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The performance monitoring system is fundamentally important for adapting
one's own behavior in conflicting and error-prone, highly demanding
circumstances. Flexible behavior requires that neuronal populations optimize
information processing through efficient multi-scale communication. Non-
invasive brain stimulation (NIBS) studies using transcranial magnetic
stimulation (TMS) and transcranial electrical stimulation (tES) fields to alter
the cortical activity promise to illuminate the neurophysiological mechanisms
that underpin neuro-cognitive and behavioral processing and their causal
relationship. Here, we focus on the transcranial direct current stimulation
(tDCS) and transcranial alternating current stimulation (tACS) that have been
increasingly used in cognitive neuroscience for modulating superficial neural
networks in a polarity (tDCS) and frequency/phase (tACS) fashion. Specifically,
we discuss recent evidence showing how tDCS and tACS modulate the
performance monitoring network in neurotypical samples. Emphasis is given
to studies using behavioral tasks tapping conflict and error processing such as
the Stroop, the Flanker, and the Simon tasks. The crucial role of mid-frontal
brain regions (such as the medial frontal cortex, MFC; and the dorsal anterior
cingulate cortex, dACC) and of theta synchronization in monitoring conflict
and error is highlighted. We also discuss current technological limitations
(e.g., spatial resolution) and the specific methodological strategies needed to
properly modulate the cortical and subcortical regions.

performance monitoring, conflict and error monitoring, transcranial direct current
stimulation (tDCS), transcranial alternating current stimulation (tACS), non-invasive
brain stimulation (NIBS)
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Introduction

Our lives are permeated by conflicts and errors. As a
matter of fact, what characterizes our behavioral performance
is intimately connected with the abilities to process conflicting
representations, avoid maladaptive outcomes, and take the
most adequate decisions to successfully complete tasks in ever
changing environments. But how does the brain perform these
sophisticated operations?

For decades scholars from several disciplines debated on
the processes and functional executive mechanisms that support
flexible behavior under critical circumstances (Theeuwes
et al, 2000). However, only with the advancement of
neurotechnology in cognitive neuroscience it has been possible
to look at and interact with the activity of neuronal systems
involved in performance monitoring and control. So far,
neuroscientific evidence confirmed the existence of two
complementary cognitive functions that result essential for
implementing behavioral adjustments during demanding task
performance: the conflict and error monitoring (Botvinick
et al, 2001). The neural system selectively activated when
conflicts and errors are processed is the Anterior Cingulate
Cortex (ACC, Devinsky et al, 1995). The interconnections
of the ACC with other cortical and subcortical structures
make this area an important computational hub of the
neural network involved in the top-down control of behavior
(Paus, 2001; Botvinick et al., 2004; Ridderinkhof et al.,
2004). Indeed, when the monitoring system detects emerging
conflicts in information processing that may lead to errors
the ACC orchestrates the need to allocate
cognitive resources to task-relevant features and optimize

occurrence,

flexible adjustments (Luu et al, 2004; Cohen and Donner,
2013). Neuro-electrical signatures of this process are typically
recorded over the medial frontal sites of the scalp as Event-
Related Potentials (ERPs) functionally related to conflict (i.e.,
the N200; Folstein and van Petten, 2008) and to error
monitoring (i.e., the error-related negativity or ERN; the
Positivity error or Pe; Falkenstein et al., 1991; Gehring et al,,
1995; Falkenstein et al., 2000; Pezzetta et al., 2018, 2021).
Importantly, these frontocentral potentials reflect common
spectral features in the theta rhythm (4-8 Hz), a further
endogenous oscillatory biomarker generated by the ACC (Ishii
etal., 1999; Luu and Tucker, 2001) that can be recorded over the
midline of the frontal cortex during performance monitoring
(Cavanagh and Frank, 2014).

While human studies have provided clear correlative

evidence for a link between neuronal activity and
monitoring functions, the investigation of their causal
relationship still appears far from being exhaustive.

This may depend on some limitations of non-invasive
brain stimulation (NIBS) techniques, like the transcranial
magnetic stimulation (TMS) and direct (tDCS), alternating

(tACS) and random-noise (tRNS) electrical stimulation
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(tES), employed in basic and

applied research to illuminate the link between brain

which are commonly

activity and behavioral performance in a given task. It
is well known that by using coils and electrodes placed
over the scalp, it is possible to deliver magnetic and
test

and measure their

low-intensity electrical ~stimulation to inhibitory

or facilitatory protocols effects at
neurophysiological and behavioral levels. However, targeting
the activity of neuronal populations belonging to deep
cortical regions, such as the dACC, with a reliable spatial
resolution, can result difficult due to constraints related
with NIBS parameters and devices. In fact, while TMS
targets neuronal activity with a spatial resolution of
approximately 0.5-1 cm, tES affects large portions of the
superficial cortex depending on electrode size (e.g., 25 or
35 cm?). Interestingly, new stimulation protocols using
different coil shapes for repetitive TMS (e.g., H-coils)
or electrode arrangements for tES (e.g., high-definition)
seem to be promising for targeting deep brain structures.
It is worth noting, that
studies that NIBS

not an optimal spatial resolution for stimulating deep

however, neurophysiological

indicate current approaches have
ventral brain structures (see for example, Hayward et al,
2007 for rTMS-PET co-registration during the Stroop
task performance).

