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Summary

Error monitoring is an executive function skill, which plays a crucial role in adaptive human behavior. It
allows our actions to be shaped by their outcomes both in the short term, for example, by responding more
cautiously to avoid further errors, and in the longer term, through gradual learning of appropriate stimulus-
response contingencies. However, the neural correlates of error monitoring during social cognition remain
to be explored. In this project, we wanted to determine the neural network involved in such an error
awareness process using electroencephalography (EEG) and functional magnetic resonance imaging
(FMRI).

We started by identifying the neuronal markers of error monitoring when performing different actions and
using facial cues integration as instruction. A go/no-go paradigm based on keypresses and saccades was
implemented and tested using EEG and fMRI. Participants’ responses were recorded via keyboard and eye
tracking. We ran two EEG (N = 40) and two fMRI studies (N = 40). Using EEG, we first studied the pre-
response brain mechanisms related to performance monitoring and how task-specific parameters, such as
cognitive demand or motor control, influence these processes. Then, we investigated the advantage of using
EEG frequency-domain signatures to study error monitoring in complex scenarios. We used fMRI to clarify
the role of the different brain regions identified with EEG data. First, we replicated our combined motor
and oculomotor task using instructions based on facial cues. Second, we ran a performance monitoring
study without explicit (motor) responses to evaluate the modulation of the error-monitoring network in such

cases.

We found an action-independent error-related midfrontal theta modulation both during response
preparation and execution. Independently of the type of response, midfrontal theta was diminished on pre-
error moments and augmented following error commission. This opposite pattern suggests that high
midfrontal theta levels are related to general cognitive control mechanisms required during performance
monitoring starting before response and not only during response adaptation. Our EEG results also revealed
that frequency-domain components bring an advantage to study error monitoring in complex scenarios as
it carries information from locked and non-phase-locked signals. This was verified with both univariate and

multivariate data analysis approaches.

When replicating our combined motor and oculomotor task using fMRI, we found brain response

modulation depending on the error commission of several regions of the salience network and frontoparietal
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executive network. For example, at the individual level, we found increased dorsal anterior cingulate cortex
(dACC) - believed to be the origin of adaptative control - and dorsolateral prefrontal cortex (dIPFC) -
believed to be involved in error awareness - response. The second fMRI study revealed that during implicit
performance monitoring, the anterior insular cortex might have an important contribution to performance
monitoring dynamics by making the switch between distinct brain networks. This is in line with the
hypothesized salience network role as a hub between distinct networks, such as the one involved in

cognitive control and the frontoparietal executive network.

In conclusion, our results stress the robustness of midfrontal theta to study error monitoring in complex
scenarios, such as social cognition. Moreover, they reinforce the salience network role in error monitoring
by functioning as a hub between distinct neural networks. Our project adds scientific and technical evidence
to the current social error monitoring literature, which is sparse and limited in controlling for confounds.
Future studies should go a step further in studying error monitoring between dyads and peers and using real

social scenarios.

INTRODUCTION

The capacity to optimize our responses in changing or challenging environments is highly dependent on
error/performance monitoring. This is particularly critical during social cognition and, when compromised,
contributes to the associated atypical thinking and behavior of several mental disorders. However, the brain
systems underlying error monitoring have been investigated mostly in non-social contexts. In this project,
we aimed to contribute to this field by studying error monitoring in the context of relatively simple social

cognition tasks involving inhibitory control.

Brain oscillations, measured trough electroencephalography (EEG), at different frequencies provide
temporal and spatial codes that may inform us about the dynamics of functional networks likely behind
complex integrative functions. Theta oscillations have been shown to be related to action monitoring,
cognitive control, and learning. There are evidences that these oscillations may also mediate error
monitoring. Oscillations in the theta band recorded from medial-frontal regions during error detection seem
to be inherently linked to error-related components in the domain of time. As such, they have been used as
cortical signatures of error monitoring as inferred from time-frequency analysis of cortical oscillations. In
this project, such brain oscillations were hypothesized to be particularly relevant in social performance

monitoring as they carry information from locked and non-phase-locked signals.
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Functional magnetic resonance (fMRI) studies have suggested the anterior cingulate cortex (ACC) as a
probable origin for both error-related components and theta oscillations in error monitoring. Other regions,
as the basal ganglia and thalamus, have also been implicated in this process suggesting that error monitoring
is dependent on a distributed network rather than a single region. Despite some attempts have been made
to study the functional relation between different regions, it is still not clear the relative contributions of
these inputs for error monitoring and cognitive control. Here, we followed the hypothesis that error-

monitoring processes operate at multiple levels in the human brain and are shaped by dynamic interactions.

