience
maps onto the discussion of whether SoA can be considered a cognitive function or a non-cognitive phenomenological experience
similar to the discussion in philosophy of consciousness (Block, 2011; Cohen & Dennett, 2011; Overgaard & Griinbaum, 2012).
Whether SoA falls within either of two depends on the researchers’ choice of definitions of SoA or experimental manipulations such as
the question asked to the participants (see Christensen & Griinbaum, 2017 exemplifying these choices made in the literature). For
example, with questions like “Were ‘you’ or ‘another’ the agent of the action?” researchers study SoA as an ability. While with
questions like: “To what extent did you feel in control of the action?” researchers study SoA as a phenomenological experience. The
answer to either question can be dichotomous or graded.

In the second dimension, the focus is on the breadth of the definition of SoA, meaning whether is it tightly related to the movement
or is it broad enough to include the consequences of the movement/action in the surrounding environment. Narrow SoA refers to the
former, and Broad SoA refers to the latter realization of SoA, respectively. Christensen & Griinbaum proposed this dimension to identify
the experimental categories within which most SoA studies could be classified: 1) Feedback Manipulation, 2) Action-Effect, and 3)
Sensory Attenuation studies (Christensen & Griinbaum, 2017, 2018; Griinbaum & Christensen, 2020). The first category, Feedback
Manipulation, includes those studies where the sensory feedback accompanying the movement, which participants perform, is
modified in some trials to disrupt the agentic experience. Typically, this is done by introducing a sensorimotor mismatch. Participants
make a movement such as drawing a line on a computer screen and the visual feedback of the line (or movement) is manipulated in
such a way that resembles the movement in a distorted fashion either spatially or temporally. Feedback Manipulation studies can cover
both narrow or broad SoA depending on how the feedback is manipulated. The second category, Action-Effect, draws upon a broad
definition of SoA, focusing on the consequences of the action in the external world. Participants perform an action followed by an
outcome, like pressing a button followed by a tone. Manipulations in these types of experiments include various temporal delays
between the action and the outcome (Sato & Yasuda, 2005), changes in the nature of the outcome (e.g., different types of tones (e.g.,
Wolpe, Haggard, Siebner, & Rowe, 2013)) or the probability of different effects (Moore & Haggard, 2008). The third category, the
Sensory Attenuation studies consider that the sensory consequences of voluntarily performed movements are perceived less pro-
nounced, compared with identical externally performed ones (e.g., Blakemore, Wolpert, & Frith, 1998). The sensory consequences of
the attenuation studies can either be narrowly tied to the body and the movement (e.g. the experience of touch to the body being less
ticklish when done by oneself than by another) or broad to include consequences in the external world (e.g. the sound of a tone, that is
perceived less intense when caused by one’s action compared to another one’s action).

In the literature of SoA, the neuroimaging findings indicate the involvement of a broad cortical network including the parietal lobe,
insula and areas within the frontal and prefrontal cortex (Braun et al., 2018; David et al., 2008; Haggard, 2017; Sperduti, Delaveau,
Fossati, & Nadel, 2011). While previous reviews have attempted to summarize these findings, the considerable variation in the exact
activation sites within this broad cortical network makes it difficult to observe a clear association between the psychological construct
of SoA and the neural structures supporting it. Current reviews treat the construct of agency broadly. They do not distinguish the inter-
study-differences which can rise due to the definitions of SoA, experimental approaches and behavioral outcome measures. However,
these distinctions may be important to gain a finer-grained attribution of the neural correlates supporting SoA. For instance, in a recent
review on the effect of delay on SoA, the author used a similar argumentation to emphasize how the experimental protocol can lead to
different delay effects on SoA (Wen, 2019). Evidence suggests that SoA is differentially modulated when the manipulations target the
movement or the outcome of an action (David, Skoruppa, Gulberti, Schultz, & Engel, 2016), and temporal delays, compared with
spatial distortions, have a more pronounced effect on SoA (Ratcliffe & Newport, 2017). Furthermore, it is still disputable whether
implicit and explicit measures of SoA reflect the same process (Imaizumi & Tanno, 2019; Schwarz et al., 2019a, 2019b; Wen, 2019).

