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Abstract

Brain mechanisms of error processing have often been investigated using response
interference tasks and focusing on the posterior medial frontal cortex, which is also implicated
in resolving response conflict in general. Thereby, the role other brain regions may play has
remained undervalued. Here, activation likelihood estimation meta-analyses were used to
synthesize the neuroimaging literature on brain activity related to committing errors versus
responding successfully in interference tasks and to test for commonalities and differences.
The salience network and the temporoparietal junction were commonly recruited irrespective
of whether responses were correct or incorrect, pointing towards a general involvement in
coping with situations that call for increased cognitive control. The dorsal posterior cingulate
cortex, posterior thalamus, and left superior frontal gyrus showed error-specific convergence,
which underscores their consistent involvement when performance goals are not met. In
contrast, successful responding revealed stronger convergence in the dorsal attention network
and lateral prefrontal regions. Underrecruiting these regions in error trials may reflect failures
in activating the task-appropriate stimulus-response contingencies necessary for successful
response execution.

Keywords: performance monitoring, coordinate-based meta-analysis, ALE, interference
resolution, response conflict, go/no-go, stop signal, Stroop, flanker, antisaccade, Simon,
stimulus—response compatibility, fIMRI
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1. Introduction

Flexible, adaptive behaviour requires monitoring the appropriateness and outcome of our
actions, including the detection of erroneous responses (i.e. error monitoring) and adjustment
of the following behaviour. When errors inevitably occur, they aid optimization by indicating
where adjustments to behaviour are necessary (Ullsperger et a., 20144). Investigating error-
related processes can thus offer a window into how performance is monitored in the brain.
Conversely, failures of such a system resulting in increased error rates have been described as
impulsivity (Moeller et al. 2001; Castellanos-Ryan et al., 2011), a behavioural tendency
related to psychiatric conditions such as attention deficit hyperactivity disorder (ADHD) and
linked with maladaptive behaviours such as smoking (Sharmaet al., 2014).

According to Reason’s influential Generic error-modelling system (GEMS) (Reason, 1990),
three different types of errors can be observed in humans: (i) skill-based slips and lapses, (ii)
rule-based mistakes, and (iii) knowledge-based mistakes. Skill-based errors occur when the
intention is correct but carrying out the required action fails (cf. Norman, 1981). In contrast,
mistakes are defined as actions that run according to plan, but the plan itself is inadequate to
achieve a desired outcome. Mistakes are therefore often interpreted as problem solving
failures.

In this study, we focus on skill-based errors, which in the psychological literature have often
been studied using tasks in which two response tendencies collide. In such tasks, typicaly, a
predominant but inadequate response tendency competes and interferes with a non-dominant
but adequate (instructed) response. The conflict, in turn, can lead to the execution of an
inadequate response (i.e. a commission error) on a substantial number of trials. Two of the
most commonly employed tasks to study overriding a predominant motor response are the
go/no-go (Donders, 1969) and stop-signal tasks (Logan et al., 1997), which require to
withhold or cancel the predominant go-response. In another set of tasks, such as the Stroop,
flanker, Simon, or stimulus—response compatibility (SRC) tasks, a given stimulus property
interferes with relevant stimulus and/or response information, impeding responses to the
relevant information. Usually, responses are faster and more accurate if stimulus (S) and
response (R) features correspond as compared to when they do not (e.g. Fitts and Seeger,
1953, Hallett, 1978; Eimer et a., 1995; Cieslik et a., 2010). Successful behaviour in all these
tasks is therefore assumed to require the suppression of the automatically activated
predominant response tendency, while concurrently implementing the context-appropriate

one. This can be either not responding at al or activating the schema for the incongruent
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alternative (cf. Cieslik et a., 2015). If activation of the context-appropriate response fails or is
not achieved fast enough, commission errors occur.

The neura correlates of erroneous responding and subsequent behavioural adjustments have
been extensively studied using electroencephalography (EEG). Here, two event-related
components are commonly observed after commission errors. First, the error-related
negativity (ERN) (Gehring et a., 1993) or error negativity (Ne) (Falkenstein et al., 1990) can
be observed, with a negative peak at 50-100 ms after the initiation of the error response. This
component is most likely generated within the posterior media frontal cortex (pMFC)
(Dehaene et a., 1994; Debener et al., 2005; Ridderinkhof et al., 2004; Ullsperger and von
Cramon, 2001; Fu et al., 2022), including the anterior midcingulate cortex (aMCC) and
extending into the pre-supplementary motor area (preSMA). Functionally, the ERN has been
argued to reflect processing a mismatch between correct and actual responses (Scheffers and
Coles, 2000), a post-response conflict (Botvinick et al., 2001; Yeung et al., 2004), or a
reinforcement learning signal (Holroyd and Coles, 2002). All of these dlightly different
accounts share the idea that the ERN is based on detecting that the current response differs
from the required (correct) one. In line with that, a recent study showed the ERN to depend on
the representation of the correct response to emerge (Di Gregorio et a., 2018). This
performance monitoring response is then thought to be conveyed to other regions, such as
lateral PFC (MacDonald et al., 2000), for implementing adaptation processes to avoid the
same error in the future.

These post-error adjustments show in different behavioural phenomena (for a review, see
Danielmeier and Ullsperger, 2011): (i) post-error slowing (PES), i.e. longer RT in trials after
committing an error than in trials after correct responding (Rabbitt, 1966; Laming, 1968); (ii)
post-error reduction of interference (PERI), i.e. smaller interference costs in trials following
errors than in trials following correct responses (King et a., 2010; Ridderinkhof, 2002); and
(iii) post-error improvement in accuracy (PIA), i.e. higher accuracy in trids after errors than
after correct responses (Danielmeier et al., 2011, Laming, 1968).

Following the ERN, a second, positive deflection, the error positivity (Pe) has been repeatedly
observed, peaking around 200-500 ms after committing the error (Falkenstein et al., 1990). It
has been argued that the Pe reflects a neural index of error awareness (O’ Connell et al., 2007;
Hughes and Yeung, 2011; Steinhauser and Y eung, 2010; Ullsperger et al., 2014b; Kirschner
et a., 2021). The localization of the neural generators of this component are, however, less

clear, with some evidence pointing to multiple sources, including rostral pMFC (van Veen
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and Carter, 2002), caudal pMFC (Herrmann et al., 2004), the parietal cortex (Herrmann et al.,
2004), and also the dorsolateral prefrontal cortex (cf. Masina et al., 2019).

Potential causes for erroneous behaviour have been related to attentional lapses or control
failures, reflected, for example, in increased activity of the default-mode network (DMN) in
trials preceding an error (e.g. Li et al., 2007; Weissman et al., 2006; Su et a., 2020). Thereis,
however, aso evidence from event-related EEG that error-preceding activity may reflect an
adaptive adjustment of cognitive control (Eichele et al., 2008, 2010). This, paradoxically, may
itself contribute to the generation of error-prone states because a strong reduction in cognitive
control after presentation of several compatible trials may then lead to an error on afollowing
incompatible trial (cf. Steinhauser et al., 2012). To summarise, there is evidence, in particular
from EEG studies, about error-preceding processes as well as the neurona generators of
error-related activity. While electrophysiological recordings provide very high temporal
resolution that help to better disentangle different processes on a temporal scale, spatial
resolution is relatively coarse, unless combined with other approaches, such as functional
magnetic resonance imaging (fMRI). In particular, the neural origins of Pe are not well
understood, as multiple brain regions may contribute to this signal.

fMRI studies as well as one previous neuroimaging meta-analysis on error processing, which
included only a relatively small number of experiments, have strongly focussed on the pMFC
(Carter et al., 1998; Garavan et al., 2003; Critchley et al., 2005; Sharp et a., 2010; Ullsperger
and von Cramon, 2001; Klein et al., 2007) and the anterior insula (al) (Magno et a., 2006;
Ullsperger et a., 2010), often glossing over the roles other brain regions with significant
error-related activity may play. Moreover, a systematic comparison to the network involved
when the task at hand is performed correctly is missing. This comparison, however, is crucia
for a better understanding of which regions are specific to error processing and which regions
are more generally involved in interference resolution. With the present study, we aimed to
fill that gap by isolating and functionally characterising brain regions that are consistently
linked to the detection of errors and feeding this information on to other brain regions
associated with adaptation processes in subsequent trials. Moreover, as some authors have
argued that error-related activity in the pMFC reflects the detection of conflicting response
plans rather than an error-specific response (e.g. Botvinick et a., 2001; Yeung et al., 2004),
we furthermore compared the network for error processing with the network consistently
involved in performing the above-mentioned interference tasks successfully. To this end,
coordinate-based activation likelihood estimation (ALE) meta-analyses (Eickhoff et al., 2012;
Eickhoff et a., 2009; Turkeltaub et al., 2002; Turkeltaub et al., 2012) were used to integrate
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results from a diverse range of neuroimaging studies investigating (i) commission errors and
(i) successful interference control in tasks requiring speeded responding, in particular the
go/no-go, stop-signal, Stroop, flanker, manual SRC, antisaccade, and S mon tasks. ALE meta-
analysis allows testing for brain regions consistently involved in a mental function across
different studies, independent of specific task variants (cf. Mdiller et al., 2018). Due to the
rather coarse temporal resolution of fMRI, activity during commission error trials does most
likely not only reflect error detection per se but also processes signalling the need for
subsequent cognitive adjustments to other brain regions and potentially also the
implementation of these processes.

Performing a minimum conjunction analysis across the meta-analyses on commission errors
and successful interference control alowed us to reveal brain regions consistently activated
whenever the task context requires inhibiting the predominant response and concurrently
activating the appropriate task goal for initiating the adequate behaviour, independent of the
behavioural outcome. In contrast, meta-analytic contrast analyses would reveal those brain
regions specifically involved during commission errors or successful interference resolution,
respectively. Using this approach, we tried to improve our understanding of which regions are
more specifically involved in error-related processes and which brain regions may be crucial

for activating the correct, non-automatic behavioura alternative.
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2. Methods
2.1 Paradigmsincluded:

For our meta-analysis, neuroimaging results on the neural correlates of correct as well as
erroneous responses in seven different tasks investigating interference control were included,
namely the go/no-go, stop-signal (Logan, 1997), Stroop (Stroop, 1935), flanker (Eriksen,
1974), Simon (Simon, 1990), antisaccade (Hallett, 1978) and manual SRC task. Importantly,
all of these tasks require the implementation of a non-dominant, context-dependent behaviour
against a competing behavioura alternative. In the go/no-go and stop-signal tasks, a dominant
tendency for a speeded response (versus inhibiting an overt response) is commonly achieved
by presenting go (or no-stopping) trials with a higher frequency than inhibition (i.e., no-go or
stop) trids (cf. Eagle et a., 2008; Schachar et al., 2007). In the Stroop, flanker, Simon,
antisaccade and manual SRC tasks, a given stimulus dimension interferes with relevant

stimulus and/or response information, impeding responses to the relevant dimension.
2.2. Selection criteriafor the experimentsincluded in the meta-analyses

The present meta-analyses were based on the database of a previous meta-analytic study on
interference control (Cieslik et a., 2015). Publications within this database were screened for

experiments focussing on commission errors as well as successful interference control.

Additionally, a literature search using PubMed (www.pubmed.com) and Google Scholar

https://scolar.google.de) was performed to obtain additional relevant neuroimaging
experiments. Further experiments were detected by reference tracing in the retrieved papers
and in review articles.

We only included results from whole-brain group analyses based on data from healthy adults
(age > 18 years) reported as coordinates in a standard reference space (Talairach/Tournoux or
Montreal Neurological Institute (MNI)). Reported coordinates of experiments using FSL or
SPM were treated as MNI coordinates as thisis the standard space in these softwares. Only in
cases when authors explicitely reported a transformation of MNI in TAL space, the
coordinates were considered to be in TAL space when using FSL or SPM. Otherwise the
coordinate space was treated as MNI (cf. Mller et al., 2018).