METHODS

Experimental overview

This project was organized into two EEG (N = 40) and two fMRI studies (N = 40). The EEG studies were
run to investigate the dynamics of the brain mechanisms related to performance monitoring during response
preparation and execution and how task-specific parameters, such as cognitive demand or motor control,
influence these processes (EEG study 1 -http://dx.doi.org/10.3389/fnhum.2022.805080 ). It was also
intended to test the advantage of using EEG frequency-domain signatures to study error monitoring in
complex scenarios (EEG study 2 - http://dx.doi.org/10.7717/peerj.12627). The fMRI studies were run to
clarify the role of the brain regions identified based on EEG data (fMRI study 1) and to investigate the

neuronal mechanisms associated with implicit performance monitoring mechanisms (fMRI study 2) that

are of particular interest for social cognition.

The project was approved by the Ethics Committee of the Faculty of Medicine of the University of Coimbra
approval number CE-001/2021. Our studies sample size was estimated using G*Power 3.1. We have run a
sample size estimation for the difference between two dependent means (paired t-test) with an effect size
of 0.8 and an error probability of 0.05, which resulted in a sample size of 19. The go/no-go task to be
performed was adjusted according to the characteristics of each study. All participants had a normal or
corrected-to-normal vision, and none of them reported neuropsychiatric disorders. All provided written

informed consent in accordance with the Declaration of Helsinki prior to participation.

EEG study 1

We designed a go/no-go paradigm involving two different motor tasks (hand-motor and oculomotor) to
evaluate behavioral performance and self-monitoring EEG signals associated with different types of action.

Keypresses, eye movements (namely saccadic events), and EEG were recorded simultaneously during the
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experimental procedure (Figure 1). Behavioral data allowed for determining the type of committed errors
and reaction time evaluation, whereas, EEG was used to map ERPs and theta modulation signatures related
to performance monitoring, as well as to estimate the neuronal sources of such patterns. Twenty healthy
volunteers (25.55 + 3.72 years, 10 male) participated in our study. All participants except one were right-
handed: mean laterality index of 80.25 + 20.14.
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Figure 1 - Experimental setup and stimulation paradigm of the first EEG study. (A) Experimental setup used to simultaneously
acquire behavioral and EEG data. (B) The go/no-go paradigm included two types of instruction. A facial cue provided information
about the response direction and was based on three facial expressions: neutral [no-go to the left (2) or right (3)], happy [pro-
keypress/saccade to the left (4) or right (5)], and sad [anti-keypress/saccade to the left (6) or right (7)]. An object cue indicated the
type of response to be given [keypress (8) or saccade (9)]. Successful responses depended upon the correct interpretation of the
two instructions. (C) Representation of an experimental trial. An experimental run comprised 120 trials, with each participant
completing 4 runs. All the instructions were presented the same number of times per run.

EEG study 2

The experiment was based on a go/no-go saccadic task. Facial cues were used as instructions. Instructions
were planned to raise the participants’ simultaneous attention to the eyes and mouth of the face presented
in the stimuli to achieve high performance. During ‘‘go’’ trials, participants should perform a pro-saccade
or an anti-saccade. A happy averted face was the directive to make a pro-saccade, i.e., to look in the same
direction of the face shown, while a sad averted face informed the participants to execute an anti-saccade,
i.e., to look in the opposite direction of the face shown. The ‘‘no-go’’ trials were signaled by a face (happy
or sad) looking straight ahead. Therefore, there were six different instructions according to different
combinations of facial expressions and gaze directions - happy no-go, sad no-go, right pro-saccade, left
pro-saccade, right anti-saccade, and left anti-saccade (Figure2). Twenty healthy participants (nine female,
mean age 26.80 £ 4.51 years) were recruited for this study. All participants except one were right-handed,

and all had normal or corrected-to normal visual acuity.
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Figure 2 — Experimental design of the EEG study
2. The paradigm included six stages: Neutral, Gap,
Instruction, Fixation, Target, and Response. Firstly, a
Neutral face was exhibited and followed by a Gap
period. Afterward, the Instruction was given. The
subsequent  stage—Fixation—consisted of the
appearance of a central cross to which the subjects
were instructed to look. The cross was, then, replaced
by a square, the Target, that either appeared on the
right or left part of the screen. Finally, a black empty
window denotes the period during which the
participants were advised to perform the Response.

