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A B S T R A C T

Inhibitory control is affected by perceptual processes, but the mechanisms how perceptual features affect response
inhibition are poorly understood. Theoretical frameworks detailing how variations in stimulus features that create
overlaps between response categories can affect action control, like the Theory of Event Coding (TEC), have not
been transferred to inhibitory control. We present a novel Go/Nogo paradigm in which we varied stimulus feature
overlap between Go and Nogo trials. To examine what cognitive-neurophysiological subprocesses and functional
neuroanatomical structures are modulated by stimulus-response feature overlap and recoding during inhibitory
control, we combine event-related potential (ERP) recordings with source localization analyses. We show that
response inhibition was compromised when stimulus features overlapped between Go and Nogo trials. The EEG
data show that the recoding of stimulus-response mappings induced by such a stimulus feature overlaps affects
subprocesses from perceptual gating/categorization (P1 ERP-component) to pre-motor inhibition (Nogo-N2 ERP-
component) and motor inhibition (Nogo-P3 ERP-component). Although these are distinct processes, overlapping
neuronal structures are associated with these modulations. The cascade of processes starts in the superior frontal
cortex and is associated with perceptual categorization mechanisms. Subsequently, pre-motor inhibition or
stimulus-response unbinding processes are modulated in parahippocampal structures before stimulus-response
rebinding and motor inhibition is accomplished in parahippocampal and superior frontal structures. The study
shows how perceptual processes can affect response inhibition using a theoretical framework, which has, until
now, not been brought into connection with inhibitory control and establishes links between neurophysiology and
functional neuroanatomy of inhibitory control with the TEC framework.
1. Introduction

Response inhibition processes are central for everyday life as they
allow the inhibition of inappropriate behavior (Aron et al., 2014;
Chambers et al., 2009; Diamond, 2013; Simmonds et al., 2008). There are
various examples of cognitive measures of inhibitory control including
tasks like Go/Nogo and Stop Signal tasks, as well as Simon and Flanker
tasks (Diamond, 2013). Even though it is debated whether all of these
tasks require inhibitory control (Diamond, 2013), some of these require
intricate stimulus-response translation processes. The translation of
sensory input to the motor output during response inhibition is of
increasing interest, since modulations of early sensory and perceptual
processes have repeatedly been shown to affect and predict response
inhibition performance, e.g. in Go/Nogo tasks (Bodmer and Beste, 2017;
Chmielewski et al., 2015; Chmielewski and Beste, 2016; Di Russo et al.,
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2016, 2006; Logan et al., 2014; Stock et al., 2016; Verbruggen et al.,
2014).

One cognitive framework detailing how modulations of perceptual
processes and stimulus features affect action control, and which may be
suitable to address mechanisms of stimulus-response translation in the
context of inhibitory control is the “Theory of event coding (TEC)“
(Hommel et al., 2001). TEC assumes that the presentation of a stimulus
requiring a specific response leads to a binding (i.e. an association be-
tween the stimulus and the response) (Hommel et al., 2001). These
cognitive bindings between features constituting the stimulus and fea-
tures constituting the response are established in so-called ‘event files’
(Hommel, 2015, 2009; Hommel et al., 2001). These, have also been
described to resemble an episodic (memory) trace (Hommel, 2015,
2009). Within an event file, all stimuli and the associated actions are
represented by their constituting features. This means that stimuli are
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represented by features like stimulus color, shape, etc. Actions are also
represented by their constituting features (e.g., which arm, hand, finger
to use?). In an event file, bindings are established between each stimulus
feature and each action (response) feature (Hommel, 1998), which why
an event file is thought of to resemble a network of stimulus and response
feature bindings. Therefore, processes in an event file and the activation
of an event file follow a pattern completion logic (Hommel, 2009). An
important consequence of this ‘modus operandi’ is that the entire event
file can be (re-)activated once a single feature of a stimulus is (re-)
encountered (Hommel, 2011): whenever there is a perception of even a
single stimulus feature that has previously been integrated into an event
file, this feature can activate the entire event file and trigger the asso-
ciated/bound response (Hommel, 2005). Crucially, in cases where the
same action has to be executed on the basis of a just slightly altered
stimulus input, or when nearly identical stimulus input triggers opposing
actions, previously established stimulus-response bindings cause prob-
lems (Colzato et al., 2006; Hommel, 2004). The reason is that the pre-
viously established stimulus-action-feature bindings are only partially
fulfilled (Colzato et al., 2006; Hommel, 2004). Previously established
expectations are therefore violated and interfere with the associa-
tions/bindings that need to be created upon the changed
stimulus-response relationship. The consequence is that the event file has
to be reconfigured. This event file reconfiguration is a time-consuming
process, which slows behavior and makes it more error-prone. Such a
decrease in behavioral efficacy as a consequence of event file reconfi-
guration and can be measured/index by so-called partial-repetition costs
(Colzato et al., 2006; Hommel and Colzato, 2004). These are evident
when comparing behavioral performance in trials with a full feature
overlap with the standard stimulus-response mapping, compared to trials
in which only some features of the stimulus-response mapping are
included.