Here, we aimed at reporting recent evidence showing
applications of tDCS and tACS used in controlled settings
to neuromodulate the performance monitoring network (see
Table 1 for the schematic summary of the studies discussed
in the review). Specifically, we highlight the strengths and
weaknesses of experimental designs that adopt conventional
and advanced protocols to target the activity of the medial
frontal cortex (MFC) and ACC. However, not all the cortical
areas that are strictly connected to the ACC and functionally
related to the conflict and error monitoring (e.g., top-down
control and response inhibition) are discussed in the present
review [see Zmigrod et al, 2016 and Dubreuil-Vall et al,
2019 for some examples of the dorsolateral prefrontal cortex
DLPFC modulation during task performance and Cunillera
et al,, 2016 for the right inferior frontal gyrus (rIFG)]. Since
most of the investigations using TMS have been already
reviewed in detail elsewhere (see for example, Olk et al., 2015),
here we look exclusively at studies delivering tES. Moreover,
we focus on classic laboratory tasks (Figure 1A) measuring
conflict and error monitoring like the Stroop (Stroop, 1935),
the Simon (Simon and Rudell, 1967), or the Eriksen Flanker
(Eriksen and Eriksen, 1974). The first section is dedicated to
experimental applications of tDCS on cortical regions involved
in processing conflict- and error-related representations. The
second part describes the behavioral effects of exogenous theta
oscillations injected by tACS during task performance. Future
developments of neuromodulatory methods will be discussed
in the final part.
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TABLE 1 Schematic summary of the studies discussed in the review and concerning methodological features of the adopted transcranial direct
current stimulation (tDCS) and transcranial alternating current stimulation (tACS) protocols.

Protocol

Parameter

Adverse effects

Anodal/cathodal/sham

Anodal/cathodal/sham

Anodal/sham

Anodal/sham

Anodal/cathodal/sham

Anodal/cathodal/sham

Theta- and alpha individual

frequency-tACS

22 min of DC at 1 mA

20 min of DC at 1.5 mA

15 min of DC at 2 mA

17 min of DC at 2 mA

20 min of DC at 1 mA

20 min of DC at 1 mA

20 min of AC at 1 mA

Frequency dependent-tACS 5 x ~240 s lasting blocks

(2 Hz/delta, 6 Hz/theta,
11 Hz/alpha, 21 Hz/beta and
60 Hz/gamma and sham)

Theta-tACS (6 Hz),
gamma-tACS (40 Hz),
sham-tACS

Theta-tACS (6 Hz),
alpha-tACS (9.7 Hz),
sham-tACS

Theta-tACS (6 Hz),
sham-tACS

(20 min in total) of AC at
1.5mA

~3 min for each block,
for a total of ~12 min of
AC at 2 mA in each
session

20 min of AC at 1 mA

30 min of AC at 1 mA

No adverse effects are
reported

No adverse effects are
reported

No adverse effects are
reported

Some participants
reported strong sensation
of itchiness or burning
during the stimulation.

No adverse effects are
reported

No adverse effects are
reported

No adverse effects are
reported

No adverse effects are
reported

No adverse effects are
reported

No adverse effects are
reported

No adverse effects are
reported

References tES Cortical target Electrodes
technique
Bellaiche et al., Conventional ~ Medial prefrontal cortex 2 rectangular (35 cm?)
2013 tDCS (mPFC)
Reinhart and Conventional Medial frontal cortex 2 rectangular (active,
Woodman, 2014 tDCS (MFC) 19.25 cm?; return,
52 cm?)
Adelhofer etal.,  Conventional Medial frontal cortex 2 rectangular (25 cm?)
2021 tDCS (MFC)
Khan et al., 2022 HD-tDCS Medial prefrontal cortex 4 returns x 1 active ring
(mPFC) montage
Mattavelli et al., Optimized ~ Dorsal anterior cingulate 3 circular anodes and 3
2022 HD-tDCS cortex (dACC) cathodes (~1 cm?)
Toetal, 2018 Optimized Dorsal anterior cingulate 4 return x 1 active
HD-tDCS cortex (dACC) montage
van Driel et al., Conventional Medial frontal cortex 3 rectangular (1 active:
2015 tACS (MFC) 9 cm?; 2 returns: 35 cm?)
Fusco et al., 2018 Conventional Medial frontal cortex 2 circular (25 cm?)
tACS (MEC)
Fusco etal., 2022  Conventional Medial frontal cortex 2 circular (25 cm?)
tACS (MFC), extrastriate body
area (EBA)
Lehr et al,, 2019 HD-tACS Dorsal anterior cingulate 4 return x 1 active
cortex (dACC) via montage
dorsolateral prefrontal
cortex (DLPFC)
Klirova et al., Individulized ~ Anterior cingulate cortex ~ Variable number of
2021 HD-tACS vs. (ACC) and medial electrodes
conventional prefrontal cortex
tACS
Boukarras et al.,  Conventional Medial frontal cortex 2 circular (25 cm?)
2022 tACS (MFC)
Giller et al.,, 2020  Conventional Medial frontal cortex 3 rectangular (35 cm?)
tACS (MFC)

No adverse effects are
reported

~18 min for each session
of AC at 2 mA

Theta and beta individual
frequency-tACS and sham

Theta-tACS (6 Hz),
sham-tACS

~19 min of AC at 2 mA Tingling, impaired ability
to concentrate and
fatigue

The application of polarized direct
current to probe spatial and
temporal causality of conflict and
error monitoring

The
electrical stimulation over the scalp has been increasingly
and systematically adopted (Zaghi et al., 2010; Antal et al., 2014)
to modulate the activity of neuronal populations in a polarity-
dependent fashion (Nitsche et al., 2007; Woods et al., 2016).
Indeed, tDCS acts on the subthreshold transmembrane neuronal

