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Error processing is a critical step towards an eﬃcient adaptation of our behavior to achieve a goal. Little research
has been devoted to investigate the contribution of the dorsolateral prefrontal cortex (DLPFC) in supporting
error processing. In this study, the causal relationship of the DLPFC in error commission was examined by means
of a repetitive transcranial magnetic stimulation protocol (rTMS). Speciﬁcally, the eﬀects of an inhibitory
protocol were assessed by examining the electroencephalographic signal recorded during the execution of a Go/
No-Go task. To this aim, a group of 15 healthy young participants performed a three-session study. At each
session, either the right DLPFC, the left DLPFC, or the Vertex (control site) were stimulated, for 20 min at 1 Hz.
Immediately after the stimulation, participants performed the task. Although no behavioral eﬀects of rTMS
emerged, the analysis of event-related electric potentials (ERPs) revealed that the amplitude of a positive potential evoked by error commission, the error positivity (Pe), was reduced after the stimulation of the left DLPFC.
On the contrary, the earlier error-related negativity component (ERN) was not aﬀected. These results revealed
that the left DLPFC intervenes at later stages of error-related processes. We could speculate that its role is
speciﬁcally linked to error awareness.

1. Introduction
In everyday life, minor errors are ordinary events that do not generally produce signiﬁcant eﬀects. However, also a minor error can have
important consequences, for example, a driving distraction. Thus, it is
not surprising that human error is extensively studied.
Investigations that examine human error can be classiﬁed in: (1)
studies focused on antecedents of an error, namely on the causes of the
error, and (2) studies interested in the consequences of an error, namely
the eﬀects that an error produces on a system or the reaction of a system
following an error. An interesting phenomenon, related to this latter
research line, concerns post-error slowing (PES), already described in
1966 by Rabbitt and colleagues. PES reﬂects a general individual tendency to slow down a motor response on the next trial after committing
an error (Danielmeier and Ullsperger, 2011; Ullsperger et al., 2014).
Some authors have interpreted this slowing as an increase in response
caution, which allows individuals to maintain constant the level of

accuracy and indexes cognitive control/monitoring strategies (e.g.,
Botvinick et al., 2001); according to other authors, PES reﬂects a behavioral impairment caused by an error (Notebaert et al., 2009). Another crucial error-related process is error awareness. The conscious
detection of an error has an adaptive role in everyday life, since an
aware error triggers a series of adjustments that allow correcting and
avoiding the same error in the future (Laming, 1968; Ullsperger et al.,
2014).
Along with behavioral indexes (PES and error awareness), a rich
corpus of EEG studies has investigated the electrophysiological correlates of error-related processes. Two event-related potentials (ERPs)
have been found as the most representative markers associated with the
commission of errors. The ﬁrst one, the error-related negativity (ERN) is
a negative deﬂection that reaches maximal amplitude values at about
50–100 ms after the erroneous response. This ERP component has a
frontocentral voltage distribution on the scalp (Falkenstein et al., 1991;
Gehring et al., 1990). Following the ERN, a second positive deﬂection,
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coil and the involvement of the left lateral prefrontal regions was not
considered.
Apart from the mentioned NIBS studies, little evidence has established causal links between error-related processes and their brain
correlates, especially because the brain correlates of error-related processes mainly derive from EEG and fMRI studies. These techniques,
despite the fascinating perspective they provide, allow establishing only
correlational inferences on the brain-cognition-behavior relation. The
main purpose of the present study was to overcome the correlational
approach of fMRI and EEG techniques and to examine the contribution
of the DLPFC in error processing. To this aim a TMS protocol was
performed, combined with behavioral and ERP measures. Namely, a
low-frequency (1-Hz) rTMS protocol was applied to young healthy
volunteers with the aim of inhibiting processes associated with error
commission. The 1-Hz rTMS protocol is known to reduce cortical excitability in targeted brain areas for several minutes after the end of
stimulation (Chen et al., 1997). The selected target areas were the right
and left DLPFC. As previously remarked, lateral prefrontal regions have
been suggested to be involved in error awareness together with the
well-known role of medial frontal cortex (Harty et al., 2014; Masina
et al., 2018). Interestingly, a recent study showed a relationship between the left DLPFC and PES (Mansouri et al., 2016). Furthermore,
neuropsychological ﬁndings supported an involvement of the DLPFC in
the generation of the ERN (Gehring and Knight, 2000; Sokhadze et al.,
2014, 2012). Wessel et al. (2014) proposed that the lateral prefrontal
cortex is a crucial hub within the prefrontal-cingulate performancemonitoring network (PCMN), which triggers compensatory mechanisms
following an error (e.g., PES). The DLPFC seems to be central in metacognitive processes (Qiu et al., 2018), such as error awareness
(Hoerold et al., 2013; see also Harty et al., 2014; Masina et al., 2018).
However, the causal contribution of dorsolateral prefrontal areas has
not been elucidated yet. Moreover, compelling evidence about a functional hemispheric lateralization of the lateral prefrontal cortex in
error-related processing has not been found yet, especially because the
role of the right and left DLPFC was investigated in separate studies
(Rollnik et al., 2004; Mansouri et al., 2016, respectively), but it has not
been directly compared in the same experiment. In order to overcome
this limitation, in the present study we investigated the contribution of
both the right and left DLPFC. Our working hypothesis was that if the
DLPFC contributes to processes related to error awareness, low-frequency inhibitory rTMS should produce fewer aware errors and decreased PES. At the same time, inhibitory stimulation of this region
should induce an attenuation of the error-related potentials, namely the
ERN if the DLPFC acts on earlier stage of error detection, the Pe if this
area intervenes at later stages.