An important aspect why the TEC framework is very useful when
being interested in the role of stimulus-response translation processes
during response inhibition is that this framework is not only able to
predict that a feature overlap between stimuli and response affects per-
formance, but also why this is the case (Hommel, 2009). Notably,
response inhibition is often conceptualized as a means to override
automated response tendencies that develop across trials with consistent
mappings of stimulus features on a response (no response) (Helton, 2009;
Helton et al., 2005; Stevenson et al., 2011; Verbruggen and Logan, 2008).
The impact of such ‘automatically’ created stimulus-response instances,
or bindings have also been referred to as ‘prepared reflex’ and is a
grounding principle of the TEC framework (Hommel, 2009). Moreover,
an important principle of the TEC framework is that the framework
draws no distinction between the execution and the inhibition of actions;
i.e. both, the execution and the inhibition of responses are considered as
‘action’ (Hommel et al., 2001; Petruo et al., 2018). Intriguingly, also
other evidence suggests that and inhibitory control processes are closely
linked to action selection mechanisms (Bari and Robbins, 2013). This
makes it reasonable to use the TEC-framework as a theoretical basis to
examine stimulus-response translation processes in inhibitory control.
This is also the case considering that neurobiological mechanisms show
commonalities between event coding and response inhibition. For
example, and similar to response inhibition processes (Bari and Robbins,
2013; Chambers et al., 2009), event coding is modulated by the dopa-
minergic system (Colzato et al., 2013, 2012; 2004; Colzato and Hommel,
2008; Petruo et al., 2016). Moreover, prefrontal regions like superior
frontal areas including the supplemental motor area (SMA) and subcor-
tical regions playing a role in response inhibition (Bari and Robbins,
2013; Beste et al., 2010; Chambers et al., 2009) have also been shown to
be involved in event coding (Elsner et al., 2002; Kühn et al., 2011;
Zmigrod et al., 2014).

Despite all this, essential principles of the TEC concept have not yet
been transferred to response inhibition processes. They are, however,
central to understand the role of perceptual processes during response
inhibition and the role of stimulus-response recoding processes during
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inhibitory control. Until now, it is unknown which neurophysiological
mechanisms and functional neuroanatomical structures are associated
with such stimulus-response (event file) recoding or reconfiguration
processes during inhibitory control. To close this gap, we designed a new
response inhibition paradigm in which we varied the stimulus feature
overlap between Go and Nogo trials (for details please refer to the
methods section). Using EEG and source localization methods, we
examined the effect of event file overlap during response inhibition at
neurophysiological and functional neuroanatomical level.