Time (ms)

fMRI study 1

We designed a visual paradigm based on facial expression cues that involves two different motor (hand-
motor and oculomotor) tasks. Button presses, eye movements, heart rate, respiratory traces, and fMRI data

were recorded simultaneously during the experimental procedure.

The stimulation sequence was based on three instructions: a facial expression, a frame shape, and a frame
color cue. The facial expression cues were planned to raise the participants’ simultaneous attention to the
eyes and mouth to achieve high performance. There are happy and sad faces, and faces looking to the right
or the left. Therefore, combining emotional expressions and gaze directions resulted in four different facial
cues (figure 3): happy left (1), happy right (2), sad left (3), and sad right (4). The information from both the
facial expression and frame color cues is needed to know the action direction. The frame shape (figure 6B)
—arectangle or a diamond — instructs participants to either perform a button press or a saccade, respectively.
A correct response requires a correct interpretation of the three instructions. Twenty healthy participants
(eleven female, mean age of 27.59 + 5.94 years, mean laterality index of 81.47 + 21.85, and mean

augmented index of 83.33 + 18.62) were recruited for this study.
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Figure 3 - Experimental design of the fMRI study 1. (A) Facial expression

ol U“’ E’"’ 5“" instructions: happy left (1) and right (2), and sad left (3) and right (4). (B) Combination
of the three instructions needed to respond. The frame color is either green (1, 2) or red
(3, 4) and the frame shape is either a rectangle (1, 3) or a diamond (2, 4). If the frame is
green, a happy face instructs to act in the same direction of the face’s eye gaze, and a
sad face instructs to act in the opposite of the face’s eye gaze; if the frame is red, the
instructions are inverted. The frame shape — a rectangle or a diamond — instructs

(1) (2)
participants to either perform a button press or a saccade, respectively. The correct
responses for the given examples are (1) to press the left button, (2) to look at the left,
@ a (3) to press the right button, and (4) to look at the right.
[©)] (4)
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fMRI study 2

We used fMRI and an executive function paradigm with three levels of task difficulty (figure 4) to examine
the role of the error monitoring network in tasks of variable difficulty without a motor response. A varying
degree of response difficulty was created by asking participants to mentally revert a previously shown word,
which could be a palindrome, anagram, or pseudoword (in order of difficulty). The paradigm was tested on

20 healthy volunteers.

Figure 4 - Experimental design of the fMRI study 2.
Each trial included a baseline period, followed by the
presentation of the word to be mentally reverted. The level
of difficulty felt was registered via button press. Words
randomly alternated between palindromes, anagrams, and

Mental'orewsa' pseudowords (all 5-letters long).
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RESULTS & DISCUSSION

EEG study 1: An Action-Independent Role for Midfrontal Theta Activity Prior to Error Commission

We found significant differences in reaction time, number, and type of errors between the two actions.
Saccadic responses reflected a higher number of premature responses and errors compared to the keypress
ones. Nevertheless, both led to similar EEG patterns, supporting previous evidence for increased ERN
amplitude and midfrontal theta power during error commission (figure 5). Moreover, we found pre-error
decreased theta activity independent of the type of action. Source analysis suggested different origin for
such pre- and post-error neuronal patterns, matching the anterior insular cortex and the anterior cingulate
cortex, respectively (figure 6). This opposite pattern supports previous evidence of midfrontal theta not
only as a neuronal marker of error commission but also as a predictor of action performance. Midfrontal
theta, mostly associated with alert mechanisms triggering behavioral adjustments, also seems to reflect pre-
response attentional mechanisms independently of the action to be performed. Our findings also add to the
discussion regarding how salience network nodes interact during performance monitoring by suggesting

that pre- and post-error patterns have different neuronal sources within this network.
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The results of this study are published at http://dx.doi.org/10.3389/fnhum.2022.805080 and were also
presented at the Salzburg Mind-Brain Annual Meeting 2021 (please check the publications list).