called error positivity (Pe), emerges at about 200–400 ms after the erroneous response. The scalp distribution of the Pe shows a maximum at
central sites (Falkenstein et al., 1991; Overbeek et al., 2005). The neural
generator of the ERN has been localized in several brains regions, including the medial frontal regions of the cortex (Debener, 2005) and the
supplementary motor area (Bonini et al., 2014). Functional magnetic
resonance (fMRI) studies have shown that the ERN occurs in the
anterior cingulate cortex (ACC; Iannaccone et al., 2015; Ito et al., 2003;
Ullsperger and Von Cramon, 2001). Taken together, the heterogeneity
of results suggest that the ERN has multiple neural generators
(Kappenman and Luck, 2012). Similarly, studies attempting to pinpoint
the neural generator of the Pe have found mixed results. Dipole source
modeling of the Pe scalp distribution has suggested two possible regions
candidate as neural generators of the Pe: the rostral (van Boxtel et al.,
2005; Veen and Carter, 2002) and caudal (Herrmann et al., 2004)
portion of the medial frontal cortex. Furthermore, an intracranial EEG
study has shown the involvement of diﬀerent regions that included the
cingulate, mesiotemporal, orbitofrontal cortices and the dorsolateral
prefrontal cortex (DLPFC; Brázdil et al., 2002).
From a functional point of view, the ERN and the Pe components
have been found to be independent and to reﬂect diﬀerent aspects of
error processing (Coleman et al., 2018; Di Gregorio et al., 2018). The
ERN has been related to a manifestation of an error, regardless of its
conscious detection (Nieuwenhuis et al., 2001) and seems to reﬂect the
activity of a system that detects a conﬂict between planned and executed actions. In other words, the ERN would reﬂect the monitoring of a
cognitive mismatch (Falkenstein et al., 1991; Gehring et al., 1993;
Holroyd and Coles, 2002). The Pe component has been associated with
multiple functions, such as the awareness of an error (Endrass et al.,
2007; Hoonakker et al., 2016; Murphy et al., 2012; O'Connell et al.,
2007; Overbeek et al., 2005), the motivational signiﬁcance attributed to
an error (Ridderinkhof et al., 2009), the accumulation of evidence that
an error has occurred (Steinhauser and Yeung, 2010), and the involvement of adaptive strategies following an error (Overbeek et al.,
2005).
Although many studies have focused on understanding the eﬀects of
committing an error on behavior and brain activity, few studies have
tried to directly modulate error-related processes, such as PES and error
awareness. With regards to PES, Sellaro et al. (2015) observed an increase in PES in healthy young individuals by applying transcutaneous
vagal nerve stimulation. Harty et al. (2014) increased error awareness
by using anodal transcranial direct current stimulation (tDCS) on the
right DLPFC in a group of older adults. Hester et al. (2012) enhanced
error awareness by the administration of a single dose of methylphenidate, demonstrating a link between error awareness and the catecholaminergic neurotransmission. More recently, Masina et al. (2018)
demonstrated that an on-line single-pulse transcranial magnetic stimulation protocol (TMS) delivered on the right and on the left DLPFC
induced a reduction of error awareness in a group of healthy participants.
With regards to the ERN and the Pe, these ERP components have
been modulated by noninvasive brain stimulations (NIBS) as well. In a
tDCS study, Reinhart and Woodman (2014) demonstrated that the stimulation of the medial frontal cortex could eliminate or enhance the
ERN, by administering cathodal or anodal tDCS, respectively. Bellaïche
et al. (2013) found that cathodal tDCS over the medial frontal cortex
reduced the Pe amplitude compared to both anodal and sham stimulation. Rollnik et al. (2004) modulated the ERN and Pe amplitude by
means of a low-frequency (0.9 Hz) rTMS. Speciﬁcally, in this study, the
TMS was delivered over medial frontal regions (including the ACC) and
over lateral frontal regions (right DLPFC). Only the stimulation of the
ACC provoked both a reduction of the ERN amplitude and an increase
of the Pe amplitude. The authors suggested that the stimulation of
medial frontal regions might have modulated a crucial area associated
with the ERN, namely the ACC. However, it was unclear how these deep
brain area could be stimulated by means of a conventional ﬁgure-of-8