Concerning behavioral performance, we hypothesized that a
stimulus feature overlap between Go and Nogo stimuli are associated
with partial repetition costs in inhibitory control. These costs are re-
flected by an increase in the false alarm rate (i.e. responses on Nogo
trials) when Go and Nogo trials share stimulus features. Considering
the EEG data, response inhibition subprocesses are reflected by the
Nogo-N2 and Nogo-P3 event-related potentials (ERPs) (Huster et al.,
2013). The Nogo- N2 is assumed to reflect pre-motor inhibition pro-
cesses before intended movements (Beste et al., 2010; Falkenstein
et al., 1999; Lavric et al., 2004; Smith et al., 2008). The Nogo-P3 is
assumed to either reflect the inhibitory process itself, or an evaluation
of the response inhibition process (Chmielewski and Beste, 2015;
Falkenstein et al., 1999; Huster et al., 2011; Schmajuk et al., 2006;
Wessel and Aron, 2015). As event file reconfiguration processes are
time-consuming, we hypothesized that the Nogo-N2 and the Nogo-P3
latencies are longer when stimulus features overlap between Go and
Nogo trials and compromise response inhibition performance. Using
sLORETA we examined the functional neuroanatomical structures
associated with these hypothesized effects. Previous results have
shown that amplitude modulations of the Nogo-N2 and the Nogo-P3
are associated with activation differences in medial frontal, superior
and inferior frontal areas (Huster et al., 2013). We, therefore, hy-
pothesized that stimulus-response reconfiguration processes during
inhibitory control modulate the Nogo-N2 and Nogo-P3, and this
modulation is associated with activation differences in these areas.
However, it needs to be considered that an event file reflects an
episodic trace and reconfiguration processes therein have been sug-
gested to involve parahippocampal areas (Hommel, 2009; Kühn et al.,
2011). This seems reasonable because parahippocampal areas have
otherwise been shown to process episodic traces and are assumed to
process contextual associations (Aminoff et al., 2013), known to
constitute event files (Hommel, 2009). Therefore, we hypothesized
that aside prefrontal areas, parahippocampal regions are associated
with modulations in neurophysiological processes underlying
stimulus-response reconfiguration processes during inhibitory control.
Indeed, there is tentative evidence that parahippocampal regions are
involved in response inhibition, especially when contextual expec-
tancies are violated (Chmielewski et al., 2016), or when inhibition
errors are processed (Braet et al., 2011, 2009). However, the prereq-
uisite of episodic memory trace reconfiguration is an appropriate
categorization of stimulus information. The P1 ERP-component has
been suggested to reflect this early categorization and gating of in-
formation into episodic traces (Freunberger et al., 2008; Klimesch,
2011; Klimesch et al., 2010) and has also been shown to be modulated
during event file processing and reconfiguration (Petruo et al., 2016).
Therefore, we hypothesized that aside classical ERP-correlates of
inhibitory control (i.e. Nogo-N2 and Nogo-P3) the manipulation of
stimulus-response reconfiguration processes during response inhibi-
tion modulates the P1 ERP-component. Since modulations of the P1
during inhibitory control tasks have already been shown to be asso-
ciated with functional neuroanatomical structures in the response in-
hibition network (Giller et al., 2018; Wolff et al., 2018), we
hypothesized that modulations of the P1 are also associated with these
areas in the current study. This is all the more likely because pre-
frontal areas have been shown to play a major role in perceptual
categorization processes (Freedman and Assad, 2016; McKee et al.,
2014; Summerfield et al., 2011).
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2. Materials and methods

2.1. Sample

We investigated N¼ 24 healthy participants (14 females; mean age
23.6� 0.7). EEG data from one participant had to be discarded due to
poor data quality. The data analysis was thus run for N¼ 23 subjects. All
participants gave written informed consent, were free of medication, did
not report any neurological or psychiatric disorders and had normal or
corrected-to-normal vision. The study was conducted in accordance with
the declaration of Helsinki and was approved by the institutional review
board of the Medical faculty of the TU Dresden. As outlined in the results,
the power in the important interaction “Go/Nogo x even file overlap” and
the power of the significant main effects ranged between η2p ¼ 0.465 and

η2p ¼ 0.274, depending on the examined ERP-component. The obtained
power in the study on N¼ 23 subjects was above 98%, which is due to the
within-subject design used.
2.2. Task