non-invasive administration of low-intensity

polarization inducing upregulation (anodal stimulation, atDCS)
or downregulation (cathodal stimulation, ctDCS) of the
neuronal firing, altering the excitability of target cortical regions
located under the electrodes. However, some critical issues
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concerning the current spreading and spatial resolution may
prevent from drawing clear conclusions about the causal nature
of areas implicated in cognitive and behavioral processing. On
the one hand, factors like the variability of tissues conduction,
the orientation of neurons within cortical layers, and the
morphology of brain structures (e.g., sulci and gyri), may
complicate the control of the current flow in each individual.
On the other hand, the bipolar or multi-channel montages, and
the application of large electrodes (e.g., 25 or 35 cm?) may not
allow to modulate the localized cortical portions of the cortex.
Nevertheless, thanks to the improvement of computational
modeling and methodological procedures (e.g., high-definition
tDCS, HD-tDCS), these constraints have been partially
overcome. Studies interested in investigating spatial causality
by means of tDCS protocols focused on the fronto-medial
regions as primary candidates to probe the neural bases of
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conflict and error monitoring. By implementing tDCS-EEG co-
registration, it has been investigated (Bellaiche et al., 2013)
whether ERPs reflecting error detection (i.e., ERN) and error
appraisal (i.e., Pe) could result altered following anodal,
cathodal, or sham stimulation. In a between-subject design,
participants received DC for 22 min over the Fpz and Oz
scalp positions (bipolar montage with two 35 cm? rectangular
electrodes, Figure 1C) while performing a modified version of
the Arrow-Flanker. Despite results did not show any behavioral
change neither modulations of the ERN nor tDCS conditions,
cathodal stimulation compared to sham reduced the amplitude
of the Pe component suggesting a functional inhibitory effect
of excitability of neurons belonging to the medial prefrontal
cortex (mPFC; Bellaiche et al, 2013). Unfortunately, the
weight of individual differences, the lack of altered behavioral
outcomes consequent to ctDCS, and the application of large
electrodes involving wide portions of the cortex may question
the actual causal role of mPFC in error monitoring. Encouraging
results, however, come from another investigation (Reinhart and
Woodman, 2014) showing how 20 min of tDCS at 1.5 mA
over the MEC (ECz, active electrode of 19.25 cm?, monopolar
montage, extracephalic reference electrode of 52 cm?) can
modulate, in a polarity-dependent fashion, both behavioral
and electrophysiological variables. In within-subject cross-over
designs participants were asked to perform a two-alternative
forced-choice target discrimination task after receiving tDCS
and while the EEG activity was recorded. The analysis
revealed amplitude increments and decrements of medial-
frontal potentials (like the ERN) when atDCS and ctDCS
compared to sham were administered. More importantly,
these neurophysiological effects were mirrored by bidirectional
behavioral changes according to the type of tDCS protocol. In
fact, while atDCS reduced, ctDCS increased error occurrence
compared to sham. On the same line, Adelhofer et al. (2021)
reported behavioral and neurophysiological effects of atDCS
in conflict monitoring during the Simon task performance. In
an off-line protocol, participants received 16 min of 2 mA
atDCS over the midline frontal regions (i.e., the anodal 25 cm?
electrode was placed along the midline and 1.8 cm anteriorly
Cz, the reference 25 cm? over the forehead, Figure 1C) and
after that, they executed the task during the EEG. Results
indicated a worsening of reaction times (RTs) in processing
the perceptual-motor interference (acting on the difference
between incongruent and congruent trials) that was paralleled
by an increase of the N200 amplitude during stimulus-response
transition processing. The above-mentioned evidence seems to
validate the causal role of the midline frontal structures in
conflict and error processing, even if these protocols may suffer
from their very limited spatial resolution. HD-tDCS has been
introduced as a new sophisticated method to improve the local
cortical neuromodulation through a “ring-like” arrangement
(Figure 1C), where a single electrode is surrounded by
four opposite-polarized electrodes allowing to achieve a focal
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modulation and keep the electric field distribution within the
ring (Datta et al.,, 2009). A recent pre-post pilot study aimed at
testing the effects of HD-tDCS over the frontal midline (Khan
et al,, 2022) applying 2 mA anodal DC for 15 min and using as
configuration, the anode over the Fz scalp position surrounded
by four cathodes (AF3, AF4, FC3, FC4, see Figures 1B,C).
Eighteen participants were assigned to either the experimental
or the sham group and asked to perform the color-word version
of the Stroop task before, during, and after the stimulation
while the EEG activity was recorded throughout the experiment.
Two functional related results were obtained, namely (i) a post
stimulation decrement of the Stroop effect in the atDCS group
and (ii) a reduction of midfrontal theta oscillations during
incongruent trial processing. Even if preliminary, such evidence
likely indicates a beneficial effect of atDCS in modulating the
mPFC involved in processing representational conflicts and
acting on the request of top-down control. Interestingly, by
matching HD-tDCS with high standard modeling and targeting
procedures, recent studies attempted to reach and modulate
the dACC during task performance. Mattavelli et al. (2022), for
example, relying on current modeling, optimized the HD-tDCS
montage (Figure 1B) and delivered 20 min of 1 mA DC by
using three circular, small (~1 cm?) anodes over Fz-F1-FCz and
three cathodes over PO9-09-010 to target the dJACC. Following
a within-subject cross-over design, participants were asked to
complete behavioral tasks such as the Arrow-Flanker, while
receiving one of the three stimulation conditions (i.e., atDCS
and ctDCS, and sham) in different days. Results highlighted a
reduction of the flanker effect for RTs when participants were
previously stimulated with cathodal modulation. Analogously,
another study (To et al.,, 2018), supported by computational
simulations showing electric field distribution within the dACC,
proposed an electrodes’ montage different from the classic ring
configuration (Figure 1C), and applied the active electrode
over the Fz site (the anode for atDCS and cathode for the
ctDCS) whereas the returns were placed over the frontopolar
channels (Fpl, Fp2, F7, and F8). In turn, in a pre-post between-
subject design three groups of participants received either
anodal, or cathodal, or sham HD-tDCS and were required
to perform different tasks like the cognitive and emotional
counting Stroop. The EEG in resting-state was further pre-
post recorded. Results reported higher power increase in beta
frequency in the dACC and faster RTs in the post-stimulation
condition for the anodal HD-tDCS group, whereas in the
emotional version of the task, the cathodal HD-tDCS group
showed faster response times (RTs) and an increase of theta
oscillations involving the dorsal and rostral sections of the
ACC. Such a dissociation effect may contribute to highlight
the differential functional properties of the ACC sub-segments.
Overall, the contribution of tDCS in testing the activity of
cortical nodes underlying performance monitoring would look
promising. By expanding evidence from TMS investigations,
the observed neuromodulatory effects confirm the involvement
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FIGURE 1