2. Methods
2.1. Participants
Fifteen right-handed healthy participants aged 20–34 (mean = 24.3
years; SD = 3.6) took part in the study (9 females). All participants had
normal or corrected-to-normal visual acuity. Exclusion criteria were a
history of neurological or psychiatric diseases, and use of neurological
or psychiatric medications. Before experiment, participants gave their
written informed consent and were checked for TMS exclusion criteria
(Rossi et al., 2011). The adopted safety procedures were in line with the
guidelines for the use of TMS (Rossi et al., 2009). The study was approved by the Ethics Committee of School of Psychology, University of
Padua (protocol no. 1929). The experimental procedure was in accord
with the ethical principles of the 1964 Declaration of Helsinki.
2.2. rTMS paradigm
Repetitive TMS was performed using a Magstim Rapid2 TMS stimulator (Magstim Company, Whitland, UK) with a 70-mm ﬁgure-of2

Neuropsychologia 133 (2019) 107153

F. Masina, et al.

Fig. 1. An example of experimental session in which the order of the stimulation sites, namely the Vertex, the right DLPFC, and the left DLPFC, is depicted.

participants had to retain for a longer time the stimulus in working
memory. At the beginning of the task, the words were presented for
200 ms with an ISI of 1800 ms. ISI durations could change according to
three scenarios: (1) if the accuracy was below 50%, the ISI duration was
set at 1700 ms; (2) if the accuracy was higher than 60%, the ISI duration was set at 2000 ms; (3) if the accuracy was between 50% and 60%,
the ISI duration was set at 1800 ms, as at the beginning of the task. The
accuracy percentage was computed and updated after each No-Go trial.
The task was divided into two equal blocks and each block lasted
10 min. The total number of trials in the task was 668, speciﬁcally 468
Go trials, 100 repeat No-Go trials and 100 Stroop No-Go trials. Participants rested their head on a table-mounted head-rest which ﬁxed
their distance at 60 cm from a 19-inch monitor for the whole duration
of the task. Stimulus presentation was controlled by E-Prime software
(Psychological Software Tools, Pittsburgh, PA, USA; version 2.0.8.90).

eight stimulation coil. As detailed in the procedure reported below, the
stimulation targets were identiﬁed with Brainsight frameless stereotaxic
system (Rogue Research, Montreal, Canada) and the position of the coil
was maintained in real-time by the optical tracking system Polaris Vicra
(NDI, Waterloo, Canada).
2.3. EEG recording
The EEG signal was recorded by means of 64 Ag/AgCl sintered ring
electrodes mounted on an elastic cap according to the International
10–20 system (EASYCAP GmbH, Germany). Compared to standard
electrodes, they are speciﬁcally designed to be compatible with simultaneous TMS, because they avoid overheating during magnetic
stimulation and eliminate any risk for participants. Furthermore, their
thickness is thinner than standard electrodes (< 4 mm), reducing the
space between the TMS coil and participant's scalp. The cap was connected to an AC ampliﬁer (Micromed SD MRI, Micromed, Mogliano
Veneto, Italy). The ampliﬁer was optically connected to a PC and BrainQuick System Plus software allowed monitoring EEG during every
session.
The EEG recordings were referenced to FCz electrode, while the
ground electrode was placed on AFz. Raw data were recorded with a
high-pass ﬁlter of 0.016 Hz and digitalized with a frequency of 512 Hz.