We developed a ‘TEC Go/Nogo’ task in which Go and Nogo trials with
or without stimulus feature overlap were presented. In this experiment,
each trial started with the presentation of a stimulus for 450ms. Trials
lasted for 1700ms, or unless they were terminated by the response. Trials
were separated by an inter-trial interval (ITI), which was jittered between
800 and 1200ms. Before the start of the experiment, a standardized
training session with 30 trials was conducted to familiarize participants
with the experiment. Participants were seated in a viewing distance of
56 cm vis-�a-vis a 24’’ TFT monitor, on which stimuli (4.2� visual angle)
were presented on a black background in the center of the screen.
Throughout the experiment, a fixation cross was presented in the center
of the screen, except for the time points of stimulus presentation. In this
experiment, Go stimuli (requiring a right-handed press of the space
button) and Nogo stimuli (requiring no response) were presented. Go
trials outweighed Nogo trials by approximately 70%–30% to induce
prepotent response tendencies tempting participants to respond in Nogo
trials (Dippel et al., 2016). To examine stimulus-response (event file)
reconfiguration processes during response inhibition, Go and Nogo
conditions were created with either overlapping or non-overlapping
stimulus features. The conditions/stimuli of the task are shown in Fig. 1.

Non-overlapping event files for Go (N¼ 264 trials) and Nogo trials
(N¼ 80 trials) were created by presenting the word ‘PRESS’ in green
color in the Go condition, while the word ‘STOPP’ was presented in red
color in the Nogo condition. In these Go and Nogo trials, the letter stimuli
constituting the word, the color of these letter stimuli and the stimulus-
response association were thus clearly distinct and should therefore not
yield an overlapping event file structure. To create Go and Nogo trials
Fig. 1. Illustration of the different experimental Go and Nogo conditions used
to induce overlaps in even files. For Go trials, either the word ‘DRÜCK’ was
presented in white color, or the letters ‘XXXXX’ were presented in blue color.
For the Nogo condition, either the word ‘DRÜCK’ was presented in blue color;
or the letters ‘XXXXX’ were presented in white color (refer to Fig. 1). Thus,
considerable overlaps in stimulus features between Go and Nogo trials
were evident.
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with an overlap in their event file structure, stimulus features (i.e. letters
and/or colours) overlapped between Go and Nogo trials. For these Go
trials, either the word ‘DRÜCK’ was presented in white color (N¼ 264
trials), or the letters ‘XXXXX’ were presented in blue color (N¼ 264 tri-
als). For the Nogo condition, either the word ‘DRÜCK’ was presented in
blue color (N¼ 80 trials); or the letters ‘XXXXX’ were presented in white
color (N¼ 80 trials) (refer to Fig. 1). Thus, considerable overlaps in
stimulus features between Go and Nogo trials were evident. According to
the pattern completion logic the presence of one stimulus feature, which
is part of an event file, will automatically activate all features of this
network (Hommel, 2011, 2009). This stimulus feature overlap between
Go and Nogo event files makes it likely that Go event files are activated in
Nogo conditions. This event file overlap should, therefore, lead to in-
terferences, or partial repetition costs, which should induce an increased
tendency to respond to Nogo stimuli. Overlapping Go and Nogo trials and
non-overlapping Go and Nogo trials were pseudo-randomly presented in
8 equally-sized blocks. It was ensured that the frequency of overlapping
and non-overlapping Go and Nogo trials was equal in each of these
blocks. Between the blocks, the participants were allowed to a take a
break.