In this paper, we review the existing fMRI studies on SoA, classify the brain regions reported to be active according to the
experimental procedures employed, and raise the question of whether the different experimental protocols (Feedback Manipulation,
Action-Effect and Sensory Attenuation) explain SoA as a homogeneous psychological phenomenon. The motivation for this review was
our Feedback Manipulation, fMRI study on SoA, where we used the influential “Alien Hand” paradigm (Nielsen, 1963) in a modified
version using computer-manipulated feedback. We present our study here as an example of how the framework introduced in this
review can help interpret fMRI activations concerning SoA and how one can use our summary report activity to place their results in a



A. Charalampaki et al. Consciousness and Cognition 101 (2022) 103307

broader context.

If SoA is a psychological construct that draws upon one common neural mechanism, we expect one brain area or a network of
interconnected brain areas to be reported in all SoA studies regardless of the experimental paradigm, modality and report type used.
On the other hand, if the experimental paradigm, sensory modality and report type, have a strong impact on the fMRI results, we
expected that all Feedback Manipulation studies would have a different activation pattern associated with SoA compared with Action-
Effect and Sensory Attenuation studies.

2. Presentation of the existing neuroimaging studies on SoA
2.1. Studies selection

We searched for literature in the database Web of Sciences on the 13th of April 2021 covering all years registered in the database
using the keyword: i) “fMRI” plus “sense of agency”, ii) “agency” plus “fMRI”, iii) “agency” plus “magnetic resonance imaging” and iv)
“agency” plus “MRI”. This search revealed 706 papers, 496 of which were unique entries. From these we selected 134, based on their
relevance with the notion of SoA according to their title and abstract. In addition to these papers, we also included three fMRI studies,
that did not appear in our search (Kontaris, Wiggett, & Downing, 2009; Matsuzawa, Matsuo, Sugio, Kato, & Nakai, 2005; Schnell et al.,
2007), which were previously included in other review studies on SoA (David et al., 2008; Miele, Wager, Mitchell, & Metcalfe, 2011,
Sperduti et al., 2011). The 32 papers included in our review were selected based on the following criteria:

Studies that used MRI technique, that report their findings in Montreal Neurological Institute (MNI) or Talairach (TAL) stereotaxic
coordinates.

Reported group results for healthy participants

Studies of SoA using a task that required participants to make a movement (active or passive). Therefore, we excluded studies in
which participants observed or thought of performing a movement (motor imagery).

Included contrasts that compared active trials among them or active trials with passive trials. This means we excluded those studies
that studied agency by comparing active movement with baseline activity.

If any of the found papers in the search did not report the above-mentioned criteria, they were excluded from the review.

We then classified the studies in the categories proposed by Christensen & Griinbaum (Christensen & Griinbaum, 2017, 2018;
Griinbaum & Christensen, 2020): A) Feedback Manipulation, B) Action-Effect and C) Sensory Attenuation (Table 1). Due to the low
(one) number of Sensory Attenuation studies compared with Feedback Manipulation and Action-Effect studies, the classical study of
Blakemore et al., 1998 is mentioned here, but results from the study will not be presented in the overview.

We further organized the results reported (Farrer et al., 2008, Spaniel et al., 2016; Di Plinio, Perrucci, Aleman, & Ebisch, 2020 were
reported in supplementary material) based on the measure of agency (explicit/implicit, dichotic/graded, perceive incongruence or not,
delay detection, self/other or experience of control) and contrasts employed (see also Supplementary Table S1) in two groups: Positive
agency (containing variations of Being the agent or Experiencing being in control) and Negative agency (encompassing variations of Not
Being the agent or Not experiencing being in control). To do so, we considered for the group Positive agency the findings from both types of
studies where: 1) participants explicitly reported that they were the agent or in control of the movement/action, 2) participants
explicitly reported congruency between a movement and the feedback and 3) it is assumed to be because there was no experimentally
introduced manipulation. Similarly, we included a division of findings related to Negative agency for areas found across both types of
studies where: 1) participants explicitly reported not being the agent or not in control of the movement/action, 2) participants
explicitly reported incongruence between a movement and the feedback and 3) there were discrepancies introduced between the
movement and the feedback. These results are also summarized in Fig. 1, and Tables 2 and 3 (see also Supplementary Table S2A and
S2B). In some studies, SOA was studied broadly without, for example, comparing positive SoA with diminished SoA. Therefore, the
results from these studies are included in both Positive and Negative SoA tables.