2.5. Procedure
Each participant was involved in three experimental sessions, carried out on diﬀerent days. In each session a diﬀerent brain site was
stimulated. In order to ensure an appropriate washout period, at least
24 h had to pass in between two consecutive sessions, with a range of
days left between each session of 1–36 days. The stimulation sites were
the right DLPFC, the left DLPFC, and the Vertex (control site). The order
of the stimulation sites was randomly assigned to each participant, in
order to control for practice and fatigue eﬀects or at least to avoid
systematic inﬂuences of these eﬀects in our experimental design.
Overall, each session was divided into three phases: (1) task training;
(2) EEG cap placement and rTMS; (3) task during the EEG recording
(Fig. 1).
In the ﬁrst phase (task training), it was ensured that all participants
fully understood the instructions of the task and familiarized with it. In
this phase, participants performed a short version of the task that lasted
5 min. Five TMS pulses were delivered on Vertex so that participants
could experience the somatic sensation and the clicking sound that TMS
produces.
In the second phase (EEG placement and rTMS), the EEG cap was
placed on participants' head. Electrode impedances were kept below 5 k
Ω. Then, the participants’ resting motor threshold (RMT) was determined, in line with the standardized procedure (Rossi et al., 2009).
Afterward, the stimulation targets were identiﬁed with Brainsight
frameless stereotaxic system (Rogue Research, Montreal, Canada) and
spatial transformation was used to adjust the MRI template (the nonlinear ICBM-152 template by the Montreal Neurological Institute, MNI)

2.4. Task
During EEG recording, participants performed an adapted version of
the Error Awareness Task (EAT; Hester et al., 2005). In this task, a serial
stream of single color words was presented at the center of the screen
on a gray background. Participants were trained to respond with a
single-speeded press (“3” on the keyboard), when the word and its color
form were congruent (Go trials). They were asked to withhold this response when the word and its color font were incongruent (Stroop NoGo trials), or when the word was presented in two consecutive trials
(repeat No-Go trials). In case participants failed to withhold their responses in either No-Go conditions (Stroop and repeat), they were instructed to signal as soon as possible the commission error by pressing a
diﬀerent button (the space bar). In order to maintain the number of
errors between participants as similar as possible, we adopted an
adaptive staircase approach. Speciﬁcally, the task diﬃculty was based
on the participants' accuracy on No-Go trials. We manipulated the
duration of ISI so that the time required for maintaining the previous
word in memory was modiﬁed as a function of accuracy. The ISI length
was extended to induce more commission errors on repeat trials, in fact,
3
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components (ICs) were visually inspected in terms of scalp distribution,
frequency, timing and amplitude (Chaumon et al., 2015). The mean
number of removed ICs was 16.2 (SD = 5.3). Epochs contaminated by
artifacts were further identiﬁed with an automatic procedure (Delorme
et al., 2007). The following criteria were applied: i) −100/+100 μV as
extreme amplitude values threshold; ii) drifts larger than ± 50 μV and
R2 > 0.3 for the linear trend test; iii) SD > 7 (for each channel) and
SD > 4 (for all channels) from the mean probability distribution of
amplitude values across epochs for the improbability test; iv) SD > 7
(for each channel) and SD > 4 (for all channels) from the kurtosis of
the probability distribution. Epochs containing data points exceeding
these criteria were excluded from analyses. In addition, epochs containing unaware errors were excluded because they were too rare to be
included in ERP analysis (mean = 4.5; SD = 3.6). Baseline correction
was performed by subtracting the mean voltage of a 100-ms window
(from 200 to 100 ms before response, i.e., button press) from each time
point. Lastly, the ERP signal was re-referenced to the mean of all
channels, excluding TP9 and TP10, and FCz was derived.
At the end of all preprocessing steps, epochs locked to incorrect
button presses (i.e., aware No-Go errors) were extracted. Since at least 5
epochs for each stimulation site survived, the ERN and Pe could be
quantiﬁed (Niessen et al., 2017; Olvet and Hajcak, 2008; Pontifex et al.,
2010). The mean number of epochs included in the analyses was 22.3
(SD = 8.8) for the right DLPFC stimulation session, 27.4 (SD = 10) for
the left DLPFC stimulation session, and 24.1 (SD = 10.1) for the Vertex
stimulation session. The mean number of epochs did not diﬀer across
sessions (F(2,28) = 2.34, p = 0.114), therefore we could proceed with
analyses.
The visual inspection of error-locked grand-averaged ERPs revealed
the presence of the two typical error-related components: a negative
deﬂection over fronto-central sites, which reached maximal amplitude
values immediately before an erroneous button press, followed by a
larger positive deﬂection over central sites. These deﬂections were very
attenuated or even absent in epochs containing correct Go responses
(Fig. 2). Given all these characteristics, the two potentials represented
the ERN (Falkenstein et al., 1991; Gehring et al., 1990), which sometimes has been reported shortly before the response (Gehring et al.,
1993), and the Pe component (Falkenstein et al., 1991; Overbeek et al.,
2005), respectively. According to previous literature (e.g., Falkenstein
et al., 2000) and to grand-average inspection, we selected FCz and Cz
electrodes for analyses, where error-related components were maximally expressed (Fig. 3). To capture signiﬁcant amplitude modulations
aﬀected by the stimulation site, we performed point-by-point t-tests.
Speciﬁcally, we selected two time windows, from −100 to 50 ms and
100–300 ms, for examining amplitude modulations in the ERN and in
the Pe component, respectively. To detect reliable across-session differences within these windows, the t-scores were corrected by a clusterbased permutation method using a family-wise alpha level of 0.05
(Groppe et al., 2011).
Error-related ERPs were further compared with correct-response
ERPs. To this aim, epochs locked to correct Go-responses were extracted
and amplitude quantiﬁed with the same procedure applied to errors. A
total of 262.5 epochs (SD = 3.7) for the right stimulation, 262.5
(SD = 4.4) for the left stimulation, and 254.2 (SD = 4.1) for the Vertex
were included in the analyses (F(2,28) = 0.95, p = 0.40).