EEG study 2: A neuronal theta band signature of error monitoring during integration of facial expression

cues

Our results revealed that errors can be detected through midfrontal theta band power even when there is no
clear error-related signature (figure 7), which highlights the relevance of studying frequency patterns during
complex scenarios. The great majority of studies concerning the neural correlates of error monitoring are

based on controlled conditions using simple tasks and time-locked events, leading to high signal-to-noise
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ratios and avoiding typical confounds of realistic scenarios. Our experiment was based on a go/no-go
saccade task and, given that saccades are semiautomatic oculomotor responses to visual stimuli, there was
a high variability of response timing. This context, with asynchronous saccades and facial cues, is hence
more realistic than the usual simple tasks. Given that errors without a clear error-related component were
distinguished through theta band activity, our results support the notion that oscillatory activity allows

asynchronous recognition of erroneous actions

Figure 7 - Difference between errors and correct
trials regarding theta power before and after
participants’ response. Difference (A) before ([-
500,0] ms) and (B) after ([0,500] ms) the onset of
participants’ response. In both cases, the differences
between the neuronal responses recorded at FCz were
statistically significant.

The results of this study are published at http://dx.doi.org/10.7717/peer].12627 and
https://doi.org/10.1109/EMBC46164.2021.9630509 and were also presented at the 9th Iberian Conference
on Perception 2022 (please check the publications list).

fMRI study 1: Key nodes of error monitoring for social cognition

When comparing with correct trials, we find increased activity in the dACC and the dorsolateral prefrontal
cortex (dIPFC) during errors. The dIPFC seems to be involved in error awareness. Figure 8 illustrates the
contrast between the hemodynamic responses to correct and erroneous actions (error vs. correct) from one
of the participants, where we can verify the increased activation of the dACC. It thus reveals the modulation

of key error monitoring regions at the individual level.

Figure 8 - Difference between the
hemodynamic responses to correct
and error trials (erroneous vs.
correct responses) from one of the
participants. The selected activation
corresponds to the dACC region,
which is strongly activated during
erroneous responses.

p(Bonf) < 1.000
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fMRI study 2: Anterior insula role on mental workload regulation

We found that during implicit performance monitoring the anterior insular cortex (AIC) is
modulated by task complexity (figure 9), which influences its interaction with the default mode
network (figure 10). Considering the hypothesized role of AIC as an integrative hub of multiple
brain systems, we further analyzed the variation of its connectivity strength with core brain regions
of default mode and executive networks. The less affected AIC functional interaction seems to be
concerning dIPFC. All the others significantly decrease when increasing task complexity. Our
results add to previous models suggesting a mechanistic framework linking central-executive and
default mode systems. The interactions between them seem to reflect individual differences in

working memory capacity.

a(FOR) < 0.050
800

A) Q)

Figure 9 - Brain activation maps evidencing
the insular cortex response during mental
word reversal tasks (A). When contrasting low
and high levels of cognitive load (pseudowords
and anagrams versus palindromes) we found
distinct insular response levels. The anterior
insula was significantly more active during
complex tasks (B). Detailed analyses of average
insular activity during mental word reversal
over time are provided in (C).
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Figure 10 - Psychophysiological interactions network network
(PPI) variation due to cognitive load. We
analyzed the interaction between the anterior
insular cortex (AIC), and other regions of the S Al 0.75
salience network (the anterior cingulate cortex —
ACC), default mode network (ventromedial
prefrontal cortex — vmPFC and posterior cingulate
cortex — PCC), and central-executive network
(dorsolateral prefrontal cortex — DLPFC and
posterior parietal cortex — PPC). The t values AcC
resulting from high vs. low task complexity
contrast for each interaction analyzed are provided.
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The results of this study were presented at the International Conference of Cognitive Neuroscience (ICON)

2022 (please check the publications list).
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CONCLUSIONS

The several studies performed in the context of this project bring important technical and scientific
contributions to the social error-monitoring field. Using EEG, this project tested the neurophysiologic
processes underlying self-monitoring of error during response preparation and execution. It revealed action-
independent error-related midfrontal theta modulation in both moments. Midfrontal theta is diminished
during pre-error moments and augmented following error commission. This opposite pattern suggests that
high midfrontal theta levels are related to general cognitive control mechanisms required during
performance monitoring starting prior to response and not only during response adaptation. Moreover,
during response preparation theta seems to be originated at the anterior insula, whereas during response
execution seems to be originated by the anterior cingulate cortex. Both regions are important hubs of the
salience network, suggesting that performance monitoring is led by this network dynamics. Importantly,
this work also supports previous evidence of pre-response midfrontal theta as a predictor of action
performance. Using fMRI, we mapped the error-monitoring network with higher spatial resolution and
studied its interactions during explicit and implicit error monitoring. Our findings reinforce the
hypothesized salience network role as a hub between distinct neural networks, such as the one involved in
cognitive control and the frontoparietal executive network.
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