2.3. EEG recording and analysis

EEG data were recorded and analyzed with the Brain Vision
Recorder/Analyzer 2 software (Brain Products Inc.). We used a sampling
rate of 500Hz and an electrode cap with 60 (Ag/AgCl) electrodes in
equidistant positions to record our data. The reference electrode was
positioned at the location Fpz and the ground electrode was positioned at
coordinates θ¼ 58, ф¼ 78. For off-line data processing, we first applied a
band-pass filter with a slope of 48db/oct to eliminate frequencies above
20 Hz and below 0.5 Hz. Additionally, a notch filter was used to eliminate
residual frequencies at 50 Hz. Afterward, a manual raw data inspection
was conducted to remove technical artifacts (e.g. offsets in the EEG). In
the subsequent independent component analysis (ICA; infomax algo-
rithm) recurring artifacts (e.g. pulse and vertical or horizontal eye
movements) were detected and removed. In the following step, segments
for the overlapping Go (including ‘DRÜCK’ in white and ‘XXXXX’ in blue)
and Nogo condition (including ‘DRÜCK’ in blue and ‘XXXXX’ in white)
and for the non-overlapping Go (‘PRESS’ in green) and Nogo condition
(‘STOPP’ in red) was created. Segments started 250ms prior to stimulus
presentation and ended 1000ms thereafter (segment length: 1250ms).
For these segments, an automated artifact rejection procedure was run,
which discarded all segments with an activity smaller than 0.5 μV in a
100ms time window, or in which the maximal amplitude excee-
ded� 200 μV. This artifact rejection procedure eliminated N¼ 16 (�6)
trials from the entire experiment in each subject. Thereafter, a current
source density (CSD) transformation was conducted to obtain reference-
free EEG data and to identify electrodes showing largest effects of the
experimental modulations (Kayser and Tenke, 2015; Nunez and Pilgreen,
1991). The following specifications were used for the CSD trans-
formation: A lambda approximation parameter of 1.00e�005, and an
order of four splines and ten as the maximum degree for Legendre
polynomials was used. Subsequently, we conducted a baseline correction
in a time window of -200 – 0ms prior to stimulus presentation. As the last
step, we created averaged segments for all conditions at the
single-subject level, i.e. for the overlapping Go, overlapping Nogo,
non-overlapping Go and non-overlapping Nogo condition. By visual in-
spection of the scalp topography plots, we determined the electrodes and
time windows for data quantification. To validate that the most impor-
tant electrodes were chosen for data quantification, we used a statistical
method described in Mückschel et al. (2014): During this procedure, the
mean amplitude for every ERP-component in its respective time window
at every single electrode is calculated.We then used Bonferroni-corrected
multiple comparisons (employed threshold p¼ 0.007) to compare the
single values extracted for each electrode to an average value of all other
electrodes (except the compared electrode). Electrodes showing
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significantly increased amplitudes in comparison to the average (positive
for P1 & P3 and negative for N1 and N2) were selected. These electrodes
were identical to the electrodes selected by means of the visual inspec-
tion. We quantified the following ERP-component amplitudes relative to
baseline for every single subject: P1 (70–160ms after stimulus presen-
tation), N1 (120–230ms after stimulus presentation). The peak of the P1
and N1 were quantified at electrodes P7 and P8. The N2 peak
(225–375ms after stimulus presentation) was quantified at electrode FCz
and Cz. The P3 peak (300–600ms after stimulus presentation) was
quantified at electrodes Cz and Pz. These time windows and electrodes
are usually analyzed in Go/Nogo paradigms (Huster et al., 2013). For a
reliable peak quantification, it is mandatory that the different peaks are
quantified at its maximum. Based on the grand average waveforms,
we took the peak amplitude latency of the condition showing the
earliest peak and the peak amplitude latency of the longest peak as
the boundary for the search interval. Because there may be differ-
ences between individuals, we added ± ~40ms to that peak to es-
timate the search window for the peak detection algorithm. As can
be seen in Fig. 3, the peak latencies of the Nogo-P3 vary considerably
between overlapping and non-overlapping Nogo trials, which is a hy-
pothesized effect. Therefore, we verified whether the correct peak was
identified by the automatic peak detection procedure. To do this, we
visually inspected and double-checked each of the automatically quan-
tified maxima to make sure that the correct peak was indeed identified by
the automatic peak detection procedure. Only if this was clearly not the
case (i.e. when the peak was outside the pre-specified time interval as
outlined in the methods section), we corrected the marked time point
accordingly so that it best depicted the peak of the Nogo-P3. Overall, this
was only done in ~5% of cases. The deviations only affected the N2
and P3 peaks (i.e. not the P1 and N1 peaks) and the mean deviation
of the N2 and P3 peaks was 38± 10ms across (N2: 32± 15ms; P3:
45± 25ms).Using this data, the statistical analyses (ANOVAs) were run.
However, to validate the effect, we re-run the data analysis using the
mean amplitude value in the above-mentioned time windows to evaluate
whether the same interaction effects are evident.