to individual head shapes. According to Cieslik et al. (2013), the MNI
coordinates of the right DLPFC were 30, 43, 23, whereas the MNI coordinates of the left DLPFC were −30, 43, 23. These MNI coordinates
were selected because, in a previous study, Masina et al. (2018) identiﬁed that these coordinates were causally associated with two brain
areas involved in error awareness, namely the right and left DLPFC. The
position of the Vertex was the Cz site of the International 10–20 system.
Finally, rTMS was administered over the stimulation site randomly
chosen for that session. Stimulation parameters were the following:
frequency of 1 Hz, 0.1-ms pulse duration, and ﬁeld intensity of 90% of
RMT. In total, in each session, 1200 TMS pulses were delivered for
20 min. During the stimulation, the coil was oriented with the handle at
45° to the mid-sagittal line, when the right and left DLPFC were stimulated. In the Vertex session, the coil was positioned with the handle
pointing backwards parallel with the midline. Immediately after the
end of the stimulation, the EEG was recorded while participants performed the task (third phase).
2.6. Behavioral analyses
Participant's performance was evaluated in terms of response times
(RTs), accuracy, error awareness, and PES. RTs below 100 ms were
removed from analyses. All RTs above 2.5 standard deviation (SD) from
the mean of each participant were excluded and a logarithm transformation was applied on the remaining RTs, in order to improve normalization. Unaware errors were excluded from the analyses of PES
(< 3% of total No-Go trials).
Accuracy and RTs - Accuracy (withholding accuracy) was analyzed
by a repeated measures 2 × 3 ANOVA with trial type (Stroop vs. repeat)
and stimulation site (right DLPFC, left DLPFC, and Vertex) as withinsubject factors. In addition, a repeated measures 2 × 3 ANOVA was
performed on mean RTs, with response type (correct vs. error) and stimulation site (right DLPFC, left DLPFC, and Vertex) as within-subject
factors.
Error awareness - Mean error awareness was calculated as the
percentage of correctly signaled commission errors on the total number
of commission errors (O'Connell et al., 2009). Error awareness for
commission errors on Stroop and repeat trials was computed separately
since previous studies using the EAT have found higher error awareness
for Stroop compared with repeat errors (Harty et al., 2014; Hester et al.,
2009; O'Connell et al., 2007). Therefore, a repeated measures 2 × 3
ANOVA with trial type (Stroop vs. repeat) and stimulation site (right
DLPFC, left DLPFC, and Vertex) as within-subject factors was conducted.
PES - This index was computed according the Dutilh method,
namely by the comparison between post-error RTs and the associated
pre-error RTs (Dutilh et al., 2012). We performed a repeated measures
2 × 3 ANOVA with go trial position (post vs. pre No-Go trial) and stimulation site (right DLPFC, left DLPFC, and Vertex) as within-subject
factors.
The Bonferroni correction was always applied to multiple post-hoc
analyses and a corrected alpha-level of 0.05 was considered. Finally,
eﬀect sizes were estimated by partial eta squared (η2p).
2.7. ERP analyses

3. Results

Data were oﬄine analyzed using custom routines in EEGLAB v14
(Delorme and Makeig, 2004) running on Matlab R2017b (The Mathworks Natic, MA, USA). The continuous EEG trace was ﬁrst ﬁltered with
a windowed sinc FIR ﬁlter, with a cut-oﬀ frequency of 40 Hz, a Kaiser
Window type with a beta of 5.65, a maximum passband deviation of
0.001 and a transition band of 20 Hz (Widmann et al., 2015). Epochs
from 200 ms before response (button press) and 500 ms after the response were extracted from the continuous EEG signal. Artifacts (eye
blinks and muscle activity) were identiﬁed and removed by means of
independent component analysis (ICA). To this aim, all independent