The 32 neuroimaging studies of SoA employed different reports to measure SoA, both explicit and implicit (See Tables 1 and 2 and
Supplementary Table S2A & S2B). SoA was measured implicitly in eight Feedback Manipulation (Di Plinio et al., 2020; Jardri et al.,
2011; Kontaris et al., 2009; Macuga & Frey, 2011; Nahab et al., 2011; Schnell et al., 2007; Spaniel et al., 2016; Tsakiris, Longo, &
Haggard, 2010) and three Action-Effect studies (Kikuchi et al., 2019; Matsuzawa et al., 2005; Yomogida et al., 2010). Some studies
used explicit reports (graded or dichotic), to measure the self/other dimension of SoA (Feedback Manipulation: Balslev, Nielsen, Lund,
Law, & Paulson, 2006; David et al., 2007; Farrer & Frith, 2002; Farrer et al., 2008; Ohata et al., 2020; Action-Effect: Fukushima, Goto,
Maeda, Kato, & Umeda, 2013; Renes et al., 2015, 2016; Spengler, von Cramon, & Brass, 2009) or the experience of control (Feedback
Manipulation: Miele et al., 2011; Action-Effect: Chambon, Wenke, Fleming, Prinz, & Haggard, 2013, de Bezenac, Sluming, Gouws, &
Corcoran, 2016). Other studies used explicit judgments of temporal delay as a report type (Feedback Manipulation: Farrer et al., 2008;
Leube et al., 2003; Uhlmann et al., 2020; van Kemenade et al., 2019; Action effect: Kiihn, Brass, & Haggard, 2013; Seghezzi & Zap-
paroli, 2020; delay detection: Straube et al., 2017; van Kemenade, Arikan, Kircher, & Straube, 2017) and one used judgments about the
contingency between the movement and the feedback (Sasaki, Okamoto, Kochiyama, Kitada, & Sadato, 2018). It is important to note
that only one Action-Effect study employed a dichotic explicit self/other report, only one Feedback Manipulation study used graded
explicit self/other report, and one Feedback Manipulation study used explicit graded control report, and none of the studies used a
dichotic control question. Therefore, we cannot make conclusive assumptions regarding the effect of dichotic or graded type of explicit
reports on the activity reported. Likewise, because only one Feedback Manipulation study used a question related to the experience of
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Table 1

Classification of the 32 fMRI studies included in this review. The studies are organized initially based on the experimental paradigm employed
(Experiment) in Feedback Manipulation and Action-Effect. Thereafter, they are grouped based on the type of report acquired (Report). The symbols in
the Report Column and the Symbol column are used later on to organize the regions reported in each study in the Tables 2 and 3. Additional in-
formation is provided for the strength of the scanner, whether the coordinates of the reported results are in Talairach (TAL) or Montreal Neurological
Institute (MNI) space and the number of participants. H = healthy, FES = patients with first-episode schizophrenia-spectrum disorders, SCZ =
schizophrenia.