2.4. Source localization analyses

To localize sources that were associated with the P1, N1, N2, and P3
ERP-component modulations, we used sLORETA (standardized low-
resolution brain electromagnetic tomography; Pascual-Marqui, 2002).
The validity of sLORETA source estimations has been supported by
combined fMRI/EEG and TMS/EEG studies (Dippel and Beste, 2015;
Sekihara et al., 2005). sLORETA provides a single linear solution for the
inverse issue, without localization bias (Marco-Pallar�es et al., 2005;
Pascual-Marqui, 2002; Sekihara et al., 2005). sLORETA is a properly
standardized discrete, three-dimensional distributed, linear, minimum
norm inverse solution. Extensive mathematical details can be found
elsewhere (Pascual-Marqui, 2002). For sLORETA, the intra-cerebral
volume is partitioned into 6239 voxels using a spatial resolution of
5mm sLORETA uses a three-shell spherical head model and the covari-
ance matrix was calculated using the single subject's baseline. Afterward,
the standardized current density is calculated for every voxel, using an
MNI152 head model template. For the identification sLORETA sources,
we utilized voxel-wise randomization tests with 2500 permutations and
statistical nonparametric mapping procedures (SnPM). The underlying
rationale is (Nichols and Holmes, 2002) that if there is no experimental
effect, the labeling of groups or conditions is arbitrary. Given that null
hypothesis, the significance of a statistic expressing a significant effect is
assessed by comparison with a distribution of values obtained when
group/condition-memberships are permuted (Nichols and Holmes,
2002). Due to the non-parametric nature of the method, it does not
require any assumption of Gaussianity. Locations of voxels that were
significantly different (p< .01 using a correction for multiple compari-
sons) are shown in the MNI-brain www.unizh.ch/keyinst/NewLORETA/
sLORETA/sLORETA.htm. Activations shown in the brain represent
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critical t-values corrected for multiple comparison. Since the overlapping
Nogo trials are most important in the current study, this condition was
focused in the sLORETA analyses. For the sLORETA procedure and the
estimation of the sources, only the time windows used for ERP amplitude
quantification were used.

2.5. Statistical analyses

Behavioral data were analyzed for Go and Nogo trials separately. Go
hit rate and reaction time (RT) data, as well as Nogo false alarm (FA)
data, were compared for conditions with overlapping vs. non-
overlapping event files between Go and Nogo trials by means of post-
hoc paired t-tests. For ERP-component latency and peak amplitude
data, repeated measures ANOVAs including the within-subject factors
“Go/Nogo (Go vs. Nogo)”, “event file-overlap (overlapping vs. non-
overlapping)” and “electrode” were conducted. Bonferroni-corrections
for post-hoc testings and Greenhouse-Geisser corrections were used. As
indicated by Kolmogorov-Smirnov Tests, all included variables were
normally distributed (all z< 0.8; p> .2). For the descriptive statistics, the
mean and standard error of the mean is given.

3. Results

3.1. Behavioral data

Concerning the Go accuracy data, paired t-tests revealed decreased
hit rates in the overlapping (99.1� 0.2%) in comparison to the non-
overlapping Go condition (99.6� 0.2%) (t(22)¼ 3.72; p¼ .001). For
Go RTs, paired t-tests showed longer RTs in the overlapping
(501� 12ms) compared to the non-overlapping Go condition
(479� 11ms) (t(22)¼ 4.70; p< .001). Most importantly, for Nogo false
alarm rates, paired t-tests showed that FAs were increased when Nogo
stimulus features overlapped with Go stimulus features (27.7� 2.9%) in
comparison to the conditions where no feature overlap of Go and Nogo
stimuli was evident (0.7� 0.28%) (t(22)¼ 9.70; p< .001).

It is important to note that the two used stimuli for overlapping Go
trials (i.e. ‘DRÜCK’ in white and ‘XXXXX’ in blue) and the two used
stimuli for overlapping Nogo trials (i.e. ‘DRÜCK’ in blue and ‘XXXXX’ in
white) did not differ from each other (all p> .623). The same was the
case for the neurophysiological data in any of the ERP-components
examined (all p> .711).