Results of region-of-interest (ROI) analyses were excluded. When clinica studies separately
reported results from a healthy control group (i.e., excluding data from patients), these results
were included. Data from conditions with pharmacological or non-invasive manipulations

such as Transcranial Magnetic Stimulation were excluded. Importantly, if the same

7


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

participants or a subsample of the same participants was used in several studies, only one of
the studies was included (e.g. Ray Li et al., 2006a,b) to control for possible sample-specific
effects. If, however, one publication separately reported results from different participant
samples, such as young and old participants (e.g. Korsch et a., 2014), the respective contrasts
were handled as two independent experiments in the meta-analysis. Further details on
inclusion and exclusion criteria are provided in the checklist in the supplementary material.
For the meta-analyses on error processing, we included contrasts reporting commission errors
> successful interference resolution (e.g., commission error > successful incongruent trialsin
the Stroop task, or commission error > successful stop trials in the stop-signal task) as well as
contrasts reporting commission errors > a control condition (e.g., commission errors >
congruent, commission errors > go, or commission errors > low-level baseline condition). For
the meta-analysis on successful interference resolution, we included experiments contrasting
correct interference resolution > no interference (i.e., correct stop > go, or correct incongruent
> congruent). Experimental effects compared with a resting baseline as well as the reverse
contrasts (i.e., “deactivations’) were not considered for inclusion. However, in some of the
go/no-go experiments, go trials were not modelled explicitly, but included in an “active’
baseline. We included these experiments as we considered the “baseline” as an active control
condition in these experiments. Importantly, we here focused on commission errors as
omission errors are very rare in these paradigms and are usually modelled as a regressor of no
interest at the single-subject level only.

Based on the criteria defined above, 43 experiments on commission errors and 142
experiments on successful interference control (i.e., response conflict processing) were
included in the meta-analyses. Experiments from the same publication were pooled to account
for sample overlap (Turkeltaub et al., 2012). To account for differences in coordinate space
(MNI vs. Talairach space), coordinates reported in Talairach space were converted into MNI
coordinates using a linear transformation (Lancaster et a., 2007). See table S1 and S2 for a
full overview of al included studies and further information such as number of participants or
which contrast was used in the respective study.

We performed two meta-analyses: (1) a meta-analysis on commission errors including
experiments contrasting commission errors versus successful interference control or versus
control condition or baseline (n = 43 experiments), and (2) a meta-analysis on successful
interference control including experiments contrasting correct interference responses > no-

interference responses (n= 142 experiments). Further, all resulting clusters of convergence
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were analyzed with regard to which experiments contributed to the specific effect. An
overview of the contributing experiments is provided in the supplementary material.

To identify regions consistently involved in both processes, a minimum conjunction analysis
was performed, while a meta-analytic contrast analysis between these two meta-analyses was
caculated to look for consistent differences between conditions. A full overview of the
workflow is provided in the flowchart in the supplementary material (Fig. S1).

To account for the difference in sample size between the two analyses, we replicated the
approach with a reduced, matched sample, only including experiments from publications that
reported both contrasts, resulting in 30 experiments for commission error and 30 experiments
for correct interference resolution, respectively. These results are provided in the

supplementary material.

Additionally, we performed two control meta-analyses on commission errors separating
between the contrasting condition: (1) commission errors > successful interference control (n
= 24), and (2) commission errors versus no-interference responses or low-level baseline (n =
22). Further, we conducted two additional meta-analyses separating between paradigm
classes: (1) errors during classic response inhibition tasks (i.e. go/no-go and stop signal), and
(2) errors during the classic response interference tasks (Stroop, flanker, Simon, antisaccade
and manual SRC task). Importantly, for the latter two meta-analyses, we did not only include
experiments contrasting commission errors versus successful interference control/no-
interference/low-level baseline but also experiments that did not specifically model
commission errors but included commission as well omission errors in the regressor of
interest. The reason behind this approach was the rather low number of experiments
specifically modelling only commission errors in the Stroop, flanker, Simon or antisaccade
tasks. As mentioned before, in such interference tasks, most errors occur in the incongruent
condition, while omission errors are rarely observed. Hence, this should not have an impact

on the results.

All results are made available in the ANIMA database (https://https://anima.fz-juelich.de)
(Reid et al., 2016).

2.3 Activation Likelihood Estimation

All meta-analyses were performed using the revised ALE algorithm for coordinate-based
meta-analysis (Eickhoff et al., 2012; Eickhoff et al., 2009; Laird et al., 2009a; Laird et al.,

2009b; Turkeltaub et al., 2002) according to the standard procedures of our institute (see, e.g.,
9
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Langner and Eickhoff, 2013; Heckner et al., 2021; Miller et al., 2018 for a more detailed
description). ALE aims to identify areas showing convergence of reported coordinates across
experiments that is higher than expected under the assumption of random spatial associations.
Therefore, the probabilities of all foci reported in a given experiment were combined for each
voxel, resulting in a modelled activation (MA) map (Turkeltaub et al., 2012). Taking the
union across these MA maps yielded voxel-wise ALE scores describing the convergence of
results across experiments at each particular location of the brain. To distinguish ‘true’
convergence across studies from random convergence (i.e., noise), ALE scores were
compared to an empirical null-distribution reflecting a random spatial association between
experiments. The p-value of the “true” ALE was then given by the proportion of equal or
higher values obtained under the null-distribution. The resulting non-parametric p-values for
each meta-analysis were thresholded at a cluster-level corrected threshold of p < 0.05 (cluster-
forming threshold at voxel level: p < 0.001, uncorrected) and transformed into z-scores for

display.

To identify voxels showing a significant effect in both separate analyses, the conservative
minimum conjunction statistic (Nichols et al., 2005) was used. Further, an additional extent
threshold of k > 25 was applied to exclude smaller clusters that most likely reflect incidental

overlap between significant effects in both meta-analyses.

Meta-analytic contrast analyses were performed to revea voxels showing consistently
stronger convergence in one meta-analysis than the other (for a more detailed description of
contrast analyses, see Langner and Eickhoff, 2013; Rottschy et al., 2012). Differencesin ALE
scores between two conditions were tested against a voxel-wise null-distribution of label
exchangeability and thresholded at a posterior probability of p > 95% for true differences.
Surviving voxels were inclusively masked by the respective main effect, i.e., the significant
effect of the ALE analysis for the minuend, and an additional cluster extent threshold of k >
25 voxels was applied.

All results were anatomically labelled by reference to probabilistic cytoarchitectonic maps of
the human brain using the SPM Anatomy Toolbox version 3.0 (Eickhoff et a., 2007; Eickhoff
et al., 2005).
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3. Results
3.1 Meta-analysis on commission errors

Across 43 experiments reporting brain activity specifically related to committing errors during
interference resolution, significant convergence was observed in bilateral anterior insula (al),
left superior frontal cortex, posterior medial frontal cortex (pMFC) including aMCC and
preSMA, bilateral anterior temporo-parietal junction (TPJ), dorsal posterior cingulate cortex
(PCC) as well as right V1 (hOcl). Subcortical convergence of activity was found in the
posterior part of the thalamus (Fig. 1, Table 1).

3.2 Meta-analysis on successful interference resolution

The meta-analysis across all 142 experiments investigating successful interference resolution
revealed significant convergence of activity in a broad bilateral fronto-parietal network
comprising al and adjacent inferior frontal gyrus; lateral prefrontal cortex (IPFC) covering
inferior frontal junction (IFJ), parts of dorsolateral prefrontal cortex (DLPFC), and dorsal
premotor cortex (dPMC); aMCC/preSMA; and posterior parietal cortex spanning from
superior parietal lobule (SPL) to intraparietal sulcus (IPS) and inferior parietal cortex

(IPC)/TPJ. Moreover, significant convergence was found in the left inferior occipital cortex
(10C) and, subcortically, caudate and thalamus (Fig. 2, Table 2).
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3.3 Commonalities and differences in convergence of brain activity between failed and

successful interferenceresolution

The conjunction analysis across experiments reporting brain activity related to committing
errors or succeeding in interference control, respectively, revealed significant commonalities
in recruiting bilateral al, aMCC/preSMA, and bilatera TPJ (Figure 3A). Stronger
convergence for brain activity linked to commission errors was found in bilateral middie
insula, left SFG, aMCC, PCC, left posterior thalamus, and right V1 (Fig. 3B, depicted in
green). Conversely, stronger convergence for brain activity linked to successful interference
control was observed in bilateral 1FJ extending into DLPFC, bilateral al, bilateral dPMC,
bilateral IPS/SPL, left lateral occipita cortex (including MT+), left middle and right superior
temporal gyrus, right superior frontal gyrus and, subcortically, right caudate and right anterior
thalamus (Fig. 3B, depicted in blue).

In order to better visualise the conjoint effect for successful and failed interference resolution
as well as the error-specific effect within the pMFC, Figure 4 shows the effects of the
conjunction analysis (in red) as well as the specific effects for commission errors (in green)
and successful interference control (in blue) in one overlay. The sections reveal that more
posterior parts of pMFC are conjointly recruited during both failed and successful interference
resolution, while the anterior portion features selectively stronger convergence for brain

activity related to commission errors.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

AW TP

P S ’
uﬁ iﬁf)-‘-
Finally, main effects as well as conjunction and contrast analyses conducted with the reduced

sample (i.e., only including publications that reported contrasts for both failed and successful
interference control) are reported in detail in the supplementary material (Figure S1). Overall,

the results were highly similar.
3.4 Control analyses separ ating between contrasting condition and type of task
3.4.1 Meta-analyses on commission errors separated by contrasting condition

For the meta-analysis across experiments contrasting commission errors with low-level
baseline or no-interference trials significant convergent activity within bilateral al, a cluster
located in the anterior aMCC, the preSMA, the dorsal PCC, and bilateral TPJ was found
(Figure 5A). The meta-analysis across experiments contrasting commission errors with
successful interference control trials revealed significant convergence within bilateral anterior
and left middle insula, the aM CC/preSMA, right TPJ and, subcortically, the thalamus (Figure
5B). These additional analyses showed that the network consistently involved in error
processing in general, i.e. when commission errors are compared to a no-interference or low-
level condition, also revealed consistent increased activity when compared to a high-level

condition, i.e. compared to successful interference trials.
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3.4.2 Meta-analyses on error processing separated by type of task

To investigate if error processing in the classic response interference tasks and the classic
response inhibition tasks may differ from each other, we additionally performed two meta-
analyses focusing on task type. For the meta-analyses separated by task type, we not only
included experiments contrasting commission errors versus successful interference
control/no-interference/low-level  baseline, but also experiments that did not model
specifically commission errors but included commission as well as omission errors in the
regressor of interest. This was done as there were not enough experiments focusing
specifically on commission errors in the Stroop, Flanker, Simon or antisaccade tasks to
calculate a robust meta-analysis. However, as in interference tasks most errors occur in the
incongruent condition, but in the congruent condition omission errors are rarely observed, this
should not have an impact on the results. As can be seen in Figure 6 both meta-analyses
revealed a very similar set of regions, including bilateral al, pMFC, TPJ and, subcortically the
posterior thalamus.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

4. Discussion

We used coordinate-based ALE meta-analyses to examine the neural correlates of committing
errors in experimental tasks that require the suppression of a predominant but inappropriate
action and, in some cases, the concurrent initiation and execution of a context-appropriate
aternative. Such commission errors are usually considered failures in top-down cognitive
control, and characterising their neural underpinnings, we aimed to gain further insights into
the neural architecture of intentional action control.

4.1 Common neural under pinnings of failed and successful interfer ence control

Conjunction analyses were performed to isolate those brain regions that are consistently
involved in performance monitoring irrespective of successful or erroneous responding.
Commission errors as well as successful interference control revealed conjoint convergencein
PMFC, bilateral al and bilateral TPJ.

4.1.1 Posterior medial frontal cortex

One of the most intensely discussed findings in the neuroscientific literature on error
processing is the involvement of the pMFC. The discussion started with the seminal finding
of Niki and Watanabe (1979) that individual monkey cingulate neurons show increased firing
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during commission errors. Later this was corroborated in human ERP studies, that identified
the pMFC as the neural generator of the ERN (e.g. Debener et al., 2005; Miltner et al., 2003;
Ullsperger and von Cramon, 2001). Combined EEG and fMRI recordings revealed that a
greater ERN correlates with increased pMFC activity on the single-subject level (Debener et
al., 2005; lannocone et a., 2015). However, further research soon indicated that not only
errors drive activation in this region but potentially some characteristics that errors have in
common with other stimuli and conditions. For example, just the context of high error
probability activates the pMFC, irrespective of actual error commission (Brown and Braver,
2005; Magno et al., 2006). Furthermore, neutral cues signalling a need for change in strategy
also lead to pMFC activation, regardless of correct or erroneous responding (Amiez et al.,
2005). Likewise, increased pMFC activity can be found in high-conflict trials when top-down
control is low, such as incongruent trials that are preceded by congruent ones (e.g., Carter et
al., 2000; Botvinick et a., 1999). The same behaviour was recently shown by single-cell
recordings in rodents that performed a stop-change task (Bryden et a., 2019). pMFC firing
was highest in stop trials that were preceded by go trials and decreased on trials following
stop trials when rodents adapted their behaviour. Different models trying to explain the
functional significance of pMFC activity have been proposed and tested formally (for recent
reviews on pMFC models, see, eg., Brockett and Roesch, 2021; or Vassena et a., 2017).
While the various hypotheses differ in what exactly is signalled by the pMFC, thereis genera
agreement that pMFC engagement contributes to performance monitoring. Specificaly, it is
believed to modulate attention in downstream regions and adaptation of control processes so
that actions can be adjusted when the context requires it or errors occur (e.g. (MacDonald et
al, 2000; Ullsperger and von Cramon, 2001; Ridderinkhof et al., 2004; Brockett et al., 2020;
for a review, see Brockett and Roesch, 2021)). In line with this, Danielmeier and colleagues
(Danielmeier et a., 2011; 2015) showed that pM FC activity during error trials is predictive of
activity enhancement in sensory areas coding task-relevant information as well as activity
suppression in task-irrelevant visual areas. Further, error-related pMFC activity is correlated
with post-error adaptation processes, in particular PES (e.g. Garavan et al., 2002; Kerns et a.,
2004). Supporting evidence from rodents reveals that pharmacological inactivation of pMFC
eliminates PES (Narayanan et al., 2013).