Experiment Report Article Symbol Tesla Cor N
Feedback Manipulation Dichotic self/other (Ds) Balslev et al., 2006 A 3T MNI 16
David et al., 2007 B 15T MNI 19
Farrer & Frith, 2002 C 2T MNI 12
Farrer et al., 2008 D1 15T MNI 18

Graded control (Gc) Miele et al., 2011 F 15T MNI 11
Graded self-other (Gs) Ohata et al., 2020 E 3T MNI 18
Perceive delay (del) Farrer et al., 2008 D2 15T MNI 15
Leube et al., 2003 G 15T MNI 18
Uhlmann et al., 2020 H 3T MNI 24
van Kemenade et al., 2019 I 3T MNI 23
Graded contingency Sasaki et al., 2018 J 3T MNI 24
No report (im) Di Plinio et al., 2020 K 3T MNI 39
Jardri et al., 2011 L 15T TAL 15H,15SCZ
Kontaris et al., 2009 M 3T TAL 11
Macuga & Frey, 2011 N 3T MNI 14
Nahab et al., 2011 o 3T TAL 20
Schnell et al., 2007 Q 15T TAL 15
Spaniel et al., 2016 R 3T TAL 35H, 35FES
Tsakiris et al., 2010 S 15T MNI 20
Action-Effect Dichotic self-other (Ds) Fukushima et al., 2013 T 3T MNI 17
Graded self-other (Gs) Renes et al., 2016 w 3T 31H, 31SCZ
Renes, Van Haren, Aarts, & Vink, 2015 X 3T MNI 23
Spengler et al., 2009 BB 3T TAL 18
Graded control (Gc) Chambon et al., 2013 Y 3T MNI 28
de Bezenac et al., 2016 AA 3T MNI 24
Delay detection (delay) Straube et al., 2017 CC 3T MNI 21
van Kemenade et al., 2017 DD 3T MNI 21
Duration of delay (del) Kiihn et al., 2013 EE 3T MNI 17
Seghezzi & Zapparoli, 2020 FF 15T MNI 25
No report (im) Kikuchi et al., 2019 GG 3T MNI 26/28
Matsuzawa et al., 2005 HH 3T TAL 6
Yomogida et al., 2010 I 15T MNI 24

control (i.e., the phenomenological content of the experience of SoA), we cannot make a complete split of studies according to the
suggestions made by Christensen and Griinbaum (Christensen & Griinbaum, 2017, 2018) into the ability versus the phenomenological
dimension of SoA. However, based on the report types, there were some interesting points we will address.

It is beyond the purposes of this paper to perform a full activation likelihood estimation meta-analysis (Eickhoff et al., 2009) of the
data from these studies to find the activation peaks and subsequently perform meta-analyses for each of the categories separately. For a
meta-analysis on SoA, we refer the interested reader to existing meta-analyses that typically pool the data reported in studies belonging
to either one of the two experimental categories. (Miele et al., 2011: SoA, action monitoring and metacognition of agency; Zito, Wiest,
& Aybek, 2020: SoA during motor control; Seghezzi, Giannini, & Zapparoli, 2019: SoA and Self-consciousness; Seghezzi, Zirone,
Paulesu, & Zapparoli, 2019: intentionality and SoA; Sperduti et al., 2011: self-versus external SoA). Here we summarize findings
regarding common activations when found in three or more neuroimaging studies within one experimental category (Feedback
Manipulation or Action-Effect) (Table 2 & 3, Supplementary Table S2A & S2B) and then compare the findings between the two types of
studies. We illustrate these classifications in Fig. 1. We then searched for common and distinct activity based on the type of report
employed.

2.2. What is common in these fMRI studies of SoA

First, we compared the findings from the Feedback Manipulation and Action-Effect studies to find the areas commonly reported in
both types of studies. Assuming that both categories are equally suited to study SoA, the activity reported in these regions cannot be
simply explained based on the differences in the experimental design. We then focused on the areas exclusively reported in at least
three studies within each experimental category. This allowed us to link activated regions with the specificities of the experimental
design. Finally, we pooled the activation results from both types of experimental designs to find any additional region that has been
reported in at least three of the studies regardless of the experimental design. This means for example that a region might be reported in
two Feedback Manipulation and one Action-Effect study. While, we cannot say anything conclusive for the role of these latter regions
in SoA, we report them here because we think future studies on SoA might use our classification and summary activity report to clarify
the possible role these regions play in the SoA. This was done first for activity associated with positive and then with negative agency.
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Table 2