3.2. Neurophysiological data

As mentioned above, there were no differences in electrophysiolog-
ical parameters between the two used stimuli for overlapping Go trials
(i.e. ‘DRÜCK’ in white and ‘XXXXX’ in blue) and the two used stimuli for
overlapping Nogo trials (i.e. ‘DRÜCK’ in blue and ‘XXXXX’ in white) (all
p> .711). Below, all data and analyses are therefore presented pooled
across these stimuli; i.e. ‘DRÜCK’ in white and ‘XXXXX’ in blue for
overlapping Go trials and ‘DRÜCK’ in blue and ‘XXXXX’ in white for
overlapping Nogo trials.

3.2.1. P1 ERP-component
The P1/N1 ERP-components are shown in Fig. 2.
There were no latency effects for the P1 and N1 ERP-components (all

F < 2.51; p > .109). The repeated measures ANOVA for the P1 ERP-
component amplitudes revealed a main effect of electrode
(F(1,22)¼ 6.68; p¼ .017; η2p ¼ 0.233), showing decreased P1 ampli-
tudes at P7 (31.3� 3.2 μV/m2) in comparison to P8 (43.2� 4.6 μV/m2).
Moreover, a main effect of event file-overlap was detected
(F(1,22)¼ 7.05; p¼ .014; η2p ¼ 0.243), showing decreased P1 ampli-
tudes for overlapping (36.2� 3.3 μV/m2) in comparison to non-
overlapping conditions (38.4� 3.2 μV/m2). Additionally, a main effect
of Go/Nogo was detected (F(1,22)¼ 11.32; p¼ .003; η2p ¼ 0.340),

http://www.unizh.ch/keyinst/NewLORETA/sLORETA/sLORETA.htm
http://www.unizh.ch/keyinst/NewLORETA/sLORETA/sLORETA.htm


Fig. 2. The P1 and N1 ERP-components are shown,
pooled across electrodes P7 and P8 including the scalp
topography plots (red colours denote positive values,
blue colours negative values). The scalp topography
plots show the topography at the peak of the P1 and
N1 components. The time point zero denotes the time
point of stimulus presentation. The differences colours
of the ERP time series denote the different experi-
mental condition as outlined in the figure legend. The
sLORETA plot (corrected for multiple comparisons
using SnPM) shows the source of the P1 in the non-
overlapping Nogo condition. A source in BA6 is
delineated alongside with activation differences in the
occipital cortex. A source in BA6 is also shown when
comparing the overlapping and the non-overlapping
condition with each other. The t-scores are lower
(since the effect between conditions is smaller), but
still significant even when correcting for multiple
comparisons. For the sake of comparability, the same
scale of critical t-values is shown for the contrast
against zero and the contrast comparing the two
experiment conditions against each other. In the
sLORETA maps: A¼ anterior, P¼ posterior, L¼ left,
R¼ right.
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showing increased P1 amplitudes in Nogo (38.7� 3.4 μV/m2) in com-
parison to Go (35.8� 3.1 μV/m2) trials. Interestingly, an interaction Go/
Nogo x event file-overlap was detected (F(1,22)¼ 8.29; p¼ .009; η2p
¼ 0.274), and this was also the case when the mean amplitude data was
used for data analysis (F(1,22)¼ 5.79; p¼ .025; η2p ¼ 0.232). Additional
interactions were not observed (all F� 0.20; p� .663).