In the present study, the conjunction analysis revealed common involvement of a cluster
covering aMCC and preSMA for correct as well as erroneous responding, but the meta-
analytic contrast analysis further revealed specific convergence of the anterior portion of
aMCC for commission errors. The general pattern of a large aMCC/preSMA cluster being
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commonly involved in interference resolution irrespective of the accuracy of the behavioural
outcome and the more anterior aM CC being specifically involved in erroneous responding is
in line with previous fMRI studies that tested this difference directly (e.g. Ullsperger and van
Cramon, 2001; Garavan et al., 2003; Kiehl et a., 2000). As cingulate subregions themselves
and adjacent parts of the dorsomedial frontal cortex show distinct cytoarchitectonic profiles
and connectivity (cf. e.g. Vogt et a., 2005; Neubert et al., 2015; Jin et al., 2018), the extended
aMCC/preSMA cluster likely does not mediate one single process. Interestingly, recent single
neuron recordings in patients revealed that not only in the aMCC but also the preSMA there
are different neurons specifically signaling error or conflict, respectively (Fu et al., 2019). It
thus appears that conflict detection and error monitoring are separable on the level of single
neurons, but both processes can be localized within the aMCC and preSMA. This goes along
with EEG evidence pointing towards a common underlying neuronal source within the pMFC
for the ERN as well as the frontocentral N2 that can be observed prior to correct conflict trial
responses (e.g. van Veen and Carter, 2002; Gruendler et a., 2011). In addition, specific
involvement of the most anterior portion of the aMCC in error processing agrees with
previous evidence pointing towards a specific role of anterior aMCC in negative affect related
to performance dlips, distuingshable from control functions related to conflict processing that
can be localized more posteriorly (cf. Nee et al., 2011).

In conclusion, we argue that different subregions within the pM FC are associated with related
but different functions in the context of performance monitoring. While the specific
involvement of anterior aMCC in erroneous responding most likely reflects affective
responses after error commission, more posterior parts of pMFC including aMCC and
preSMA may mediate adaptive cognitive control processes necessary for successfully
responding to high-conflict trials or after committing an error (Bush et al., 2000; Mohanty et
a., 2007; van Veen and Carter, 2002).

4.1.2 Insular cortex

The anterior part of the insular cortex revealed conjoint involvement in successful as well as
erroneous responding. Moreover, while the insular cluster from the conjunction and contrast
analyses showed some overlap, there was also a functional differentiation within theinsula. In
particular, the superior part of the al in the right hemisphere showed stronger convergence for
successful interference resolution, while inferior al as well as more posterior parts of the

insular cortex revealed stronger convergence for commission errors. The al together with the
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pMFC forms the so-called saliency network (Seeley et al., 2007), which mediates switching
between the DMN and executive control network (Sridharan et a., 2008). In particular, the al
is believed to respond to behaviourally salient stimuli or events and, through switching
between the DMN and executive control network, facilitates necessary additional processing
and control adjustments (Menon and Uddin, 2010). In the context of error processing, fMRI
studies revealed stronger al activity for aware compared to unaware errors (Hester et al.,
2009, Klein et al., 2007) arguing for a crucial role of the insula in mediating awareness that an
error has happened (for a review, see Ullsperger et al., 2010). Evidence from meta-analytic
(Kurth et al., 2010) as well as resting-state fMRI data (Cauda et a., 2011; Kelly et al., 2012;
Deen et al., 2011) provides evidence for a functional gradient within the insular cortex, with
superior al being involved in attentional and cognitive processes, inferior al mediating
emotional and autonomic processes, and posterior parts being involved in somatosensory
processing. We hence conclude that the insula may support different functions during
performance monitoring. Consistent involvement of the al in both successful and erroneous
responding may be explained by an increased salience of both interference and error trials,
signaling the need to invest effort. While in trials with successful performance, the
identification of the task-relevant stimulus property and the subsequent activation of cognitive
control processes to guide behaviour occurs in time, in error trials, the detection of the error
itself most likely leads to a recruitment of cognitive control strategies that facilitate correct
performance in the following trial.

More inferior parts of the al that revealed stronger convergence in error trials may reflect an
autonomic response to errors. It has long been shown that the autonomic nervous system is
sensitive to errors, as indicated by a decelerated heart rate after committing an error (Danev
and de Winter, 1971; Fiehler et a., 2004; van der Veen et al., 2004), enlarged pupil dilation
(Critchley et al., 2005; Wessel et a., 2011), or skin conductance responses (O’ Connell et al.,
2007). The latter study showed that only aware, but not unaware errors elicited a strong skin
conductance response. Likewise, Wessel and colleagues (2011) found pupil dilation and post-
error heart rate deceleration to be present in consciously perceived errors only. As the inferior
part of the insula is associated with interoceptive awareness (Critchley et al., 2004), this
region may mediate autonomic responses to errors, possibly contributing to error awareness
(for reviews, see Ullsperger et al., 2010 and Klein et a., 2013).

The more posterior part of the insula, on the other hand, has been linked to the perception of
somatosensory and proprioceptive signals, and evidence from patient studies points towards a

role for motor and somatosensory awareness (Karnath et a., 2005; Spinazzola et al., 2008).
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Stronger convergence for error trials in posterior insular parts may hence be explained by the
integration of motor feedback information of making the wrong button press.

Taken together, we argue that the insula mediates different functions in the context of
performance monitoring and error processing. The superior portion of al may have an active
role in recruiting additional cognitive resources whenever needed to meet task demands, be it
conflict trials or erroneous responses. In contrast, inferior al and more posterior parts of the
insula most likely contribute to the awareness that an error had occured. While inferior al may
integrate autonomic responses to errors, more posterior parts would integrate motor and

somatosensory information about giving an erroneous behavioural response.

4.1.3 Tempor oparietal junction

A third region we found to be consistently involved in correct responding as well as
commission errors is bilateral TPJ. This region is part of the ventral attention network and is
associated with reorienting attention towards behaviouraly relevant stimuli and events
(Corbetta and Shulman, 2002; Corbetta and Shulman, 2008). These processes might also help
in recovering from momentary lapses in attention through recruitment of attentional
resources. In line with that, Weissman and colleagues (2006) found that greater target-evoked
activity in the right TPJ was associated with better performance (i.e. faster RTS) in the next
trial. Geng and Vossel (2013) argued for a more general role of the TPJin contextual updating
by evaluating and integrating stimulus information with internal models of task performance
and expectations. Both attention reorientation as well as contextual updating play akey rolein
integrating stimulus information with task goals and adjustments of top-down expectations in
conflict trials when the automatically activated predominant response tendency needs to be
suppressed with concurrent initiation of the context-appropriate response. While these
mechanisms might occur too late in error trias, they may support successful performance in
the next tria. Interestingly, studies focusing on error awareness found increased activity for
aware compared to unaware errors within the TPJ (e.g. Hester et al., 2005; 2012). This effect
can be well integrated with the view that the TPJ mediates contextual updating as this process
would especially come into play for consciously perceived errors compared to those that go
unnoticed.

Importantly, consistent involvement of bilateral TPJ was found in the present study even
though previously a right-lateralization of TPJ activity was observed for top-down action
control (Langner et a., 2018), in line with the right TPJ s hypothesised role in attentional

reorienting (for areview, see Corbetta and Shulman, 2002). However, bilateral TPJ responses
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to task-relevant stimuli have been found in other studies as well (e.g. Downar et al., 2000;
Kincade et al., 2005; for a discussion on hilateral TPJ involvement, see Geng and Vossel,
2013; Vossdl et al., 2014). Likewise, resting-state as well as meta-anaytic connectivity
modelling studies have shown strong interhemispheric connectivity between left and right TPJ
(Bzdok et al., 2013), questioning the theory of a strong right-lateralization. We conclude that
bilatera TPJ most likely supports correct task performance through contextual updating
during conflict trials when stimulus information needs to be integrated with the current task
goal to respond in a non-dominant fashion. While in error trials these processes may occur too

late, they may support correct behaviour in the following trial.

4.2 Regions specifically involved in error processing

M eta-analytic contrast analyses revealed a more strongly consistent involvement of PCC, left
SFG, posterior thalamus, and V1 in erroneous than correct responding during cognitive

interference tasks.
4.2.1 Posterior cingulate cortex

Functionally, the PCC is considered part of the default-mode network, together with the
ventromedial PFC and inferior parietal cortex, and typically shows deactivation during the
performance of externally directed tasks but increased activity during the so-called “resting
state” (Raichle et a., 2001; Buckner et al., 2008). As the DMN has typically shown activity
anticorrelated to the dorsal fronto-parieta network (Fox et a., 2005), it has often been
labelled the “task-negative’ network. This characterization, however, ignores the DMN's
potentially active role in cognition (cf. Pearson et a., 2011). In particular, increased DMN
activity has been observed in situations requiring internaly directed attention, such as
daydreaming, planning for the future, or autobiographical memory retrieval (Spreng and
Grady, 2010).

Anatomical evidence suggests that the PCC is not a homogenous region (Vogt et al., 2009).
Consistent error-related activity in our meta-analysis was found only within the dorsal part of
PCC. Resting-state functional connectivity analyses in humans as well as monkeys show
differential coupling patterns for dorsal versus ventra PCC (Leech et a., 2011; 2012;
Margulies et a., 2009). While the ventral part is functionally fully integrated in the DMN, the
dorsal PCC shows positive FC with arange of networks, including DMN but also the fronto-
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parietal control network, parts of the dorsal attention network, the sensorimotor network, and
the salience network (Leech et al., 2012). Hence, the dorsal PCC may play a crucial role in
linking functionally distinct networks that are recruited in a coordinated fashion when
cognitive control is needed (cf. Leech and Sharp, 2014). In line with this notion, there is
evidence for a more active role of the PCC when cognitive control demands increase. In
particular, lesions of the PCC result in deficits in the implementation of new strategies as well
as plan-following strategies in multitasking (cf. Burgess et a., 2000). Single-cell recordingsin
monkeys during a learning task showed phasic responses of PCC neurons to errors, with their
activity being modulated by small rewards and novel stimuli. Moreover, reversible
inactivation of PCC neurons impaired learning specifically in the most challenging condition,
when monkeys were presented novel, low-value scenes, whereas PCC inactivation did not
affect performance on well-learned associations (Heilbronner and Platt, 2013). Hence, PCC
might be actively involved in detecting the need for enhanced cognitive engagement or goal -
directed top-down modulation (Pearson et al., 2009), particularly coming into play when
performance is poor. This, in turn, suggests that increased dorsal PCC firing is a consequence
of poor performance, rather than a cause (cf. Heilbronner and Platt, 2013). This interpretation
is in line with a recent fMRI study using a categorization learning experiment that required
participants to identify the correct stimulus characteristics for categorization based on post-
response feedback (Wolff and Brechmann, 2022). Here, negative (vs. positive) feedback
elicited stronger activity in a widespread neural network including dorsal PCC. Importantly,
dorsal PCC was the only region where this effect was enhanced in the revearsal learning
phase when response contingencies switched. Dorsal PCC therefore most likely responds to
feedback information signaling the need for subsequent behavioral adaptations. The dorsal
PCC may then interact with the aMCC, which in turn implements corrective behavior (cf.
Agamet a., 2011; Charleset al., 2013).

Taken together, even though PCC activity has rarely been discussed in neurobiological
models of error processing, we argue that besides pMFC and al, the dorsa PCC plays a key
role in the coordinated recruitment of higher-order cognitive control. Convergence of dorsal
PCC activity in the present study, therefore, most likely points to an active role of this region
in post-error processing, by evaluating internal feedback from erroneous responses and

passing on signals (potentially viathe aM CC) that carry the need for behavioural adaptation.