The upper panel (A) displays examples of incongruent trials of the Arrow-Flanker, Color—Word Stroop, and Simon task, respectively. In the
Flanker task conflict occurs when the flankers are dissimilar from the target (e.g., the flanking arrows point in the opposite direction than the
target) and compete for activating different stimulus-motor representations. In the Stroop task, the conflict arises because participants must
suppress the involuntary processing of a task-irrelevant attributes (i.e., the meaning of the color word) and attending for less automatically
processed task-relevant attributes (i.e., the color in which the word is printed). Finally, in the Simon Task participants are asked to respond to a
lateralized target (e.g., by pressing the left button when a green circle appears), irrespective of the effective spatial position of the target. Here,
the conflict arises when the spatial position of the target and the response side do not correspond (i.e., the green circle appears on the right).
The middle panel (B) displays three examples of electrodes’ montage in transcranial alternating current stimulation studies (from left to right,
Fusco et al,, 2022; Khan et al., 2022; and Mattavelli et al., 2022). The lower panel (C) shows three different views of 3D cortical maps
representing the electric field intensity distribution (simulated through the open-source software ROAST; https://www.parralab.org/roast/;
Huang et al.,, 2019) of six tES experimental studies differing for both the employed electrodes sizes and montages; from left to right: (i) the axial
views of two transcranial direct current stimulation (tDCS) studies both employing a conventional bipolar tDCS montage with two rectangular
electrodes of 25 cm? (Adelhofer et al., 2021) and 35 cm? (Bellaiche et al., 2013); (i) the saggital views of two transcranial alternating current
stimulation (tACS) studies employing a conventional tACS montage with two circular electrodes of 25 cm?; (iii) the antero-sagittal views of two
HD-tDCS studies both employing a 4 returns x 1 active ring-like montage.
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of MFC, mPFC, and dACC as important structures that
regulate the information processing during tasks triggering
competitive representations and errors (see Table 1 for a
summary). Importantly, the functional property that anodal-
tDCS induces facilitation and cathodal-tDCS causes inhibition
appears inconsistent among these studies (see Fertonani and
Miniussi, 2017 for a detailed explanation of the anodal excitation
cathodal inhibition (AeCi) hypothesis). Sophisticated protocols
and advanced tools are employed in experimental settings to
probe spatial causality. However, reaching deep brain areas non-
invasively with millimetric and sub-millimetric resolution still
represents a challenge which needs further developments.

Entraining midfrontal theta
oscillations through transcranial
alternating current to causally
modulate conflict and error
monitoring

Transcranial Alternating Current Stimulation (tACS) has
received increasing attention in the last decade due to the
potential of alternating current to interact with the ongoing
endogenous and task-related electrocortical activity in a
frequency- and phase-dependent manner (Antal and Paulus,
2013). The waveform of the current is typically sinusoidal
with a constant alternating shift between positive and negative
polarities. The frequency of the stimulation can be applied using
all the oscillatory bands that characterize the cortical rhythmic
activity. Thus, tACS represents an effective tool for causally
testing the correlational evidence of EEG studies and affect
neurophysiological, cognitive, and behavioral outcomes. To
date, tACS studies investigating conflict and error monitoring
mainly delivered theta oscillations along the frontal midline
(MF©) with the aim of modulating task performance. A first
experimental attempt was conducted by van Driel et al. (2015)
who used the optimal individual theta frequency to change the
behavior during the resolution of visuo-motor spatial conflicts
in the Simon task. Participants in two different separate sessions,
received either theta- or alpha-tACS over the MFC (active
electrode 9 cm? placed between Cz and FCz, two reference
electrodes 35 cm? over the cheeks) at 1 mA for ~20 min
following an online protocol. Behavioral results showed a
modulation of the congruency sequence effect (a measure of
conflict adaptation) during theta- but not alpha-tACS in which
RTs were slowed during low conflict trials. However, the lack
of the sham condition may make it difficult to determine
whether the effects were driven by the oscillatory entrainment
or were related to other unspecific factors. In a within subject-
design study (Fusco et al, 2018) the independent effects of
five tACS frequencies (i.e., 2 Hz delta, 6 Hz theta, 11 Hz
alpha, 21 Hz beta, 60 Hz gamma) and the sham, were tested
during the administration of AC at 1.5 mA in correspondence
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of the MFC (the active over FCz and the reference electrode
over Pz, both 25 cm?). Participants in six different blocks
were asked to perform the classical Letter-Flanker in a
pseudo-randomized order. Although no modulations emerged
on conflict monitoring, 6 Hz-tACS acted on the post-error
adjustment by decreasing the RTs requested for responding
correctly to congruent trials after error execution. Importantly,
such an effect was significantly different respect to the sham.
In a follow-up study, Fusco et al. (2022) aimed at exploring
whether tACS could modulate theta oscillations underlying the
exchange between distal cortical areas involved in perceptual
encoding and conflict monitoring that are both called into play
for task resolution. Thus, thirty-two participants completed a
modified version of the Flanker with conflicting hand stimuli,
while receiving in two separate sessions either 6 or 40 Hz-tACS
or sham, over the MFC (FCz, circular electrode 25 cm?) and over
the extrastriate body-area (EBA, POS8 channel, circular electrode
25 cm?, see Figures 1B,C). Compared to sham and control
gamma-tACS, when participants underwent theta-tACS, their
RTs in performing correct trials were faster, a difference that was
not found in the Letter-Flanker task. To increase the focality, a
couple of investigations employed high-definition protocols to
modulate the activity of cortical areas in a frequency-dependent
fashion. Lehr et al. (2019), for example, used HD-tACS to
alter dACC activity by directly modulating the left dorsolateral
prefrontal cortex with a 4 x 1 ring montage in which the active
anode was placed over the AF3 position and the four cathodes
over F5, Fp2, F2, and AF7. In this study, participants received
1 mA at 6 Hz (experimentl) or 9.7 Hz (experiment 2 for the
control alpha-tACS) for 20 min while performing the word color
Stroop task. Results showed that only 6 Hz-tACS decreased the
interference effect for the RTs. Interestingly, a recent study using
30 min of theta-HD-tACS (6 Hz), computational modeling and
individual MRI for personalizing electrode placements, reported
behavioral changes in the Stroop task (i.e., higher interference)
respect to non-personalized montages (Klirova et al., 2021).