3.1. Behavioral results
Accuracy and RTs - The mean accuracy and RTs for each trial type
and response type are shown in Table 1. The 2 (trial type) × 3 (stimulation site) ANOVA on accuracy values did not yield signiﬁcant results
[main eﬀect of stimulation site: F(2,28) = 1.95, p = 0.161, partial
η2 = 0.12; trial type × stimulation site interaction F(2,28) = 2.42,
p = 0.107, partial η2 = 0.15]. The main eﬀect of trial type showed a
4
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Fig. 2. Response-locked ERP waveforms for aware errors as a function of stimulation site (right DLPFC/left DLPFC/Vertex) over FCz and Cz electrodes. The zero point
corresponds to incorrect button press.

tendency toward signiﬁcance (F(1,14) = 4.34, p = 0.056, partial
η2 = 0.24), which revealed that participants were overall more accurate
on repeat than on Stroop trials (87% vs. 82%, respectively). The 2
(response type) × 3 (stimulation site) ANOVA on RTs showed a main effect of response type (F(1,14) = 32.62, p < 0.0001, partial η2 = 0.70).
Post-hoc comparisons showed that participants were faster when they
committed an error than a correct response on Go trials (516 ms vs.
544 ms, respectively). A marginally signiﬁcant eﬀect of stimulation site
emerged (F(2,28) = 3.203, p = 0.056, partial η2 = 0.19), which revealed slightly faster RTs when TMS was administered on the left than
over the right sites (p = 0.073). No signiﬁcant interaction was found (F
(2,28) = 0.664, p = 0.523, partial η2 = 0.05).
Error awareness - The mean percentage of error awareness is presented in Table 1. The 2 (trial type) x 3 (stimulation site) ANOVA

Table 1
Mean and standard deviation (SD) of performance on the EAT for right DLPFC,
left DLPFC, and Vertex stimulation.
Measures

Right DLPFC

Left DLPFC

Vertex

Stroop Accuracy (%)
Repeat Accuracy (%)
Stroop Awareness (%)
Repeat Awareness (%)
Go RT (ms)
Error RT (ms)
Post-error RT (ms)
Pre-error RT (ms)

85 (10)
88 (7)
98 (5)
71 (22)
562 (54)
534 (55)
551 (56)
558 (51)

79 (10)
88 (5)
99 (3)
69 (21)
528 (49)
507 (61)
501 (67)
535 (73)

82 (8)
86 (10)
97 (5)
72 (30)
543 (57)
508 (60)
527 (72)
521 (56)

Note: DLPFC, Dorsolateral prefrontal cortex. RT, response time.

Fig. 3. Scalp topography of ERP evoked by aware errors as a function of stimulation site (right DLPFC/left DLPFC/Vertex). The topographical maps at the top of the
ﬁgure show the scalp distribution of the ERN component, within a time window from −100 ms to 50 ms before the incorrect response. The maps at the bottom of the
ﬁgure show the distribution of the Pe, within a time window from 100 ms to 300 ms after the incorrect response.
5
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Fig. 4. Grand average stimulus-locked ERP waveforms after right DLPFC TMS (left panel), left DLPFC TMS (central panel), and Vertex TMS (right panel) are depicted,
for errors (solid line), correct go responses (dashed line), and correct withholding responses (dotted line), at electrodes FCz (up panel) and Cz (low panel). The zero
point corresponds to the stimulus onset.

stimulation from 145 to 248 ms over Cz, and relative to the Pe amplitude after Vertex stimulation from 193 to 254 ms on Cz and from 189 to
246 ms on FCz.
Error-related potentials were further compared to correct Go-response potentials. These ERPs showed very attenuated or almost absent
deﬂections, shifted in time (anticipated) relative to error-related components (Fig. 2). The statistical analyses conﬁrmed that the ERN evoked
by incorrect trials was signiﬁcantly larger (more negative) than the ERP
amplitude in corresponding time-points in correct Go trials, namely, in
the right DLPFC session (FCz: from −33 to 37 ms; Cz: from −78 to
45 ms), in the left DLPFC session (FCz: from −55 to 35 ms; Cz: from
−76 to 51 ms), and in the Vertex session (Cz: from −66 to 23 ms).
Likewise, the Pe was substantially larger in the incorrect trials compared to correct Go responses in the right stimulation session (FCZ:
from 78 to 234 ms; Cz: from 78 to 300 ms), in the left stimulation
session (FCz: from 88 to 191 ms; Cz: from 88 to 300 ms), and in the
Vertex stimulation session (FCz: from 102 to 209 ms; Cz: from 96 to
283 ms). These eﬀects were replicated when the same number of correct-response epochs were randomly selected to match the number of
errors.
The potentials measured by subtracting point-by-point ERP voltage
in Go epochs from ERP voltage in error epochs were signiﬁcantly different between left and right stimulation sessions, in the Pe timewindow. Speciﬁcally, this diﬀerence potential was attenuated after the
left DLPFC session compared to right DLPFC session, from 139 to
258 ms, over Cz. Given the shifting in time between error and correctresponse ERPs one should take these diﬀerences cautiously.
TMS did not yield signiﬁcant modulation on Go-response locked
ERPs, apart from a small amplitude diﬀerence between left and right
DLPFC stimulation, at early time points, from 100 to 166 ms, over Cz.
The number of errors did not signiﬁcantly correlate with the ERP mean
amplitude in the Pe time-window (right DLPFC: ρ(15) = −0.021,
p = 0.939; left DLPFC: ρ(15) = −0.154, p = 0.583; Vertex:
ρ(15) = 0.041, p = 0.884).