4.2.2 Superior frontal gyrus
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The left SFG (MNI coordinate -28, 50, 28) was the only region in lateral PFC that showed
consistent error-related activity. Interestingly, this cluster was located more superior and
anterior to the clusters consistently showing involvement in successful interference resolution
(cf. Fig. 3B). A host of studies have implicated lateral PFC in cognitive adaptation processes
taking place after committing an error and preparing for high-conflict trials. However, there is
considerable variability with regard to the exact neuroanatomical location and left versus right
hemispheric involvement (e.g., MacDonald et al., 2000; Kerns et al., 2004). Evidence from
the Stroop paradigm points towards a specific role of the left DLPFC in contexts requiring a
temporal up-regulation of the attentional set (for a review, see Vanderhasselt et al., 2009).
Crucially, however, these attentional adjustments were based on participants’ expectancies
regarding the nature of the upcoming trial, but not on the amount of previous conflict per se.
In contrast, the right DLPFC was hypothesised to support micro-adjustments in a moment-to-
moment manner in conflict-driven contexts, leading to an up-regulation of cognitive control
processes. Egner and Hirsch (2005), differentiating effects of conflict detection and
adaptation, found aregion in the left SFG, very close to our cluster, to be associated with the
reduction in current-trial conflict due to exerting increased cognitive control after high-
conflict trials. Along the same lines, Magno and colleagues (Magno et al., 2006) used a
paradigm that allowed participants to reject atrial to avoid an error and found the same region
in the left SFG to be more strongly activated for reject versus error trials and also a correlation
of this region’s activity with performance. They hence concluded that this region is central to
maintaining a representation of relevant task goals and the implementation of necessary
changes in behaviour to avoid errors. Moreover, arecent rTMS study showed that inhibiting
the left, but not right, DLPFC results in a reduced Pe component in a subsequently performed
Go/No-Go task. As the ERN component was not affected, the study provides evidence for a
left-sided DLPFC involvement in later stages of error-related processing (Masina et al., 2019).
In conclusion, we would argue that the left SFG cluster we observed in our error-specific
analysis reflects this region’s recruitment when top-down control is to be strengthened or
focused to re-adapt cognitive processing to (again) meet behavioural goals after an error has

been made.
4.2.3 Posterior thalamus

Performance monitoring relies on the integrated functioning of the medial frontal cortex with
the lateral PFC and the basal ganglia (Ullsperger et al., 2014b). Previous evidence suggests
that within the thalamus, especially the ventral anterior (VA) and ventrolateral anterior (VLa)
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parts are strongly anatomically connected with the aM CC, and lesions affecting the VA/VLa
nuclel lead to an abolished ERN (Seifert et a., 2011). Interestingly, the present meta-analysis
reveded a consistent involvement of bilateral posterior thalamus extending into the
mediodorsal thalamus in erroneous responding, and the meta-analytic contrast analysis
provided further evidence for an error specifity of the posterior thalamus encompassing also
the pulvinar nucleus. The pulvinar receives inputs from visual cortices (Arcaro et al., 2015;
Shipp et al., 2003), and human lesion studies revealed a crucia role of the pulvinar in
attentional selection (Danziger et al., 2004). As the pulvinar is also strongly connected to the
TPJin humans (Rosenberg et al., 2009), convergent activity during erroneous responding may
reflect the interplay between the TPJ and pulvinar for post-error adjustments of attentional
reorienting to the behaviourally relevant stimulus information.

Further, the error-specific cluster in the posterior thalamus may also include the latera
habenula (LHb), which plays an important role in signalling negative rewards or feedback
(Shepard et a., 2006; Salas et al., 2010; Ullsperger and von Cramon, 2003; Baker et al.,
2016). Single-cell recording in non-human primates as well as Granger causality and
mediation analyses in humans argue for a regulatory role of the LHb on outcome-related
signalsin ventral tegmental area during error processing (Matsumoto and Hikosaka, 2007; Ide
and Li, 2011). In particular, it is believed that negative feedback, such as an error, is
accompanied by increased LHb activity, which in turn inhibits dopaminergic midbrain nuclei
and hence decreases dopamine output (cf. Shepard et al., 2006). Kawa and colleagues (2015)
recorded neura activity of LHb and pMFC in monkeys during a reversal learning task and
found LHb to signal current negative outcomes, whereas pMFC neurons stored information

from several past trials and signalled behavioural adjustment in the next trial.

While experiments with higher spatia resolution will be necessary to further disentangle the
specific roles of thalamic nuclel for error processing and adaptation processes, we argue that
across different interference paradigms particularly the posterior thalamus is recruited when
errors occur. The habenular complex may take an active role in signalling ongoing negative
outcomes and the pulvinar participating in post-error adjustment processes that may help to

reorient attention to task-relevant information.

424V1

One reason for committing errors is the automation alocation of selective attention to

distracting stimulus features, while task-relevant information is neglected or processed too
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late (Danielmeier et al., 2011). Evience from fMRI as well as MEG studies showed for
instance that correct responding in the stop signal task depends on the strength of processing
of the task-relevant (stop) stimulus (Boehler et al., 2009; 2010). Hence, after committing an
error, a realocation of attention to task-relevant information is required to enable correct
performance in the next trial. fMRI studies have provided evidence for this top-down
reallocation of attention after commission errors. For example, a study using the face-gender
classification version of the Simon task found enhanced target processing in face-sensitive
sensory cortex after commission errors (King et al., 2010). Likewise, activity increases in
task-relevant visual areas have been observed in post-error trials in interference tasks, while
activity in visual areas representing task-irrelevant distracting information decreased, and
these modulations were correlated with error-related pMFC activity (Danielmeier et a., 2011,
2015). While the neural circuits underlying this top-down attentional modulations are not
completely understood, a recent study using a 5-choice seria reaction time task in mice
revealed a direct projection from the anterior cingulate area to the visual cortex selectively
engaged in the post-error regulation of selective attention (Norman et al., 2021).

While the present study provides evidence for a specific and consistent involvement of right
V1 during incorrect responding, the functional significance of this effect has rarely been
discussed in the respective papers. Interestingly, a recent study investigating momentary
lapses of attention in a multisensory environment found not only increased pre-stimulus
activity in the DMN, but aso that increased pre-stimulus activity within a region of the right
calcarine cortex close to our cluster led to impaired subsequent task performance as indicated
by increased RT (Su et a., 2020). We hence argue that the stronger convergence of right V1
activity during error trials may reflect an automatic, bottom-up driven allocation of attention
to irrelevant stimulus properties (in the context of interference tasks) or a stronger processing
of the go stimulus (in the context of inhibition tasks), interfering with the processing of task-

relevant information and resulting in committing errors.

Besides V1, we did not find convergence in any other region that one might have expected to
be associated with error-prone states, such as an increased activity in the DMN. While
increased activity in the DMN has been found in trials preceding errors (Weissmann et al.,
2006; Su et al., 2020), due to the low temporal resolution of fMRI we would have expected to
also find consistent activity in these regions when an error occurs. One reason for the lack of
convergence in regions related to error-prone states may be that errors can result from

different causes, such as attentional lapses or motor control failures (van Driel et al., 2012;
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Weissman et al., 2006; Su et a. 2020) as well as maladaptation of cognitive control
(Steinhauser et a., 2012) or insufficient task rule activation (Possin et al., 2009), hence
reducing the probability to find convergence across studies. Further, there may be task-
specific error-prone states, as errors in the stop-signal task, where participants are usually
pushed towards a 50% accuracy rate, may be driven by different factors than errors in a
flanker task, where errors are much more infrequent and more likely result from short-time
attentional lapses and control failures. However, our meta-analyses separating between
paradigm classes, i.e. the classic response interference tasks and the classic response
inhibition tasks, did show avery similar set of regions consistently recruited during erroneous
responding (cf. Fig. 6A,B). As these meta-analyses included only arelatively small number of
studies, additional data is needed to more thoroughly investigate task-specific, or more

generally, error-type-specific effects.

4.3 Regions specifically involved in successful conflict resolution

The broad fronto-parietal network consistently involved in correct interference resolution
(Fig. 2) well replicates results of previous studies. However, it does not seem to be involved
selectively in interference control processes but rather also in other facets of executive
functioning. As it responds in a very domain-general manner across a diversity of tasks
probing executive functioning, it has been labelled the multiple-demand network (Duncan and
Owen, 2000, Duncan et al., 2010; Mller et al., 2015) or cognitive control network (Cole and
Schneider, 2007). As discussed above, parts of the network (i.e., pPMFC, bilateral al and TPJ)
were also involved in error-related processing as revealed by the conjunction analysis. In
contrast, posterior parietal, superior and latera prefrontal parts of the network were more
strongly involved in correct interference control. The lack of consistent activation within these
frontoparietal regions during error trials may reflect the failure to activate or apply the correct
stimulus—response contingencies for successful response execution and thus suggest a
mechanism for how errors come about. This notion is also supported by studies showing that
the mere anticipation of interference (such as a cue indicating a high probability of a stop
signal) is enough to activate this network (Jahfari et al., 2012; Smittenaar et al., 2013),

suggesting its importance for the correctness of behavioural output.

While there may be many roads to errors, here we highlight two possible sources based on the

networks involved in successful conflict resolution. The dorsal parietal and superior frontal
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regions of the successful conflict resolution network are part of a dorsal attention network that
has been consistently involved in visuospatial attention and goal-directed selection of
stimulus-response associations (e.g. Corbetta and Shulman 2002; Corbetta et al., 2008; Cieslik
et al., 2010). This network controls voluntary attention by sending top-down control signals to
lower-level sensory areas, thereby facilitating the processing of task-relevant stimuli and
suppression of irrelevant information (Corbetta et al., 2000; Hopfinger et a., 2000; Vossel et
al., 2014). The dorsa attention network increases activity when the number or priority of
distractors presented in the vicinity of the target stimulus is increased (Lanssens et al., 2020;
Molenberghs et al., 2008, Nobre et a, 2003; Wel et a., 2019). Likewise, stimulation of the
superior frontal cortex as well as the IPS modulates the ability of filtering out distractors
(Lega et al., 2019; Moos et al., 2012; Jigo et a., 2018). One road that may therefore lead to
errors are attention control failures, as distracting stimuli can impair stopping on the stop-
signal task (Verbruggen, Stevens, & Chambers, 2014), likely impacting appropriate cognitive
control. Consistently less activity in error trials within the dorsal attention network may
therefore reflect failures in suppressing task-irrelevant information (such as flanking
distractors in the flanker task) and/or delayed processing of the task-relevant information
(such as the stop-signal is processed too late), leading to the execution of the automatic,
overlearned behaviour before the correct alternative could be initiated.

Next, the IPFC has been assumed to subserve the planning of behavioura responses and
encoding of task relevant rule sets (Tanji and Hoshi, 2001; Mian et al., 2014). Similarly, non-
human primate studies provide evidence for the IPFC playing a key role in the representation
of task rules that link relevant stimulus features and appropriate motor responses (Hoshi and
Tanji, 2004; Ninokura et al., 2004; White and Wise, 199, Sakamoto et a., 2022). In humans,
right IPFC atrophy is associated with increased rule violation errors (Possin et al., 2009). The
inferior frontal junction (IFJ), a region contained within the cluster found in IPFC, has been
proposed to continuously reactivate relevant task rules that link relevant stimulus features and
non-dominant responses (Cieslik et a. 2015). The lack of convergence in the IPFC for
incorrect compared to correct responding may thus indicate momentary lapses in task rule
activation resulting in the lack of suppression of the predominant response and its subsequent
execution. As we did not find convergence within any other brain regions that we would
hypothesize to be associated with error-prone states apart from V1, errors may not simply
result from an overactivation of task-irrelevant regions but more likely from an insufficient
activation of the task-relevant regions. Future studies may test this hypothesis by using the

current results as seed regions to investigate their activation level prior to an erroneous
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response and when it happens. This may help to obtain a better understanding of the temporal
BOLD fluctuations within the network and test the hypothesis that commission errors go
along with reduced activity in the dorsal attention network and IPFC, as a sign of attentional

control failures or short-time lapses in task-rule reactivation.