Beyond the classical paradigms, the modulation of mid-
frontal regions with theta-tACS can affect the performance in
other experimental paradigms investigating action monitoring
during interpersonal interactions (Boukarras et al, 2022;
Figure 1C) or subliminal and conscious conflict processing
(Giller et al., 2020). This may corroborate the functional
specificity of MF6 in driving information processing during
performance monitoring. Nevertheless, all the described
tACS studies lack EEG/MEG measurements and thus come
with a strong limitation that prevents from inferring the
neurophysiological mechanism underlying the modulatory
effects (e.g., the entrainment of endogenous oscillations).

Final remarks and future directions

Thanks to the techniques exploiting weak electric fields
in a non-invasive and controlled manner, we can: (i) interact
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with the activation of cortical networks, (ii) modulate the
communication between nodes, and (iii) shed new lights on
the understanding of the neural mechanisms that orchestrate
and regulate the behavior. What we observed so far confirm
the previous correlative evidence and results from TMS
that point to the fundamental role of midfrontal structures
and theta oscillations in modulating monitoring functions.
Depending on the methodological strategies and protocols,
both tDCS and tACS can modulate the neural processes
that influence behavioral indices (i.e., RTs) and underpin
cognitive interference, conflict adaptation, and post-error
adjustment. TDCS studies show effects on the ERPs amplitude
and frequency power modulations underpinning conflict and
error monitoring. Although promising, tES techniques have
strong methodological limitations related to their spatial
resolution and direction of current trajectories reaching
cortical targets. Targeting the dACC, for example, represents
a big challenge as well as removing artifactual activity from
endogenous signals when EEG-tACS co-registration is used
to investigate neurophysiological and behavioral task-related
patterns (Miniussi et al., 2012). Moreover, it is unclear what
and where we are currently neuromodulating during task
performance and we are aware that the methodology needs
further improvement to reach highly rigorous standards. It
is also worth noting that factors like inter-subject variability,
neural state-dependency, and blinding procedures may affect
behavioral and neurophysiological changes during tES (Nitsche
et al., 2007; Palm et al., 2013; Grundey et al., 2018; Rudroft
et al., 2020). Of note, attempts to employ H-coils for targeting
the frontal network and the dACC during rTMS, seem
to have potentially clinical relevance and therapeutic effects
on the treatment of psychiatric and neurological conditions
such as obsessive-compulsive disorders (OCD, Carmi et al,
2019), depression (Kreuzer et al., 2015), and cocaine addiction
(Martinez et al., 2018). Similarly, the delivery of tES on the
frontal areas may have the potential to improve symptoms
in psychiatric diseases like OCD (D'Urso et al, 2016) and
eating disorders (Mattavelli et al., 2019) or neurodevelopmental
disorders like ADHD (see Salehinejad et al, 2020 for a
recent review). Finally, emerging NIBS techniques, like the
transcranial Focal Ultrasound Stimulation (tFUS; Darmani
et al., 2022) may provide innovative protocols for non-invasive

References

Adelhofer, N., Stock, A. K., and Beste, C. (2021). Anodal tDCS modulates
specific processing codes during conflict monitoring associated with superior and
middle frontal cortices. Brain Struct. Funct. 226, 1335-1351. doi: 10.1007/s00429-
021-02245-4

Antal, A., Ambrus, G. G., and Chaieb, L. (2014). Toward unraveling reading-
related modulations of tdcs-induced neuroplasticity in the human visual cortex.
Front. Psychol. 5:642. doi: 10.3389/fpsyg.2014.00642

Frontiers in Integrative Neuroscience

07

10.3389/fnint.2022.953928

neuromodulation of cortical and subcortical brain structures.
In fact, using ultrasonic mechanical waves at low frequencies,
tFUS can reach deep brain structures with a very high
spatial resolution causing changes in neuronal excitability
without damaging the stimulated tissues. Hopefully, tFUS
will be soon used to drive modulatory effects on the
dACC, opening a new era for the causal study of the
performance monitoring system and for the development of
translational treatments.

Author contributions

GF wrote the first draft of the manuscript. All authors
contributed to the manuscript revision, read, and approved the
submitted version.

Funding

This work was supported by the Italian Ministry of
University and Research (Progetti di Ricerca di Rilevante
Interesse Nazionale Edit. 2017, Prot. 2017N7WCLP) awarded to
SMA.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Antal, A., and Paulus, W. (2013). Transcranial alternating current stimulation
(tACS). Front. Hum. Neurosci. 7:317. doi: 10.3389/fnhum.2013.00317

Bellaiche, L., Asthana, M., Ehlis, A.-C., Polak, T., and Herrmann, M. J. (2013).
The modulation of error processing in the medial frontal cortex by transcranial
direct current stimulation. Neurosci. J. 2013, 1-10. doi: 10.1155/2013/187692

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

frontiersin.org


https://doi.org/10.3389/fnint.2022.953928
https://doi.org/10.1007/s00429-021-02245-4
https://doi.org/10.1007/s00429-021-02245-4
https://doi.org/10.3389/fpsyg.2014.00642
https://doi.org/10.3389/fnhum.2013.00317
https://doi.org/10.1155/2013/187692
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/

Fusco et al.