revealed a main eﬀect of trial type (F(1,14) = 31.13, p < 0.0001,
partial η2 = 0.69). The post-hoc comparison indicated that participants
signaled more often a commission error on Stroop trials than on repeat
trials (98% vs. 71%). The analysis revealed neither a signiﬁcant eﬀect
of stimulation site (F(2,28) = 0.02, p = 0.982, partial η2 = 0.001) or a
signiﬁcant interaction (F(2,28) = 0.15, p = 0.857, partial η2 = 0.01).
PES - The mean RTs following and prior to an aware error are shown
in Table 1. The 2 (go trial position) × 3 (stimulation site) ANOVA showed
neither a main eﬀect of go trial position (F(1,14) = 1.38, p = 0.259,
partial η2 = 0.09) or stimulation site (F(2,28) = 3.09, p = 0.061, partial
η2 = 0.18) or interaction (F(2,28) = 2.93, p = 0.070, partial
η2p = 0.17).
3.2. ERP results
Electrical potentials evoked by aware errors, namely ERPs locked to
incorrect responses in No-Go trials (i.e., Stroop and repeat conditions),
were analyzed. The grand-average waveforms of error-locked ERPs
(Fig. 2) clearly revealed the presence of a negative deﬂection around
response (ERN) and a following, more pronounced, positive deﬂection
(Pe).
To test the eﬀect of TMS on the ERN and Pe components, the ERP
amplitude in error trials was compared across stimulation sites in two
time windows: around button press (from −100 to 50 ms) and after
button press (from 100 to 300 ms), respectively. No amplitude diﬀerences across stimulated sites emerged in the time-window corresponding to the ERN. On the other hand, amplitude diﬀerences across
stimulation sites emerged in the time-window corresponding to the Pe
component. Namely, TMS over the left DLPFC produced a reduction of
the Pe amplitude evoked by incorrect button press compared to the Pe
evoked after TMS over the right DLPFC and over the Vertex (Fig. 2).
Speciﬁcally, the cluster mass permutation test on point-by-point tscores revealed that the Pe amplitude after left DLPFC stimulation was
signiﬁcantly lower than the Pe amplitude after the right DLPFC
6
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The fact that in this study the maximum ERN amplitude was reached
immediately before the response time is in line with some previous
evidence (e.g., Gehring et al., 2012) and might depend on the nature of
the task itself (i.e., the Go/No-Go). Indeed, participants must withhold a
simple/one-choice button press. Therefore, an error on such inhibition
process might occur before motor response, (i.e., the actual button
press). A second explanation may be the strong dependence of the ERN
on the actual time-locking event (i.e. the response), which may have
spread the ERN amplitudes over time. Perhaps electromyographylocked epochs would have led to more robust ﬁndings.
Neither the right nor the left DLPFC stimulation had an inﬂuence on
the rate of errors in the present experiment. This partially replicates
previous null observation (e.g., Rollnik et al., 2004).
The absence of PES could be explained by task requirements.
Indeed, participants had to signal the commission error by an additional
button press, as fast as possible after the wrong button press. This additional motor requirement would have interfered with the creation of a
proper PES.
An unexpected ﬁnding consists on the fact that stimulations did not
yield eﬀects on the number of aware errors. This observation contrasts
with previous ﬁndings in which the DLPFC appeared implicated in error
awareness (Harty et al., 2014; Masina et al., 2018). However, in these
studies a diﬀerent stimulation protocol (Masina et al., 2018) or a different NIBS technique, namely tDCS (Harty et al., 2014), was employed.
Thus, the choice of the stimulation paradigm or NIBS technique may
contribute to diﬀerent eﬀects. Further TMS-EEG studies should possibly
consider an on-line stimulation protocol, where the DLPFC is targeted
soon after incorrect response press, in order to verify the intervention of
the left DLPFC on the Pe.
In our study we should recognized some limitations. We found that
an electrophysiological index, but not behavioral outcomes, was
modulated by an inhibitory TMS protocol. The discrepancy between
electrophysiological and behavioral measures conﬁrms the importance
of the combined use of TMS with other neuroimaging techniques in
order to obtain more sensitive information. Given the Go/No-Go nature
of the task and the relationship between the ERN and impulsivity
(Taylor et al., 2018), it is advisable that future investigations would also
take into account the eﬀect of impulsive behavior on error processing.
Overall, the present TMS-EEG ﬁndings remark the role of the left
DLPFC in error processing and encourage future investigations to better
understand the functional contribution of lateral prefrontal areas along
with the well-known role of medial frontal areas.