Areas associated with positive agency. The areas displayed, are those that show activation in at least three of the reviewed studies when par-
ticipants were the agent of the observed movement/action (see also Supplementary Table S1 for the contrasts used from each study). In the first
column, Studies Assigned, we color-coded the rows based on the number of studies reporting these regions active as follows. Light green: at least three
Feedback Manipulation studies (FM) and Light blue: at least three Action-Effect studies (AE). In the Report types column, we replace the code from
each study with a code indicating whether sense of agency was studied implicitly (im) or using explicit reports (graded (G) and dichotic (D)). Explicit
reports can concern a question related to self/other distinction (Gs, Ds) or experience of control (Gc, Dc). Other studies used explicit judgments of
temporal delay (del) as the report type. In the comparison column we summarize the most interesting findings based on the number of studies
reporting these regions according to the following color-code. Dark green: at least three Feedback Manipulation studies and in addition one or two
Action-Effect studies. Dark blue: at least three Action-Effect studies and in addition one or two Feedback Manipulation studies. Orange: both three or
more Feedback Manipulation and three or more Action-Effect studies. Yellow: three studies when combining both Feedback Manipulation and Action-
Effect studies. Red: three or more Feedback Manipulation studies, but no activation in any Action-Effect studies. The arrows indicate whether the
regions reported were related with increased or decreased activity in relation to positive sense of agency. A full table of activation found in all studies
associated with positive agency is presented as Supplementary Table S2A.

Positive Agency Studies assigned Report types

M AE FM AE

Frontal Lobe

L medial frontal gyrus L, 7MQ, MR im, im, im ‘

L middle frontal gyrus K, LR Y im, im Ge

R middle frontal gyrus MK, LR Y im, im Ge

L supplementary motor area B, D1, MK - Ds, Ds, im 1B, Gc, im
L inferior frontal gyrus E L LR Gs, im, im

L precentral gyrus E L MQ, LR T, TAA Gs, im, im, im Ds, Ge

Parietal lobe

R postcentral gyrus LQ,S im, im, im

B inferior parietal lobule E, L, TR X (left), W Gs, im, im Gs, Gs
L precuneus B, ™R T Ds, im Ds

R precuneus F, MK, S Ge, im, im

Occipital lobe

R lingual gyrus (middle occipital) D1, VR 1'BB Ds, im Gs

(continued on next page)

2.2.1. Positive agency: similarities between feedback manipulation and action-effect studies

The only regions associated with positive agency, which were reported in at least three Feedback Manipulation and at least three
Action-Effect studies, are the left supplementary motor area, right insula and bilateral cerebellum (areas marked in orange in Table 2,
Fig. 1). The supplementary motor area was found active in studies using a variety of report types. The cerebellum was found active only
in Feedback Manipulation studies that used implicit reports while in the majority of Action-Effect (3 out of 4) that used explicit reports.
Right insula activation was found in five out of six studies using explicit reports.

Additionally, left precentral gyrus, right anterior cingulate cortex, left posterior cingulate gyrus, bilateral inferior parietal lobule,
and left insula, were reported in three or more Feedback Manipulation studies and at least one Action-Effect study in relation to
positive agency (areas marked in dark green in Table 2) in studies using various report types. These regions seem to be important for
positive agency, nevertheless further research is needed to clarify whether their involvement goes beyond the experimental design.

Finally, when we pooled Feedback Manipulation and Action-Effect studies, we noticed activity in bilateral middle frontal gyrus, left
precuneus, right lingual gyrus, left anterior cingulate cortex, right posterior cingulate cortex and left putamen in at least three studies
employing different types of reports across both categories (areas marked in yellow in Table 2).
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Table 2 (continued)

Temporal lobe

R superior temporal gyrus B,E, MK, L, ™NQ Ds, Gc, im, im, im ‘

Limbic lobe

L anterior cingulate cortex DI, L TAA Ds, im Gce

R anterior cingulate cortex D1, L, ™R TAA Gs, im, im Ge

L posterior cingulate cortex D1, L MQ R TAA Gs, im, im, im Ge

R posterior cingulate cortex DI, L TAA T Gs, im G, Ds

Basal ganglia

L putamen B TAA, Y Ds Gc, Ge

Insular cortex

L insula B, C, S (pos) TAA Ds, Ds, im Ge -
R insula C,E,™N ! Ds, Gs, im Gc, Ds, Gs