4.4 Limitations

Importantly, already over a decade ago, Grinband and colleagues (2008; 2011) argued that
pMFC activity may not reflect conflict or error likelihood at all but rather is sensitive to trial-
to-trial differences in response times. As incongruent trials are commonly associated with
longer RTs than congruent ones, this may be a confound in fMRI studies not adjusting for
differences in RTs and may also impact the observed activation level in other task-positive
brain regions (Yarkoni et al., 2009; see aso recent preprints investigating this effect: Beldzik
and Ullsperger, 2023 (preprint); Mumford et a., 2023 (preprint)). As most studies
investigating interference resolution do not adjust for RT differences, this may also have an
impact on the present meta-analytic findings. However, as commission errors are usualy
associated with shorter RTs than high-conflict trials (e.g. Ridderinkhof et al., 2003), the
regions showing common involvement across erroneous and successful responding are most
likely not strongly affected by this effect. However, future studies investigating interference
control should specifically take into account the effect of condition differences in response

speed and how these might modulate observed activation levels in the task network.

4.5 Conclusion

This study provides evidence that monitoring one's behavioura performance relies on the
integrated functioning of different neural networks. The pMFC and al, central hubs of the
salience network (Seeley et al., 2007), are consistently involved during correct as well as
erroneous responding and most likely the key players in the evaluation of situations calling
for increased cognitive control, such as high-conflict trials or errors. Meta-analytic contrast
analyses revealed some functional differentiation within these regions, which may point
towards the specific salience of errors as failures may be particularly relevant for behavioural
learning and adaptation.

Besides the well-established roles of pMFC and insula, a set of other regions was also found

to be consistently involved in error-related processing. In particular, the dorsal PCC, which
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has been less commonly assigned a key role in the context of error monitoring, revealed
specific convergence for erroneous responding. We therefore argue that this region works in
concert with pMFC and al, coming into play particularly when internal monitoring indicates
that the performance level is (too) low, by subserving the evaluation of internal and external
feedback from erroneous responses and forwarding the need for behavioural adaptation
processes via the pMFC to the SFG, which then implements subsequent top-down behavioral
control.

Bilateral TPJ, which was consistently activated across successful and erroneous responding,
likely mediates contextual updating in high-conflict trials that require the integration of
stimulus information with current task goals. While these processes may occur too late in
error trias, they likely support correct task performance in subsequent ones, thereby
contributing to post-error adaptation processes.

The dorsal attention network and IPFC, on the other hand, showed stronger convergence for
successful response execution, which may point towards a failure to inhibit distracting
sensory information and insufficient task-rule reactivation in erroneous trials. Together with
the fact that besides V1 we did not find convergence in any other region whose increased
activity could be assumed to reflect error-prone states, it seems that the processes leading to
skill-based slips and lapses according to Reasons’s nomenclature (Reason, 1990) can most
likely be localised within the network responsible for correct cognitive action control itself,
rather than outside the network.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Acknowledgements:

We thank all contacted authors who contributed results of relevant contrasts not explicitly
reported in the original publications, and we apologise to all authors whose eligible papers we
might have missed.

This study was supported by the National Institute of Mental Health (RO1-MHO074457) and
the Helmholtz Portfolio Theme “ Supercomputing and M odeling for the Human Brain™.

This project has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (grant agreement No
101018805).

29


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

References

Agam, Y., Hamalainen, M.S,, Lee, A K., Dyckman, K.A., Friedman, J.S.,, Isom, M., Makris,
N., Manoach, D.S,, 2011. Multimodal neuroimaging dissociates hemodynamic and
electrophysiological correlates of error processing. Proc Natl Acad Sci U SA 108, 17556-
17561.

Amiez, C., Joseph, J.P., Procyk, E., 2005. Anterior cingulate error-related activity is
modulated by predicted reward. Eur J Neurosci 21, 3447-3452.

Arcaro, M.J., Pinsk, M.A., Kastner, S., 2015. The Anatomical and Functional Organization of
the Human Visual Pulvinar. Journal of Neuroscience 35, 9848-9871.

Baker, P.M., Jhou, T., Li, B., Matsumoto, M., Mizumori, S.J.Y ., Stephenson-Jones, M.,
Vicentic, A., 2016. The Lateral Habenula Circuitry: Reward Processing and Cognitive
Control. Journa of Neuroscience 36, 11482-11488.

Beldzik and Ullsperger, 2023, PREPRINT version
https://www.biorxiv.org/content/10.1101/2023.02.14.528515v2.ful l#ref-39

Boehler, C.N., Appelbaum, L.G., Krebs, R.M., Hopf, J.M., Woldorff, M.G., 2010. Pinning
down response inhibition in the brain - Conjunction analyses of the Stop-signal task.
Neuroimage 52, 1621-1632.

Boehler, C.N., Munte, T.F., Krebs, R.M., Heinze, H.J., Schoenfeld, M.A., Hopf, J.M., 2009.
Sensory MEG Responses Predict Successful and Failed Inhibition in a Stop-Signal Task.
Cerebral Cortex 19, 134-145.

Botvinick, M., Nystrom, L.E., Fissell, K., Carter, C.S., Cohen, J.D., 1999. Conflict
monitoring versus selection-for-action in anterior cingulate cortex. Nature 402, 179-181.

Botvinick, M.M., Braver, T.S,, Barch, D.M., Carter, C.S., Cohen, J.D., 2001. Conflict
monitoring and cognitive control. Psychol Rev 108, 624-652.

Brockett, A.T., Roesch, M.R., 2021. Anterior cingulate cortex and adaptive control of brain
and behavior. Int Rev Neurobiol 158, 283-309.

Brockett, A.T., Tennyson, S.S., deBettencourt, C.A., Gaye, F., Roesch, M.R., 2020. Anterior
cingulate cortex is necessary for adaptation of action plans. Proc Natl Acad Sci U SA 117,
6196-6204.

Brown, JW., Braver, T.S., 2005. Learned predictions of error likelihood in the anterior
cingulate cortex. Science 307, 1118-1121.

Bryden, D.W., Brockett, A.T., Blume, E., Heatley, K., Zhao, A., Roesch, M.R., 2019. Single
Neurons in Anterior Cingulate Cortex Signal the Need to Change Action During Performance
of a Stop-change Task that Induces Response Competition. Cereb Cortex 29, 1020-1031.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain's default network:
anatomy, function, and relevance to disease. Ann N Y Acad Sci 1124, 1-38.

Burgess, P.W., Veitch, E., Costello, A.D., Shallice, T., 2000. The cognitive and
neuroanatomical correlates of multitasking. Neuropsychologia 38, 848-863.

Bush, G., Luu, P., Posner, M.1., 2000. Cognitive and emotional influences in anterior
cingulate cortex. Trends Cogn Sci 4, 215-222.

Bzdok, D., Langner, R., Schilbach, L., Jakobs, O., Roski, C., Caspers, S, Laird, A.R., Fox,
P.T., Zilles, K., Eickhoff, S.B., 2013. Characterization of the temporo-parietal junction by
combining data-driven parcellation, complementary connectivity analyses, and functional
decoding. Neuroimage 81, 381-392.

Carter, C.S,, Braver, T.S,, Barch, D.M., Botvinick, M.M., Nall, D., Cohen, J.D., 1998.
Anterior cingulate cortex, error detection, and the online monitoring of performance. Science
280, 747-749.

Carter, C.S., Macdonald, A.M., Botvinick, M., Ross, L.L., Stenger, V.A., Noll, D., Cohen,
J.D., 2000. Parsing executive processes: strategic vs. evaluative functions of the anterior
cingulate cortex. Proc Natl Acad Sci U SA 97, 1944-1948.

Castellanos-Ryan, N., Rubia, K., Conrod, P.J., 2011. Response inhibition and reward response
bias mediate the predictive relationships between impulsivity and sensation seeking and
common and unique variance in conduct disorder and substance misuse. Alcohol Clin Exp
Res 35, 140-155.

Cauda, F., D'Agata, F., Sacco, K., Duca, S., Geminiani, G., Vercelli, A., 2011. Functional
connectivity of theinsulain the resting brain. Neuroimage 55, 8-23.

Charles, L., Van Opstal, F., Marti, S., Dehaene, S., 2013. Distinct brain mechanisms for
conscious versus subliminal error detection. Neuroimage 73, 80-94.

Ciedlik, E.C., Mueller, V1., Eickhoff, C.R., Langner, R., Eickhoff, S.B., 2015. Three key
regions for supervisory attentional control: evidence from neuroimaging meta-analyses.
Neuroscience and biobehavioral reviews 48, 22-34.

Ciedlik, E.C., Zilles, K., Kurth, F., Eickhoff, S.B., 2010. Dissociating bottom-up and top-
down processesin amanual stimulus-response compatibility task. Journal of neurophysiology
104, 1472-1483.

Cole, M.W., Schneider, W., 2007. The cognitive control network: Integrated cortical regions
with dissociable functions. Neuroimage 37, 343-360.

Corbetta, M., Kincade, JM., Ollinger, J.M., McAvoy, M.P., Shulman, G.L., 2000. Voluntary
orienting is dissociated from target detection in human posterior parietal cortex. Nat Neurosci
3, 292-297.

31


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The reorienting system of the human brain:
from environment to theory of mind. Neuron 58, 306-324.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven attention in
the brain. Nat Rev Neurosci 3, 201-215.

Critchley, H.D., Tang, J., Glaser, D., Butterworth, B., Dolan, R.J., 2005. Anterior cingulate
activity during error and autonomic response. Neuroimage 27, 885-895.

Critchley, H.D., Wiens, S., Rotshtein, P., Ohman, A., Dolan, R.J., 2004. Neural systems
supporting interoceptive awareness. Nat Neurosci 7, 189-195.

Danev, S.G., de Winter, C.R., 1971. Heart rate decel eration after erroneous responses. A
phenomenon complicating the use of heart rate variability for assessing mental |oad. Psychol
Forsch 35, 27-34.

Danielmeier, C., Allen, E.A., Jocham, G., Onur, O.A., Eichele, T., Ullsperger, M., 2015.
Acetylcholine mediates behavioral and neural post-error control. Curr Biol 25, 1461-1468.

Danielmeier, C., Eichele, T., Forstmann, B.U., Tittgemeyer, M., Ullsperger, M., 2011.
Posterior Medial Frontal Cortex Activity Predicts Post-Error Adaptations in Task-Related
Visua and Motor Aress. Journal of Neuroscience 31, 1780-1789.

Danielmeier, C., Ullsperger, M., 2011. Post-error adjustments. Front Psychol 2, 233.

Danziger, S., Ward, R., Owen, V., Rafal, R., 2004. Contributions of the human pulvinar to
linking vision and action. Cogn Affect Behav Ne 4, 89-99.

Debener, S., Ullsperger, M., Siegel, M., Fiehler, K., von Cramon, D.Y ., Engel, A.K., 2005.
Tria-by-trial coupling of concurrent electroencephalogram and functional magnetic
resonance imaging identifies the dynamics of performance monitoring. J Neurosci 25, 11730-
11737.

Dehaene, S., Posner, M. |., Tucker, D. M., 1994. Localization of a neural system for error
detection and compensation. Psychological Science, 5(5), 303—-305.

Deen, B., Pitskel, N.B., Pelphrey, K.A., 2011. Three systems of insular functional
connectivity identified with cluster analysis. Cereb Cortex 21, 1498-1506.

Di Gregorio, F., Maier, M.E., Steinhauser, M., 2018. Errors can €elicit an error positivity in the
absence of an error negativity: Evidence for independent systems of human error monitoring.
Neuroimage 172, 427-436.

Donders, F.C., 1969. On the speed of mental processes. Acta Psychol (Amst) 30, 412-431.

Downar, J., Crawley, A.P., Mikulis, D.J., Davis, K.D., 2000. A multimodal cortical network
for the detection of changes in the sensory environment. Nat Neurosci 3, 277-283.

Duncan, J., 2010. The multiple-demand (MD) system of the primate brain: mental programs
for intelligent behaviour. Trends Cogn Sci 14, 172-179.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Duncan, J., Owen, A.M., 2000. Common regions of the human frontal lobe recruited by
diverse cognitive demands. Trends in neurosciences 23, 475-4383.

Eagle, D.M., Bari, A., Robbins, T.W., 2008. The neuropsychopharmacology of action
inhibition: cross-species translation of the stop-signal and go/no-go tasks.
Psychopharmacology 199, 439-456.

Egner, T., Hirsch, J., 2005. The neural correlates and functional integration of cognitive
control in a Stroop task. Neuroimage 24, 539-547.

Eichele, H., Juvodden, H.T., Ullsperger, M., Eichele, T., 2010. Mal-adaptation of event-
related EEG responses preceding performance errors. Front Hum Neurosci 4.