The Fig. 4 represents ERPS locked to stimulus onset in error, correct
Go and correct withhold trials. Here, error-related components are also
appreciable, although epochs are not temporally aligned to response,
and distinguishable from stimulus evoked N2 and P3 components.
4. Discussion
The aim of the present study was to examine the contribution of the
DLPFC on error-related processes through a combined TMS-EEG approach, which provides a more ﬁne-grained investigation of TMS-induced neural modulations (Miniussi and Thut, 2010; Thut and PascualLeone, 2010). While previous studies have mainly focused on examining the role of the right DLPFC and the left DLPFC in separated
studies (Mansouri et al., 2016; Rollnik et al., 2004), we compared the
contribution of these regions within the same experiment.
The main ﬁnding that emerged from the study was an association
between the stimulation of the left DLPFC and the amplitude of a wellknown post-error ERP component, the Pe. Speciﬁcally, a repetitive inhibitory magnetic stimulation over this prefrontal brain region led to
diminished amplitude of the Pe potential relative to conditions in which
either the right DLPFC or the control site (the Vertex) were inhibited.
This result is partially consistent with a previous study that found a
reduction of the Pe amplitude following cathodal tDCS over the medial
frontal cortex (Bellaïche et al., 2013). However, in that previous study
was not possible to establish which hemisphere played a role in modulating the Pe for two main reasons: the poor spatial resolution of tDCS
and, most importantly, the central position of the active electrode,
namely FCz. In our study, for the ﬁrst time, we demonstrated a causal
role of the left DLPFC on error-related processes. Speciﬁcally, by
comparing the neurophysiological activity modulated by TMS between
the right and left DLPFC stimulation, we demonstrated that only the left
DLPFC was involved in a circuit that controls error processing and
contributes to the modulation of the Pe. At the same time, we should
also recognize the possibility that rTMS could have modulated areas
functionally connected to the left DLPFC. However, regardless of this
consideration, the present study strongly supports the implication of the
left DLPFC as a crucial node implicated in the generation of the Pe.
According to previous ERP ﬁndings, the Pe component has been
thought to reﬂect multiple functions, such as the conscious detection of
an error (Endrass et al., 2007; Hoonakker et al., 2016; Murphy et al.,
2012; O'Connell et al., 2007), adaptive adjustments following an error
(Overbeek et al., 2005), or the motivational signiﬁcance attribute to an
error (Ridderinkhof et al., 2009). If this component reﬂects the conscious error detection, after the reduction of the Pe amplitude we
should have obtained lower percentages of aware errors, which was not
the case. However, even if rTMS on the left DLPFC reduced the mean
amplitude of the Pe, it could not be suﬃcient to disrupt error awareness. In line with this explanation, a recent study showed that the Pe
would reﬂect the strength of accumulated evidence about error commission (Murphy et al., 2012). Thus, the Pe amplitude may reﬂect
somehow the level of error awareness. Furthermore, several studies
assume that the emergence of error awareness can be conceptualized as
a decision process, in which awareness about an error is achieved after
that a suﬃcient evidence of initial error commission has been accumulated up to reach a decisional threshold (Steinhauser and Yeung,
2010; Steinhauser et al., 2008). Compatibly with this account, the Pe
amplitude may represent the electrophysiological marker of this evidence-based accumulation process. In our study, the decisional
threshold (error awareness) was reached anyway, despite the Pe reduction induced by means of rTMS. Thus, although rTMS on the left
DLPFC modulated the mean amplitude of the Pe, it was not suﬃcient to
interfere with error awareness.
The stimulation of the DLPFC did not induce changes on the ERN
amplitude. Although speculative, we might infer that this ERP component is generated from other brain locations, likely medial frontal
areas, such as the ACC (Ito et al., 2003; Van Veen and Carter, 2002).
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