Other

R Cerebellum K, L 1Q,S im, im, im, im Gc, Gs, im

L Cerebellum K, L, TN, 1™MQ, S im, im, im, im, im Gc, Ds, Gs

2.2.2. Positive agency: discrepancies between feedback manipulation studies and action-effect studies

Left medial frontal gyrus, left inferior frontal gyrus, right postcentral gyrus, right precuneus and right superior temporal gyrus are
the areas linked with positive agency exclusively in Feedback Manipulation studies. Only left medial frontal gyrus and right postcentral
gyrus were found active exclusively in Feedback Manipulation studies that used an implicit agency report. We did not find any area
exclusively reported in three or more Action-Effect studies.

2.2.3. Negative agency: similarities between feedback manipulation and action-effect studies

Left inferior frontal gyrus was the only region linked with negative agency in both three Feedback Manipulation and three Action-
Effect studies that employed a variety of report types (areas marked in orange in Table 3, Fig. 1).

In addition, we observed activity in right superior frontal gyrus, bilateral middle frontal gyrus (dorsolateral prefrontal cortex), right
inferior frontal gyrus, left precentral gyrus, left superior/inferior parietal lobe, right inferior parietal lobule, bilateral angular gyrus,
right supramarginal gyrus, bilateral precuneus, right superior temporal gyrus, right middle temporal gyrus, left anterior cingulate and
left posterior cingulate cortex reported in three or more Feedback Manipulation and at least one Action-Effect study (areas marked in
dark green in Table 3). We also found that activity in bilateral supplementary motor areas, left cerebellum and right anterior insula was
present in three or more Action-Effect and at least one Feedback Manipulation study (areas marked in dark blue in Table 3). Regarding
the agency reports employed, left precuneus was the only region found active exclusively with explicit reports and left angular gyrus
primarily (seven out of eight studies) in studies with explicit reports.

Finally, in addition to the areas previously reported, when we pooled Feedback Manipulation and Action-Effect studies we noticed
activation in right temporoparietal junction, right anterior cingulate cortex, right posterior cingulate cortex, left putamen, bilateral
caudate nucleus, left anterior insula, bilateral cerebellum and bilateral thalamus in at least three studies (areas marked in yellow in
Table 3).

2.2.4. Negative agency: discrepancies between feedback manipulation studies and action-effect studies

Bilateral medial frontal gyrus, left supramarginal gyrus, left superior temporal gyrus, and left middle temporal gyrus were
exclusively reported in three or more Feedback Manipulation studies in relation to negative agency (areas marked in red in Table 3).
From these regions, left medial frontal gyrus and left superior temporal gyrus were found active only in studies that used implicit
agency reports. No regions were found exclusively reported in three or more Action-Effect studies.
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Table 3

Areas associated with negative agency. The areas displayed, are those that show activation in at least three of the reviewed studies during
diminished sense of agency (see also Table 1). In the first column, Studies Assigned, we color-coded the rows based on the number of studies reporting
these regions active as follows. Light green: at least three Feedback Manipulation studies (FM) and Light blue: at least three Action-Effect studies (AE).
In the Report types column, we replace the code from each study with a code indicating whether sense of agency was studied implicitly (im) or using
explicit reports (graded (G) and dichotic (D)). Explicit reports can concern a question related to self/other distinction (Gs, Ds) or experience of control
(Gc, Dc). Other studies used explicit judgments of temporal delay (del) as the report type. In the comparison column we summarize the most
interesting findings based on the number of studies reporting these regions using the following color-code. Dark green: at least three Feedback
Manipulation studies and in addition one or two Action-Effect studies. Dark blue: at least three Action-Effect studies and in addition one or two
Feedback Manipulation studies. Orange: both three or more Feedback Manipulation studies and three or more Action-Effect studies. Yellow: three
studies when combining both Feedba