Eichele, T., Debener, S., Cahoun, V.D., Specht, K., Engel, A.K., Hugdahl, K., von Cramon,
D.Y., Ullsperger, M., 2008. Prediction of human errors by maladaptive changes in event-
related brain networks. Proc Natl Acad Sci U SA 105, 6173-6178.

Eickhoff, S.B., Bzdok, D., Laird, A.R., Kurth, F., Fox, P.T., 2012. Activation likelihood
estimation meta-analysis revisited. Neuroimage 59, 2349-2361.

Eickhoff, S.B., Laird, A.R., Grefkes, C., Wang, L.E., Zilles, K., Fox, P.T., 2009. Coordinate-
based activation likelihood estimation meta-analysis of neuroimaging data: a random-effects
approach based on empirical estimates of spatial uncertainty. Human brain mapping 30, 2907-
2926.

Eickhoff, S.B., Paus, T., Caspers, S., Grosbras, M.H., Evans, A.C,, Zilles, K., Amunts, K.,
2007. Assignment of functional activationsto probabilistic cytoarchitectonic areas revisited.
Neuroimage 36, 511-521.

Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G.R., Amunts, K., Zilles, K.,
2005. A new SPM toolbox for combining probabilistic cytoarchitectonic maps and functional
imaging data. Neuroimage 25, 1325-1335.

Eimer, M., 1995. Stimulus-response compatibility and automatic response activation:
evidence from psychophysiological studies. J Exp Psychol Hum Percept Perform 21, 837-854.

Eriksen, B.A., Eriksen, C. W., 1974. Effects of noise |etters upon identification of a target
letter in a non-search task. Perception Psychophysics 16, 143-149.

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

Fiehler, K., Ullsperger, M., Grigutsch, M., Cramon, D., 2004. Cardiac responses to error
processing and response conflict. Errors, conflict and the brain: current opinions on
performance monitoring 135-140

Fitts, P.M., Seeger, C.M., 1953. S-R compatibility: spatial characteristics of stimulus and
response codes. Journal of experimental psychology 46, 199-210.

33


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Fox, M.D., Snyder, A.Z., Vincent, J.L., Corbetta, M., Van Essen, D.C., Raichle, M.E., 2005.
The human brain isintrinsically organized into dynamic, anticorrelated functional networks.
Proc Natl Acad Sci U SA 102, 9673-9678.

Fu, Z., Beam, D., Chung, JM., Reed, C.M., Mamelak, A.N., Adolphs, R., Rutishauser, U.,
2022. The geometry of domain-general performance monitoring in the human medial frontal
cortex. Science 376, eabm9922.

Fu, Z., Wu, D.J,, Ross, |, Chung, JM., Mamelak, A.N., Adolphs, R., Rutishauser, U., 2019.
Single-Neuron Correlates of Error Monitoring and Post-Error Adjustments in Human Medial
Frontal Cortex. Neuron 101, 165-177 €165.

Garavan, H., Ross, T.J., Kaufman, J., Stein, E.A., 2003. A midline dissociation between error-
processing and response-conflict monitoring. Neuroimage 20, 1132-1139.

Garavan, H., Ross, T.J., Murphy, K., Roche, R.A., Sein, E.A., 2002. Dissociable executive
functions in the dynamic control of behavior: inhibition, error detection, and correction.
Neuroimage 17, 1820-1829.

Gehring, W.J.,, Goss, B., Coles, M.G.H., Meyer, D.E., Donchin, E., 1993. A Neural System
for Error-Detection and Compensation. Psychological Science 4, 385-390.

Geng, JJ., Vossd, S., 2013. Re-evaluating the role of TPJin attentional control: contextual
updating? Neuroscience and biobehavioral reviews 37, 2608-2620.

Grinband, J., Savitskaya, J., Wager, T.D., Teichert, T., Ferrera, V.P., Hirsch, J., 2011. The
dorsal medial frontal cortex is sensitive to time on task, not response conflict or error
likelihood. Neuroimage 57, 303-311.

Grinband, J., Wager, T.D., Lindquist, M., Ferrera, V.P., Hirsch, J., 2008. Detection of time-
varying signalsin event-related fMRI designs. Neuroimage 43, 509-520.

Gruendler, T.O., Ullsperger, M., Huster, R.J., 2011. Event-related potential correlates of
performance-monitoring in a lateralized time-estimation task. PLoS One 6, e25591.

Hallett, P.E., 1978. Primary and secondary saccades to goals defined by instructions. Vision
research 18, 1279-1296.

Heckner, M K., Ciedlik, E.C., Eickhoff, S.B., Camilleri, JA., Hoffstaedter, F., Langner, R.,
2021. The Aging Brain and Executive Functions Revisited: Implications from Meta-analytic
and Functional-Connectivity Evidence. J Cogn Neurosci 33, 1716-1752.

Heilbronner, S.R., Platt, M.L., 2013. Causal Evidence of Performance Monitoring by Neurons
in Posterior Cingulate Cortex during Learning. Neuron 80, 1384-1391.

Herrmann, M .J., Rommler, J,, Ehlis, A.C., Heidrich, A., Fallgatter, A.J., 2004. Source
localization (LORETA) of the error-related-negativity (ERN/Ne) and positivity (Pe). Brain
Res Cogn Brain Res 20, 294-299.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

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

Hester, R., Madeley, J., Murphy, K., Mattingley, J.B., 2009. Learning from errors:. error-
related neural activity predicts improvements in future inhibitory control performance. J
Neurosci 29, 7158-7165.

Hester, R., Nandam, L.S., O'Connell, R.G., Wagner, J., Strudwick, M., Nathan, P.J.,
Mattingley, J.B., Bellgrove, M.A., 2012. Neurochemical enhancement of conscious error
awareness. J Neurosci 32, 2619-2627.

Holroyd, C.B., Coles, M.G.H., 2002. The neura basis of human error processing:
reinforcement learning, dopamine, and the error-related negativity. Psychol Rev 109, 679-
709.

Hopfinger, J.B., Buonocore, M.H., Mangun, G.R., 2000. The neural mechanisms of top-down
attentional control. Nature Neuroscience 3, 284-291.

Hoshi, E., Tanji, J., 2004. Area-selective neuronal activity in the dorsolateral prefrontal cortex
for information retrieval and action planning. Journal of neurophysiology 91, 2707-2722.

Hughes, G., Yeung, N., 2011. Dissociable correlates of response conflict and error awareness
in error-related brain activity. Neuropsychologia 49, 405-415.

lannaccone, R., Hauser, T.U., Staempfli, P., Walitza, S., Brandeis, D., Brem, S., 2015.
Conflict monitoring and error processing: new insights from simultaneous EEG-fMRI.
Neuroimage 105, 395-407.

Ide, J.S,, Li, C.SR., 2011. Error-related functional connectivity of the habenulain humans.
Frontiers in Human Neuroscience 5.

Jahfari, S., Verbruggen, F., Frank, M.J., Waldorp, L.J., Colzato, L., Ridderinkhof, K.R.,
Forstmann, B.U., 2012. How Preparation Changes the Need for Top-Down Control of the
Basal Ganglia When Inhibiting Premature Actions. Journal of Neuroscience 32, 10870-10878.

Jigo, M., Gong, M.Y ., Liu, T.S., 2018. Neural Determinants of Task Performance during
Feature-Based Attention in Human Cortex. Eneuro 5.

Jin, F., Zheng, P., Liu, H., Guo, H., Sun, Z., 2018. Functional and anatomical connectivity-
based parcellation of human cingulate cortex. Brain Behav 8, €01070.

Karnath, H.O., Baier, B., Nagele, T., 2005. Awareness of the functioning of one's own limbs
mediated by theinsular cortex? J Neurosci 25, 7134-7138.

Kawai, T., Yamada, H., Sato, N., Takada, M., Matsumoto, M., 2015. Roles of the Lateral
Habenula and Anterior Cingulate Cortex in Negative Outcome Monitoring and Behavioral
Adjustment in Nonhuman Primates. Neuron 88, 792-804.

35


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Kelly, C., Toro, R., Di Martino, A., Cox, C.L., Bellec, P., Castellanos, F.X., Milham, M.P.,
2012. A convergent functional architecture of the insula emerges across imaging modalities.
Neuroimage 61, 1129-1142.

Kerns, J.G., Cohen, J.D., MacDonald, A.W., 3rd, Cho, R.Y ., Stenger, V.A., Carter, C.S,,
2004. Anterior cingulate conflict monitoring and adjustmentsin control. Science 303, 1023-
1026.

Kiehl, K.A., Liddle, P.F., Hopfinger, J.B., 2000. Error processing and the rostral anterior
cingulate: an event-related fMRI study. Psychophysiology 37, 216-223.

Kincade, JM., Abrams, R.A., Astafiev, S.V., Shulman, G.L., Corbetta, M., 2005. An event-
related functional magnetic resonance imaging study of voluntary and stimulus-driven
orienting of attention. J Neurosci 25, 4593-4604.

King, JA., Korb, F.M., von Cramon, D.Y ., Ullsperger, M., 2010. Post-Error Behavioral
Adjustments Are Facilitated by Activation and Suppression of Task-Relevant and Task-
Irrelevant Information Processing. Journal of Neuroscience 30, 12759-12769.

Kirschner, H., Humann, J., Derrfuss, J., Danielmeier, C., Ullsperger, M., 2021. Neural and
behavioral traces of error awareness. Cogn Affect Behav Neurosci 21, 573-591.

Klein, T.A., Endrass, T., Kathmann, N., Neumann, J., von Cramon, D.Y ., Ullsperger, M.,
2007. Neural correlates of error awareness. Neuroimage 34, 1774-1781.

Klein, T.A., Ullsperger, M., Danielmeier, C., 2013. Error awareness and the insula: links to
neurological and psychiatric diseases. Front Hum Neurosci 7, 14.

Korsch, M., Fruhholz, S., Herrmann, M., 2014. Ageing differentially affects neural processing
of different conflict types-an fMRI study. Front Aging Neurosci 6, 57.

Kurth, F., Zilles, K., Fox, P.T., Laird, A.R., Eickhoff, S.B., 2010. A link between the systems:
functional differentiation and integration within the human insula revealed by meta-analysis.
Brain Struct Funct 214, 519-534.

Laird, A.R., Eickhoff, S.B., Kurth, F., Fox, P.M., Uecker, A.M., Turner, J.A., Robinson, J.L.,
Lancaster, J.L., Fox, P.T., 2009a. ALE Meta-Analysis Workflows Viathe Brainmap
Database: Progress Towards A Probabilistic Functional Brain Atlas. Frontiersin
neuroinformatics 3, 23.

Laird, A.R., Eickhoff, S.B., Li, K., Robin, D.A., Glahn, D.C., Fox, P.T., 2009b. Investigating
the functional heterogeneity of the default mode network using coordinate-based meta-
analytic modeling. J Neurosci 29, 14496-14505.

Lancaster, J.L., Tordesillas-Gutierrez, D., Martinez, M ., Salinas, F., Evans, A., Zilles, K.,
Mazziotta, J.C., Fox, P.T., 2007. Bias between MNI and Talairach coordinates analyzed using
the ICBM-152 brain template. Human brain mapping 28, 1194-1205.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Langner, R., Eickhoff, S.B., 2013. Sustaining attention to simple tasks: a meta-analytic review
of the neural mechanisms of vigilant attention. Psychol Bull 139, 870-900.

Langner, R., Leiberg, S., Hoffstaedter, F., Eickhoff, S.B., 2018. Towards a human self-
regulation system: Common and distinct neural signatures of emotional and behavioural
control. Neuroscience and biobehavioral reviews 90, 400-410.

Lanssens, A., Pizzamiglio, G., Mantini, D., Gillebert, C.R., 2020. Role of the dorsal attention
network in distracter suppression based on features. Cogn Neurosci-Uk 11, 37-46.

Leech, R, Braga, R., Sharp, D.J., 2012. Echoes of the Brain within the Posterior Cingulate
Cortex. Journal of Neuroscience 32, 215-222.

Leech, R., Kamourieh, S., Beckmann, C.F., Sharp, D.J., 2011. Fractionating the Default Mode
Network: Distinct Contributions of the Ventral and Dorsal Posterior Cingulate Cortex to
Cognitive Control. Journal of Neuroscience 31, 3217-3224.

Leech, R., Sharp, D.J., 2014. The role of the posterior cingulate cortex in cognition and
disease. Brain 137, 12-32.

Lega, C., Ferrante, O., Marini, F., Santandrea, E., Cattaneo, L., Chelazzi, L., 2019. Probing
the Neural Mechanisms for Distractor Filtering and Their History-Contingent M odulation by
Means of TMS. Journal of Neuroscience 39, 7591-7603.