Botvinick, M. M., Cohen, J. D., and Carter, C. S. (2004). Conflict monitoring and
anterior cingulate cortex: an update. Trends Cogn. Sci. 8, 539-546. doi: 10.1016/j.
tics.2004.10.003

Boukarras, S., Ozkan, D. G., Era, V., Moreau, Q., Tieri, G., and Candidi, M.
(2022). Midfrontal theta transcranial alternating current stimulation facilitates
motor coordination in dyadic human-avatar interactions. J. Cogn. Neurosci. 34,
897-915. doi: 10.1162/jocn_a_01834

Carmi, L., Tendler, A., Bystritsky, A., Hollander, E., Blumberger, D. M.,
Daskalakis, J., et al. (2019). Efficacy and safety of deep transcranial magnetic
stimulation for obsessive-compulsive disorder: a prospective multicenter
randomized double-blind placebo-controlled trial. Am. J. Psychiatry 176, 931-938.
doi: 10.1176/appi.ajp.2019.18101180

Cavanagh, J. F,, and Frank, M. J. (2014). Frontal theta as a mechanism for
cognitive control. Trends Cogn. Sci. 18, 414-421. doi: 10.1016/j.tics.2014.04.012

Cohen, M. X., and Donner, T. H. (2013). Midfrontal conflict-related theta-
band power reflects neural oscillations that predict behavior. J. Neuro Phys. 110,
2752-2763. doi: 10.1152/jn.00479.2013

Cunillera, T., Brignani, D., Cucurell, D., Fuentemilla, L., and Miniussi, C.
(2016). The right inferior frontal cortex in response inhibition: a tDCS-ERP
co-registration study. Neuroimage 140, 66-75. doi: 10.1016/j.neuroimage.2015.
11.044

Darmani, G., Bergmann, T. O., Butts Pauly, K., Caskey, C. F., de Lecea, L.,
Fomenko, A., et al. (2022). Non-invasive transcranial ultrasound stimulation
for neuromodulation. Clin. Neurophysiol. 135, 51-73. doi: 10.1016/j.clinph.2021.
12.010

Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., and Bikson, M. (2009). Gyri-
precise head model of transcranial direct current stimulation: improved spatial
focality using a ring electrode versus conventional rectangular pad. Brain Stimul.
2,201-207. doi: 10.1016/.brs.2009.03.005

Devinsky, O., Morrell, M. J.,, and Vogt, B. A. (1995). Contributions of
anterior cingulate cortex to behaviour. Brain 118, 279-306. doi: 10.1093/brain/118.
1.279

Dubreuil-Vall, L., Chau, P., Ruffini, G., Widge, A. S., and Camprodon, J. A.
(2019). tDCS to the left DLPFC modulates cognitive and physiological correlates
of executive function in a state-dependent manner. Brain Stimul. 12, 1456-1463.
doi: 10.1016/j.brs.2019.06.006

D’Urso, G., Brunoni, A. R., Mazzaferro, M. P., Anastasia, A., de Bartolomeis, A.,
and Mantovani, A. (2016). Transcranial direct current stimulation for obsessive—
compulsive disorder: a randomized, controlled, partial crossover trial. Depression
Anxiety 33, 1132-1140. doi: 10.1002/da.22578

Eriksen, B., and Eriksen, C. W. (1974). Effects of noise letters upon the
identification of a target letter in a nonsearch task. Perception Psychophys. 16,
143-149. doi: 10.3758/BF03203267

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

Falkenstein, M., Hoormann, J., Christ, S., and Hohnsbein, J. (2000). ERP
components on reaction errors and their functional significance: a tutorial. Biol.
Psychol. 51, 81-107. doi: 10.1016/s0301-0511(99)00031-9

Fertonani, A., and Miniussi, C. (2017). Transcranial electrical stimulation: what
we know and do not know about mechanisms. Neuroscientist 23, 109-123. doi:
10.1177/1073858416631966

Folstein, J. R., and van Petten, C. (2008). Influence of cognitive control and
mismatch on the N2 component of the ERP: a review. Psychophysiology 45,
152-170. doi: 10.1111/j.1469-8986.2007.00602.x

Fusco, G., Fusaro, M., and Aglioti, S. M. (2022). Midfrontal-occipital 6-tACS
modulates cognitive conflicts related to bodily stimuli. Soc. Cogn. Affect. Neurosci.
17,91-100. doi: 10.1093/scan/nsaal25

Fusco, G., Scandola, M., Feurra, M., Pavone, E. F., Rossi, S., and Aglioti, S. M.
(2018). Midfrontal theta transcranial alternating current stimulation modulates
behavioural adjustment after error execution. Eur. J. Neurosci. 48, 3159-3170.
doi: 10.1111/ejn.14174

Gehring, W. J., Coles, M. G., Meyer, D. E,, and Donchin, E. (1995). A
brain potential manifestation of error-related processing. Electroencephalogr. Clin.
Neurophysiol. Suppl. Only 44, 261-272.

Giller, F., Bensmann, W., Miickschel, M., Stock, A. K., and Beste, C. (2020).
Evidence for a causal role of superior frontal cortex theta oscillations during
the processing of joint subliminal and conscious conflicts. Cortex 132, 15-28.
doi: 10.1016/j.cortex.2020.08.003

Grundey, J., Barlay, J., Batsikadze, G., Kuo, M. F., Paulus, W., and Nitsche,
M. (2018). Nicotine modulates human brain plasticity via calcium-dependent
mechanisms. J. Physiol. 596, 5429-5441. doi: 10.1113/JP276502

Frontiers in Integrative Neuroscience

08

10.3389/fnint.2022.953928

Hayward, G., Mehta, M. A., Harmer, C., Spinks, T. J., Grasby, P. M., and
Goodwin, G. M. (2007). Exploring the physiological effects of double-cone coil
TMS over the medial frontal cortex on the anterior cingulate cortex: an H2150
PET study. Eur. J. Neurosci. 25, 2224-2233. doi: 10.1111/j.1460-9568.2007.05430.x

Huang, Y., Datta, A, Bikson, M., and Parra, L. C. (2019). Realistic
volumetric-approach to simulate transcranial electric stimulation—ROAST—a
fully automated open-source pipeline. J. Neural Eng. 16:056006. doi: 10.1088/
1741-2552/ab208d

Ishii, R., Shinosaki, K., Ukai, S., Inouye, T., Ishihara, T., Yoshimine, T., et al.
(1999). Cognitive neuroscience NeuroReport medial prefrontal cortex generates
frontal midline theta rhythm. Neuroreport 10, 675-679. doi: 10.1097/00001756-
199903170-00003

Khan, A., Chen, C, Eden, C. H.,, Yuan, K, Tse, C.-Y., Lou, W., et al.
(2022). Impact of anodal high-definition transcranial direct current stimulation of
medial prefrontal cortex on stroop task performance and its electrophysiological
correlates. A pilot study. Neurosci. Res. 181, 46-54. doi: 10.1016/j.neures.2022.03.
006