Li, C.S,, Huang, C., Constable, R.T., Sinha, R., 2006a. Gender differencesin the neural
correlates of response inhibition during a stop signal task. Neuroimage 32, 1918-1929.

Li, C.S., Huang, C., Constable, R.T., Sinha, R., 2006b. Imaging response inhibition in a stop-
signal task: neural correlates independent of signal monitoring and post-response processing.
J Neurosci 26, 186-192.

Li, C.S,, Yan, P., Bergquist, K.L., Sinha, R., 2007. Greater activation of the "default” brain
regions predicts stop signal errors. Neuroimage 38, 640-648.

Logan, G.D., Schachar, R. J., Tannock, R. T., 1997. Impulsivity and inhibitory control.
Psychologica Science 8, 60-64.

MacDonald, A.W., 3rd, Cohen, J.D., Stenger, V.A., Carter, C.S., 2000. Dissociating therole
of the dorsolateral prefrontal and anterior cingulate cortex in cognitive control. Science 288,
1835-1838.

Magno, E., Foxe, JJ., Molholm, S., Robertson, |.H., Garavan, H., 2006. The anterior
cingulate and error avoidance. J Neurosci 26, 4769-4773.

Margulies, D.S., Vincent, J.L., Kelly, C., Lohmann, G., Uddin, L.Q., Biswal, B.B., Villringer,
A., Castellanos, F.X., Milham, M.P., Petrides, M., 2009. Precuneus shares intrinsic functional
architecture in humans and monkeys. Proc Natl Acad Sci U S A 106, 20069-20074.

37


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Masina, F., Tarantino, V., Valesi, A., Mapelli, D., 2019. Repetitive TMS over the left
dorsolateral prefrontal cortex modulates the error positivity: An ERP study. Neuropsychologia
133, 107153.

Matsumoto, M., Hikosaka, O., 2007. Lateral habenula as a source of negative reward signals
in dopamine neurons. Nature 447, 1111-U1111.

Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network model of
insula function. Brain Struct Funct 214, 655-667.

Mian, M.K., Sheth, S.A., Patel, SR., Spiliopoulos, K., Eskandar, E.N., Williams, Z.M., 2014.
Encoding of Rules by Neurons in the Human Dorsolateral Prefrontal Cortex. Cerebral Cortex
24, 807-816.

Miltner, W.H., Lemke, U., Weiss, T., Holroyd, C., Scheffers, M.K., Coles, M.G., 2003.
Implementation of error-processing in the human anterior cingulate cortex: a source analysis
of the magnetic equivalent of the error-related negativity. Biol Psychol 64, 157-166.

Moeller, F.G., Barratt, E.S., Dougherty, D.M., Schmitz, JM., Swann, A.C., 2001. Psychiatric
aspects of impulsivity. Am J Psychiatry 158, 1783-1793.

Mohanty, A., Engels, A.S., Herrington, J.D., Heller, W., Ho, M.H., Banich, M.T., Webb,
A.G., Warren, S.L., Miller, G.A., 2007. Differential engagement of anterior cingulate cortex
subdivisions for cognitive and emotional function. Psychophysiology 44, 343-351.

Molenberghs, P., Gillebert, C.R., Peeters, R., Vandenberghe, R., 2008. Convergence between
lesion-symptom mapping and functional magnetic resonance imaging of spatially selective
attention in the intact brain. Journal of Neuroscience 28, 3359-3373.

Moos, K., Vossel, S., Weidner, R., Sparing, R., Fink, G.R., 2012. Modulation of Top-Down
Control of Visual Attention by Cathodal tDCS over Right IPS. Journal of Neuroscience 32,
16360-16368.

Mdller, V.I., Ciedlik, E.C., Laird, A.R., Fox, P.T., Radua, J., Mataix-Cols, D., Tench, C.R.,
Y arkoni, T., Nichals, T.E., Turkeltaub, P.E., Wager, T.D., Eickhoff, S.B., 2018. Ten simple
rules for neuroimaging meta-analysis. Neuroscience and biobehavioral reviews 84, 151-161.

Mdiller, V.I., Langner, R., Cieslik, E.C., Rottschy, C., Eickhoff, S.B., 2015. Interindividual
differences in cognitive flexibility: influence of gray matter volume, functional connectivity
and trait impulsivity. Brain Struct Funct 220, 2401-2414.

Mumford et al., 2023, PREPRINT version
https://www.biorxiv.org/content/10.1101/2023.02.15.528677v1.ful l#ref-36

Narayanan, N.S., Cavanagh, J.F., Frank, M.J., Laubach, M., 2013. Common medial frontal
mechanisms of adaptive control in humans and rodents. Nat Neurosci 16, 1888-1895.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Nee, D.E., Kastner, S., Brown, JW., 2011. Functional heterogeneity of conflict, error, task-
switching, and unexpectedness effects within medial prefrontal cortex. Neuroimage 54, 528-
540.

Neubert, F.X., Mars, R.B., Sdlet, J., Rushworth, M.F., 2015. Connectivity reveals
relationship of brain areas for reward-guided learning and decision making in human and
monkey frontal cortex. Proc Natl Acad Sci U SA 112, E2695-2704.

Nichols, T., Brett, M., Andersson, J., Wager, T., Poline, J.B., 2005. Valid conjunction
inference with the minimum statistic. Neuroimage 25, 653-660.

Niki, H., Watanabe, M., 1979. Prefrontal and cingulate unit activity during timing behavior in
the monkey. Brain Res 171, 213-224.

Ninokura, Y., Mushiake, H., Tanji, J., 2004. Integration of temporal order and object
information in the monkey lateral prefrontal cortex. Journal of neurophysiology 91, 555-560.

Nobre, A.C., Coull, J.T., Walsh, V., Frith, C.D., 2003. Brain activations during visual search:
Contributions of search efficiency versus feature binding. Neuroimage 18, 91-103.

Norman, D., 1981. Categorization of action slips. Psychological Review 88, 1-15.

Norman, K.J., Riceberg, J.S., Koike, H., Bateh, J., McCraney, S.E., Caro, K., Kato, D., Liang,
A., Yamamuro, K., Flanigan, M.E., Kam, K., Fak, E.N., Brady, D.M., Cho, C., Sadahiro, M.,
Y oshitake, K., Maccario, P., Demars, M.P., Waltrip, L., Varga, A.W., Russo, S.J., Baxter,
M.G., Shapiro, M.L., Rudebeck, P.H., Morishita, H., 2021. Post-error recruitment of frontal
sensory cortical projections promotes attention in mice. Neuron 109.

O'Connell, R.G., Dockree, P.M., Bellgrove, M.A., Kelly, S.P., Hester, R., Garavan, H.,
Robertson, I.H., Foxe, J.J., 2007. Therole of cingulate cortex in the detection of errors with
and without awareness: a high-density electrical mapping study. Eur J Neurosci 25, 2571-
2579.

Pearson, J.M., Hayden, B.Y ., Raghavachari, S., Platt, M.L., 2009. Neurons in Posterior
Cingulate Cortex Signal Exploratory Decisions in a Dynamic Multioption Choice Task.
Current Biology 19, 1532-1537.

Pearson, J.M., Heilbronner, S.R., Barack, D.L., Hayden, B.Y ., Platt, M.L., 2011. Posterior
cingulate cortex: adapting behavior to a changing world. Trends Cogn Sci 15, 143-151.

Possin, K.L., Brambati, S.M., Rosen, H.J., Johnson, JK., Pa, J., Weiner, M.W., Miller, B.L.,
Kramer, J.H., 2009. Rule violation errors are associated with right lateral prefrontal cortex
atrophy in neurodegenerative disease. J Int Neuropsych Soc 15, 354-364.

Rabbitt, P.M., 1966. Errors and error correction in choice-response tasks. Journal of
experimental psychology 71, 264-272.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L.,
2001. A default mode of brain function. Proc Natl Acad Sci U S A 98, 676-682.

39


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Reason, J., 1990. Human Error. Cambridge: Cambridge University Press.

Reid, A.T., Bzdok, D., Genon, S, Langner, R., Muller, V.I., Eickhoff, C.R., Hoffstaedter, F.,
Ciedlik, E.C., Fox, P.T., Laird, A.R., Amunts, K., Caspers, S., Eickhoff, S.B., 2016. ANIMA:
A data-sharing initiative for neuroimaging meta-analyses. Neuroimage 124, 1245-1253.

Ridderinkhof, K.R., 2002. Micro- and macro-adjustments of task set: activation and
suppression in conflict tasks. Psychol Res-Psych Fo 66, 312-323.

Ridderinkhof, K.R., Nieuwenhuis, S., Bashore, T.R., 2003. Errors are foreshadowed in brain
potentials associated with action monitoring in cingulate cortex in humans. Neurosci Lett 348,
1-4.

Ridderinkhof, K.R., Ullsperger, M., Crone, E.A., Nieuwenhuis, S., 2004. The role of the
medial frontal cortex in cognitive control. Science 306, 443-447.

Rosenberg, D.S., Mauguiere, F., Catenoix, H., Faillenot, I., Magnin, M., 2009. Reciprocal
Thalamocortical Connectivity of the Medial Pulvinar: A Depth Stimulation and Evoked
Potential Study in Human Brain. Cerebral Cortex 19, 1462-1473.

Rottschy, C., Langner, R., Dogan, |., Reetz, K., Laird, A.R., Schulz, J.B., Fox, P.T., Eickhoff,
S.B., 2012. Modelling neural correlates of working memory: A coordinate-based meta-
analysis. Neuroimage 60, 830-846.

Sakamoto, K., Kawaguchi, N., Mushiake, H., 2022. Shape and Rule Information Is Reflected
in Different Local Field Potential Frequencies and Different Areas of the Primate Lateral
Prefrontal Cortex. Front Behav Neurosci 16, 750832.

Salas, R., Badwin, P., de Biasi, M., Montague, P.R., 2010. BOLD responses to negative
reward prediction errors in human habenula. Frontiers in Human Neuroscience 4.

Schachar, R., Logan, G.D., Robaey, P., Chen, S., Ickowicz, A., Barr, C., 2007. Restraint and
cancellation: multiple inhibition deficitsin attention deficit hyperactivity disorder. Journal of
abnormal child psychology 35, 229-238.

Scheffers, M.K., Coles, M.G.H., 2000. Performance monitoring in a confusing world: error-
related brain activity, judgments of response accuracy, and types of errors. J Exp Psychol
Hum Percept Perform 26, 141-151.

Seeley, W.W., Menon, V., Schatzberg, A.F., Keller, J., Glover, G.H., Kenna, H., Reiss, A.L.,
Greicius, M.D., 2007. Dissociable intrinsic connectivity networks for salience processing and
executive control. Journal of Neuroscience 27, 2349-2356.

Seifert, S., von Cramon, D.Y ., Imperati, D., Tittgemeyer, M., Ullsperger, M., 2011.
Thalamocingulate Interactions In Performance Monitoring. Journal of Neuroscience 31, 3375-
3383.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Sharma, L., Markon, K.E., Clark, L.A., 2014. Toward atheory of distinct types of
"impulsive" behaviors: A meta-analysis of self-report and behavioral measures. Psychol Bull
140, 374-408.

Sharp, D.J., Bonnelle, V., De Boissezon, X., Beckmann, C.F., James, S.G., Patel, M.C.,
Mehta, M.A., 2010. Distinct frontal systems for response inhibition, attentional capture, and
error processing. Proc Natl Acad Sci U SA 107, 6106-6111.

Shepard, P.D., Holcomb, H.H., Gold, J.M., 2006. The presence of absence: Habenular
regulation of dopamine neurons and the encoding of negative outcomes. Schizophrenia Bull
32, 417-421.

Shipp, S., 2003. The functional logic of cortico-pulvinar connections. Philos T R Soc B 358,
1605-1624.

Simon, JR., 1990. The effects of an irrelevant directional cue on human information
processing, in: Proctor, R.W., Reeve, T. G. (Ed.), Stimulus-response compatibility: An
integrated perspective, Amsterdam, The Netherlands: North Holland, pp. 31-86.

Smittenaar, P., Guitart-Masip, M., Lutti, A., Dolan, R.J., 2013. Preparing for Selective
Inhibition within Frontostriatal Loops. Journal of Neuroscience 33, 18087-18097.

Spinazzola, L., Pia, L., Folegatti, A., Marchetti, C., Berti, A., 2008. Modular structure of
awareness for sensorimotor disorders:. evidence from anosognosia for hemiplegia and
anosognosia for hemianaesthesia. Neuropsychologia 46, 915-926.

Spreng, R.N., Grady, C.L., 2010. Patterns of Brain Activity Supporting Autobiographical
Memory, Prospection, and Theory of Mind, and Their Relationship to the Default Mode
Network. J Cognitive Neurosci 22, 1112-1123.

Sridharan, D., Levitin, D.J., Menon, V., 2008. A critical role for the right fronto-insular cortex
in switching between central-executive and default-mode networks. P Natl Acad Sci USA
105, 12569-12574.

Steinhauser, M., Eichele, H., Juvodden, H.T., Huster, R.J., Ullsperger, M., Eichele, T., 2012.
Error-preceding brain activity reflects (mal-)adaptive adjustments of cognitive control: a
modeling study. Front Hum Neurosci 6, 97.

Steinhauser, M., Yeung, N., 2010. Decision Processes in Human Performance Monitoring.
Journal of Neuroscience 30, 15643-15653.

Stroop, J.R., 1935. Studies of interferencein serial verbal reactions. Journal of experimental
psychology 18, 643-662.

Su, W., Guo, Q., Li, Y., Zhang, K., Zhang, Y., Chen, Q., 2020. Momentary lapses of attention
in multisensory environment. Cortex 131, 195-209.

Tanji, J., Hoshi, E., 2001. Behavioral planning in the prefrontal cortex. Curr Opin Neurobiol
11, 164-170.

41


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Turkeltaub, P.E., Eden, G.F., Jones, K.M., Zeffiro, T.A., 2002. Meta-analysis of the
functional neuroanatomy of single-word reading: method and validation. Neuroimage 16,
765-780.

Turkeltaub, P.E., Eickhoff, S.B., Laird, A.R., Fox, M., Wiener, M., Fox, P., 2012. Minimizing
within-experiment and within-group effects in Activation Likelihood Estimation meta-
analyses. Human brain mapping 33, 1-13.

Ullsperger, M., Fischer, A.G., Nigbur, R., Endrass, T., 2014a. Neural mechanisms and
tempora dynamics of performance monitoring. Trends Cogn Sci 18, 259-267.

Ullsperger, M., Danielmeier, C., Jocham, G., 2014b. Neurophysiology of performance
monitoring and adaptive behavior. Physiol Rev 94, 35-79.

Ullsperger, M., Harsay, H.A., Wessel, J.R., Ridderinkhof, K.R., 2010. Conscious perception
of errors and its relation to the anterior insula. Brain Struct Funct 214, 629-643.

Ullsperger, M., von Cramon, D.Y ., 2001. Subprocesses of performance monitoring: a
dissociation of error processing and response competition revealed by event-related fMRI and
ERPs. Neuroimage 14, 1387-1401.

Ullsperger, M., von Cramon, D.Y ., 2003. Error monitoring using external feedback: Specific
roles of the habenular complex, the reward system, and the cingulate motor area revealed by
functional magnetic resonance imaging. Journal of Neuroscience 23, 4308-4314.

van Dridl, J., Ridderinkhof, K.R., Cohen, M.X., 2012. Not All Errors Are Alike: Theta and
Alpha EEG Dynamics Relate to Differences in Error-Processing Dynamics. Journal of
Neuroscience 32, 16795-16806.

van Veen, V., Carter, C.S,, 2002. The anterior cingulate as a conflict monitor: fMRI and ERP
studies. Physiol Behav 77, 477-482.

Vanderhasselt, M.A., De Raedt, R., Baeken, C., 2009. Dorsolateral prefrontal cortex and
Stroop performance: Tackling the lateralization. Psychon B Rev 16, 609-612.

Vassena, E., Holroyd, C.B., Alexander, W.H., 2017. Computational Models of Anterior
Cingulate Cortex: At the Crossroads between Prediction and Effort. Front Neurosci 11, 316.

Verbruggen, F., Stevens, T., Chambers, C.D., 2014. Proactive and Reactive Stopping When
Distracted: An Attentional Account. J Exp Psychol Human 40, 1295-1300.

Vogt, B.A., 2005. Pain and emotion interactions in subregions of the cingulate gyrus. Nat Rev
Neurosci 6, 533-544.

Vogt, B.A., 2009. Cingulate neurobiology and disease. Oxford: Oxford University Press.

Vossel, S., Geng, J.J,, Fink, G.R., 2014. Dorsal and ventral attention systems: distinct neural
circuits but collaborative roles. Neuroscientist 20, 150-159.


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Wsi, P., Yu, H.B., Muller, H.J., Pollmann, S., Zhou, X.L., 2019. Differentia brain
mechanisms for processing distracting information in task-relevant and -irrelevant dimensions
in visual search. Human brain mapping 40, 110-124.

Weissman, D.H., Roberts, K.C., Visscher, K.M., Woldorff, M.G., 2006. The neural bases of
momentary lapsesin attention. Nat Neurosci 9, 971-978.

Wessdl, JR., Danielmeier, C., Ullsperger, M., 2011. Error awareness revisited: accumulation
of multimodal evidence from central and autonomic nervous systems. J Cogn Neurosci 23,
3021-3036.

White, I.M., Wise, S.P., 1999. Rule-dependent neuronal activity in the prefrontal cortex. Exp
Brain Res 126, 315-335.

Waolff, S., Brechmann, A., 2022. Dorsal posterior cingulate cortex responds to negative
feedback information supporting learning and relearning of response policies. Cerebral
Cortex.

Y arkoni, T., Barch, D.M., Gray, JR., Conturo, T.E., Braver, T.S., 2009. BOLD Correlates of
Trial-by-Trial Reaction Time Variability in Gray and White Matter: A Multi-Study fMRI
Analysis. Plos One 4.

Yeung, N., Botvinick, M.M., Cohen, J.D., 2004. The neural basis of error detection: conflict
monitoring and the error-related negativity. Psychol Rev 111, 931-959.

43


https://doi.org/10.1101/2023.05.10.540136
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.10.540136; this version posted May 10, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure captions:

Figure 1: Brain regions showing significant convergence of activity for committing an error in
high-conflict trials. Results are cluster-level p < .05 family-wise error-corrected for multiple

comparisons, with a cluster forming threshold of p < .001 at the voxel level.

Figure 2: Brain regions showing significant convergence of activity for successful high-
conflict trials. Results are cluster-level p < .05 family-wise error-corrected for multiple

comparisons, with a cluster forming threshold of p <.001 at the voxel level.

Figure 3: Commonalities and differences in erroneous versus successful responding were
identified using (A) conjunction analysis across the results from the meta-analysis on
commission errors and successful interference control respectively and (B) using meta-

analytic contrast analysis between the two conditions.

Figure 4: Overlay of the effects within the pMFC revealed by the conjunction analysis (in red)
and the specific effects for commission errors (in green) and successful interference control

(in blue) resulting from the meta-analytic contrast analysis.

Figure 5: Control analyses investigating the effect of the contrasting condition by performing
separate meta-analyses on experiments contrasting commission errors with no-interference or
low-level baseline condition (A) and on experiments contrasting commission errors against
successful interference control (B). All results are cluster-level p < .05 family-wise error-
corrected for multiple comparisons, with a cluster forming threshold of p < .001 at the voxel

level.

Figure 6: Control analyses investigating the effect of the type of paradigm by performing
separate meta-analyses on error processing in the classic response inhibition tasks, i.e. go/no-
go and stop signal tasks (A) and on error processing in the classic response interference tasks,
i.e. Stroop, flanker, Simon, antisaccade tasks (B). All results are cluster-level p < .05 family-
wise error-corrected for multiple comparisons, with a cluster forming threshold of p < .001 at

the voxel level.
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Tables
Cluster/Macr oanatomical Structure X y z Histological z-
assignment score
Cluster 1 (1548 voxels)
Posterior medial frontal cortex (pMFC) 4 20 40 7.18
pMFC 4 20 46 6.97
pMFC 6 32 28 6.53
pMFC 0 24 26 6.07
pMFC 2 14 60 3.84
pMFC 8 36 12 3.59
Cluster 2 (1189 voxels)
Left anterior insula (al) -38 20 -8 7.62
Left media insula 44 4 4 5.04
Cluster 3 (761 voxels)
Right al 42 14 -2 6.82
Right al 34 20 -14 5.29
Right al 32 22 -12 5.29
Right inferior frontal cortex 50 22 8 Area 45 4.85
Cluster 4 (387 voxels)
Right inferior parietal cortex (IPC) 60 -42 28 Area PFm 6.29
Right IPC 54 -40 38 Area PFm 5.28
Cluster 5 (293 voxels)
Left posterior thalamus -4 22 4 6.35
Right posterior thalamus 8 -18 4 4.34
Right medial thalamus 12 -10 4 3.57
Right posterior thalamus 8 24 -2 3.39
Cluster 6 (220 voxels)
Left IPC -60 -4 36 Area PF 5.92
Cluster 7 (160 voxels)
Left superior frontal gyrus (SFG) -28 50 28 443
Left SFG -24 46 26 4.15
Left SFG 26 44 24 4.08
Left SFG 28 42 22 4.06
Cluster 8 (150 voxels)
Posterior cingulate cortex (PCC) 0 -20 30 541
Cluster 9 (93 voxels)
Primary visual cortex 14 -64 6 AreahOcl 4.93

Table 1: Regions showing consistent activity across commission errors on a cluster-level corrected
threshold of p<0.05 (with a cluster forming threshold of p<0.001).
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Cluster/Macr canatomical Structure X y z Histological t-
assignment score
Cluster 1 (4098 voxels)
Right al 34 22 -2 Areald7 8.47
Right inferior frontal junction (IFJ) 46 10 28 8.34
Right IFJ 50 14 28 8.33
Right IFJ 4 8 30 8.33
Right inferior frontal gyrus (IFG) 52 16 20 Area 44 7.7
Right IFG 52 18 4 Aread4 7.17
Right dorsal premotor cortex (dPMC) 36 2 54 5.99
Right dorsolateral prefrontal cortex 36 40 28 5.88
(DLPFC)
Right DLPFC 48 28 28 5.79
Right DLPFC 4 36 18 5.62
Cluster 2 (2577 voxels)
Right intraparietal sulcus (I1PS) 36 54 46 7.52
Right IPS 38 -46 46 hiP3 7.42
Right IPC 60 44 20 PFm 7.25
Right superior temporal gyrus (STG) 36 -54 46 5.6
Right IPS 30 -62 52 hiP3 521
Right IPS 32 -68 32 hIP5 5.19
Right IPC 46 -34 42 PFt 5.08
Right superior temporal sulcus (STS) 50 28 -2 5.02
Right STS 52 24 -4 5.0
Right IPS 32 -66 40 hiIP6 4.82
Cluster 3 (2292 voxels)
Left IPC 60 -48 30 PFcm 7.74
Left IPS -40 48 48 hIP3 7.73
Left IPS 46 40 44 7.51
Left IPS 24 -66 50 hiIP6 7.51
Left IPC -58 -44 36 PF 7.32
Left IPS -26  -66 36 hiP8 7.19
Left IPS -30 -54 46 hiP3 6.25
Left angular gyrus 56 52 12 5.36
Cluster 4 (1924 voxels)
pMFC 2 16 48 8.41
pMFC 6 26 36 8.35
Superior frontal gyrus (SFG) 10 14 60 Area 6d2 6.13
Pre-supplementary motor area (preSMA) -4 4 56 Area6mr / 5.75
preSMA
preSMA 4 2 64 Area6mr / 44
preSMA
SFG 12 6 66  Area6d2 4.24

Cluster 5 (1050 voxels)
Left IFJ 44 6 32 8.36
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Left DLPFC -40 28 24 4.55
Left DLPFC -40 30 24 4.55
Left DLPFC -38 36 36 3.72
Cluster 6 (1005 voxels)

Left al -32 20 2 Areald7 8.42
Cluster 7 (538 voxels)

Left lateral occipital cortex 44 68 -6 5.94
Left fusiform gyrus 42 -78 -8 Area FG2 3.79
Cluster 8 (535 voxels)

Right caudate nucleus 12 8 6 7.72
Right mediodorsal thalamus 10 -8 6 6.43
Right caudate nucleus 14 0 12 5.89
Right putamen 18 8 4 4.19
Right pallidum 14 4 0 3.58
Cluster 9 (334 voxels)

Left dorsal premotor cortex 26 -4 56 Area 6d3 6.95
Cluster 10 (190 voxels)

Left caudate nucleus -12 6 8 5.66
Left mediodorsal thalamus 12 12 4 4.84
Cluster 11 (133 voxels)

Right precuneus 10 -68 50 5.23

Table 2: Regions showing consistent activity for correct interference resolution on a cluster-level
corrected threshold of p<0.05 (with a cluster forming threshold of p<0.001)
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