Klirovd, M., Voratkovd, V., Horacek, J., Mohr, P., Jonas, J., Dudysova, D. U,
et al. (2021). Modulating inhibitory control processes using individualized high-
definition theta transcranial alternating current stimulation (HD 6-tACS) of the
anterior cingulate and medial prefrontal cortex. Front. Syst. Neurosci. 15:25. doi:
10.3389/fnsys.2021.611507

Kreuzer, P. M., Schecklmann, M., Lehner, A., Wetter, T. C., Poeppl, T. B,,
Rupprecht, R,, et al. (2015). The ACDC pilot trial: targeting the anterior cingulate
by double cone coil rTMS for the treatment of depression. Brain Stimul. 8,
240-246. doi: 10.1016/j.brs.2014.11.014

Lehr, A., Henneberg, N., Nigam, T., Paulus, W., and Antal, A. (2019).
Modulation of conflict processing by theta-range tACS over the dorsolateral
prefrontal cortex. Neural Plasticity 2019:6747049. doi: 10.1155/2019/6747049

Luu, P, and Tucker, D. M. (2001). Regulating action: alternating activation of
midline frontal and motor cortical networks. Clin. Neurophysiol. 112, 1295-1306.
doi: 10.1016/S1388-2457(01)00559-4

Luu, P., Tucker, D. M., and Makeig, S. (2004). Frontal midline theta and
the error-related negativity: neurophysiological mechanisms of action regulation.
Clin. Neurophysiol. 115, 1821-1835. doi: 10.1016/j.clinph.2004.03.031

Martinez, D., Urban, N., Grassetti, A., Chang, D., Hu, M. C,, Zangen, A,
etal. (2018). Transcranial magnetic stimulation of medial prefrontal and cingulate
cortices reduces cocaine self-administration: a pilot study. Front. Psychiatry 9:80.
doi: 10.3389/fpsyt.2018.00080

Mattavelli, G., Gallucci, A., Schiena, G., D’Agostino, A., Sassetti, T., Bonora, S.,
et al. (2019). Transcranial direct current stimulation modulates implicit attitudes
towards food in eating disorders. Int. J. Eat. Disord. 52, 576-581. doi: 10.1002/eat.
23046

Mattavelli, G., Lo Presti, S., Tornaghi, D., and Canessa, N. (2022). High-
definition transcranial direct current stimulation of the dorsal anterior cingulate
cortex modulates decision-making and executive control. Brain Struct. Funct. 227,
1565-1576. doi: 10.1007/s00429-022-02456-3

Miniussi, C., Brignani, D., and Pellicciari, M. C. (2012). Combining transcranial
electrical stimulation with electroencephalography: a multimodal approach. Clin.
EEG Neurosci. 43, 184-191. doi: 10.1177/1550059412444976

Nitsche, M. A., Doemkes, S., Karakose, T., Antal, A,, Liebetanz, D., Lang, N,,
et al. (2007). Shaping the effects of transcranial direct current stimulation of the
human motor cortex. J. Neurophysiol. 97, 3109-3117. doi: 10.1152/jn.01312.2006

OIk, B., Peschke, C., and Hilgetag, C. C. (2015). Attention and control of
manual responses in cognitive conflict: findings from TMS perturbation studies.
Neuropsychologia 74, 7-20. doi: 10.1016/j.neuropsychologia.2015.02.008

Palm, U., Reisinger, E., Keeser, D., Kuo, M. F., Pogarell, O., Leicht, G., et al.
(2013). Evaluation of sham transcranial direct current stimulation for randomized,
placebo-controlled clinical trials. Brain Stimul. 6, 690-695. doi: 10.1016/j.brs.2013.
01.005

Paus, T. (2001). Primate anterior cingulate cortex: where motor control, drive
and cognition interface. Nat. Rev. Neurosci. 2, 417-424. doi: 10.1038/35077500

Pezzetta, R., Nicolardi, V., Tidoni, E., and Aglioti, S. M. (2018). Error, rather
than its probability, elicits specific electrocortical signatures: a combined EEG-
immersive virtual reality study of action observation. J. Neuro Physiol. 120,
1107-1118. doi: 10.1152/jn.00130.2018

Pezzetta, R., Wokke, M. E., Aglioti, S. M., and Ridderinkhof, K. R. (2021). Doing
it wrong: a systematic review on electrocortical and behavioral correlates of error
monitoring in patients with neurological disorders. Neuroscience 486, 103-125.
doi: 10.1016/j.neuroscience.2021.01.027

Reinhart, R. M. G., and Woodman, G. F. (2014). Causal control of medial-
frontal cortex governs electrophysiological and behavioral indices of performance
monitoring and learning. J. Neurosci. 34, 4214-4227. doi: 10.1523/JNEUROSCI.
5421-13.2014

frontiersin.org


https://doi.org/10.3389/fnint.2022.953928
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1016/j.tics.2004.10.003
https://doi.org/10.1162/jocn_a_01834
https://doi.org/10.1176/appi.ajp.2019.18101180
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1152/jn.00479.2013
https://doi.org/10.1016/j.neuroimage.2015.11.044
https://doi.org/10.1016/j.neuroimage.2015.11.044
https://doi.org/10.1016/j.clinph.2021.12.010
https://doi.org/10.1016/j.clinph.2021.12.010
https://doi.org/10.1016/j.brs.2009.03.005
https://doi.org/10.1093/brain/118.1.279
https://doi.org/10.1093/brain/118.1.279
https://doi.org/10.1016/j.brs.2019.06.006
https://doi.org/10.1002/da.22578
https://doi.org/10.3758/BF03203267
https://doi.org/10.1016/0013-4694(91)90062-9
https://doi.org/10.1016/0013-4694(91)90062-9
https://doi.org/10.1016/s0301-0511(99)00031-9
https://doi.org/10.1177/1073858416631966
https://doi.org/10.1177/1073858416631966
https://doi.org/10.1111/j.1469-8986.2007.00602.x
https://doi.org/10.1093/scan/nsaa125
https://doi.org/10.1111/ejn.14174
https://doi.org/10.1016/j.cortex.2020.08.003
https://doi.org/10.1113/JP276502
https://doi.org/10.1111/j.1460-9568.2007.05430.x
https://doi.org/10.1088/1741-2552/ab208d
https://doi.org/10.1088/1741-2552/ab208d
https://doi.org/10.1097/00001756-199903170-00003
https://doi.org/10.1097/00001756-199903170-00003
https://doi.org/10.1016/j.neures.2022.03.006
https://doi.org/10.1016/j.neures.2022.03.006
https://doi.org/10.3389/fnsys.2021.611507
https://doi.org/10.3389/fnsys.2021.611507
https://doi.org/10.1016/j.brs.2014.11.014
https://doi.org/10.1155/2019/6747049
https://doi.org/10.1016/S1388-2457(01)00559-4
https://doi.org/10.1016/j.clinph.2004.03.031
https://doi.org/10.3389/fpsyt.2018.00080
https://doi.org/10.1002/eat.23046
https://doi.org/10.1002/eat.23046
https://doi.org/10.1007/s00429-022-02456-3
https://doi.org/10.1177/1550059412444976
https://doi.org/10.1152/jn.01312.2006
https://doi.org/10.1016/j.neuropsychologia.2015.02.008
https://doi.org/10.1016/j.brs.2013.01.005
https://doi.org/10.1016/j.brs.2013.01.005
https://doi.org/10.1038/35077500
https://doi.org/10.1152/jn.00130.2018
https://doi.org/10.1016/j.neuroscience.2021.01.027
https://doi.org/10.1523/JNEUROSCI.5421-13.2014
https://doi.org/10.1523/JNEUROSCI.5421-13.2014
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/

Fusco et al.

Ridderinkhof, K. R., Ullsperger, M., Crone, E. A., and Nieuwenhuis, S. (2004).
The role of the medial frontal cortex in cognitive control. Science (1979) 306,
443-447. doi: 10.1126/science.1100301

Rudroff, T., Workman, C. D., Fietsam, A. C., and Kambholz, J. (2020). Response
variability in transcranial direct current stimulation: why sex matters. Front.
Psychiatry 11:585. doi: 10.3389/fpsyt.2020.00585

Salehinejad, M. A., Nejati, V., Mosayebi-Samani, M., Mohammadi, A,
Wischnewski, M., Kuo, M. F., et al. (2020). Transcranial direct current stimulation
in ADHD: a systematic review of efficacy, safety, and protocol-induced electrical
field modeling results. Neurosci. Bull. 36, 1191-1212. doi: 10.1007/s12264-020-
00501-x

Simon, J. R., and Rudell, A. P. (1967). Auditory SR compatibility: the effect of
an irrelevant cue on information processing. J. Appl. Psychol. 51:300. doi: 10.1037/
h0020586

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. J. Exp.
Psychol. 18:643. doi: 10.1037/h0054651

Theeuwes, J., Atchley, P., and Kramer, A. F. (2000). On the time course of top-
down and bottom-up control of visual attention. Control Cogn. Process. Attention
Perform. XVIII 18, 105-124.

Frontiers in Integrative Neuroscience

09

10.3389/fnint.2022.953928

To, W. T., Eroh, J.,, Hart, J., and Vanneste, S. (2018). Exploring the effects
of anodal and cathodal high-definition transcranial direct current stimulation
targeting the dorsal anterior cingulate cortex. Sci. Rep. 8:4454. doi: 10.1016/j.
neubiorev.2013.01.002

van Driel, J., Sligte, I. G., Linders, J., Elport, D., and Cohen, M. X. (2015).
Frequency band-specific electrical brain stimulation modulates cognitive control
processes. PLoS One 10:€0138984. doi: 10.1371/journal.pone.0138984

Woods, A. J., Antal, A., Bikson, M., Boggio, P. S., Brunoni, A. R., Celnik,
P, et al. (2016). A technical guide to tDCS, and related non-invasive brain
stimulation tools. Clin. Neurophysiol. 127, 1031-1048. doi: 10.1016/j.clinph.2015.
11.012

Zaghi, S., Acar, M., Hultgren, B., Boggio, P. S., and Fregni, F. (2010).
Noninvasive brain stimulation with low-intensity electrical currents: putative
mechanisms of action for direct and alternating current stimulation. Neuroscientist
16, 285-307. doi: 10.1177/1073858409336227

Zmigrod, S., Zmigrod, L., and Hommel, B. (2016). Transcranial direct current
stimulation (tDCS) over the right dorsolateral prefrontal cortex affects stimulus
conflict but not response conflict. Neuroscience 322, 320-325. doi: 10.1016/j.
neuroscience.2016.02.046

frontiersin.org


https://doi.org/10.3389/fnint.2022.953928
https://doi.org/10.1126/science.1100301
https://doi.org/10.3389/fpsyt.2020.00585
https://doi.org/10.1007/s12264-020-00501-x
https://doi.org/10.1007/s12264-020-00501-x
https://doi.org/10.1037/h0020586
https://doi.org/10.1037/h0020586
https://doi.org/10.1037/h0054651
https://doi.org/10.1016/j.neubiorev.2013.01.002
https://doi.org/10.1016/j.neubiorev.2013.01.002
https://doi.org/10.1371/journal.pone.0138984
https://doi.org/10.1016/j.clinph.2015.11.012
https://doi.org/10.1016/j.clinph.2015.11.012
https://doi.org/10.1177/1073858409336227
https://doi.org/10.1016/j.neuroscience.2016.02.046
https://doi.org/10.1016/j.neuroscience.2016.02.046
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/

	Neuromodulating the performance monitoring network during conflict and error processing in healthy populations: Insights from transcranial electric stimulation studies
	Introduction
	The application of polarized direct current to probe spatial and temporal causality of conflict and error monitoring
	Entraining midfrontal theta oscillations through transcranial alternating current to causally modulate conflict and error monitoring
	Final remarks and future directions
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