Post-hoc paired t-tests tests using the peak amplitude data to examine
the interaction Go/Nogo x event file-overlap revealed that this interac-
tion was based on increased P1 amplitudes in the non-overlapping Nogo
condition (40.7� 3.5 μV/m2) in comparison to all other conditions,
including the overlapping Nogo (36.7� 3.4 μV/m2) condition (all
t� 3.34; p� .003). The overlapping Go (35.7� 3.2 μV/m2) and non-
overlapping Go condition (36.0� 3.1 μV/m2) did not significantly
differ from each other (all t� 1.23; p� .232). The sLORETA analysis
revealed that the P1 amplitude in the non-overlapping Nogo con-
dition is associated with an activation in the superior frontal gyrus
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(BA6). It is shown that the ‘activation maxima’ were evident in BA6
(superior frontal gyrus) (MNI: 18, 1, 69), albeit in close relation to the
middle frontal gyrus (BA6) (MNI: 23, 1, 69). This was also the case, when
comparing the non-overlapping Nogo condition, with the overlapping
condition BA6 (superior frontal gyrus) (MNI: 5, 9, 68). For that contrast,
the t-scores are lower (since the effect between conditions is smaller), but
still significant even when correcting for multiple comparisons. For the
sake of comparability, the same scale of critical t-values is shown for the
contrast against zero and the contrast comparing the two experiment
conditions against each other. As can also be seen in Fig. 2, the P1 was
associated with activation differences in the right middle occipital gyrus
(BA18) (MNI: 23, �95, 14). This is mandatory finding in line with pre-
vious results on sources of the P1 (Herrmann and Knight, 2001). This
activation was not evident when comparing the overlapping and the
non-overlapping condition against each other, since the physical prop-
erties of the stimuli were not different between the conditions.



1 Source localization estimates from the standard Go/Nogo trials can be found
in the Supplemental Fig. 3 for the Nogo-N2 and Nogo-P3. These analyses show
the canonical finding of activation differences in the anterior cingulate cortex
(ACC) as well as the right inferior frontal gyrus. The obtained sources in the
other conditions do therefore reflect specific effects of the experimental
manipulation.
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3.2.2. N1 ERP-component
In the repeated measures ANOVA for the N1 ERP-component ampli-

tudes, an interaction electrode x event file-overlap was detected
(F(1,22)¼ 17.94; p< .001; η2p ¼ 0.340). This interaction was due to sig-
nificant differences between the overlapping (�41.2� 5.5 μV/m2) and
non-overlapping condition (�34.6� 4.7 μV/m2) at electrode P8
(t(22)¼ 3.92; p¼ .001) but not at electrode P7 (overlapping:
39.0� 4.7 μV/m2; non-overlapping: 41.5� 5.3 μV/m2; t(22)¼�1.68;
p¼ .108). Yet, also a significant interaction Go/Nogo x event file-overlap
was detected (F(1,22)¼ 8.61; p¼ .008; η2p ¼ 0.281) and the same inter-
action was found when using mean amplitude measures (F(1,22)¼ 5.04;
p¼ .035; η2p ¼ 0.199). Post-hoc paired t-tests using the peakamplitudedata
revealed that this interaction was based on a significantly decreased N1
amplitude in the non-overlapping Nogo condition (�36.1� 4.3 μV/m2) in
comparison to all other conditions (all t� 2.23; p� .036), including the
overlapping Nogo (�40.5� 4.5 μV/m2) condition. The overlapping Go
(�39.6� 4.5 μV/m2) and non-overlapping Go condition (�40.0� 4.4 μV/
m2) did not significantly differ from each other (t(22)¼�0.48; p> .634).
The sLORETA analysis contrasting the overlapping Nogo to the non-
overlapping Nogo condition revealed that these N1 amplitude modula-
tions are associated with the cuneus (BA18) (maximal activity at MNI co-
ordinates �23, �80, 18). Other main effects or interactions were not
observed (all F� 2.97; p� .099). It is important to note that the differences
in the N1 cannot reliably be interpreted since the preceding P1 peak was
already different. Likely, this also affected the source of the N1.

3.2.3. N2 ERP-component
The N2 and P3 ERP-components are shown in Fig. 3.
In the repeated measures ANOVA for the N2 ERP-component (Fig. 3A)

latencies the main effect of event file-overlap was observed
(F(1,22)¼ 13.62; p¼ .001; η2p ¼ 0.382) showing N2 ERP-component la-
tencies to be longer in overlapping (310� 5ms) in comparison to non-
overlapping conditions (289� 9ms). More important, an interaction Go/
Nogo x event file-overlap was observed (F(1,22)¼ 19.17; p< .001; η2p
¼ 0.466). While post-hoc tests showed that the overlapping (300� 7ms)
and non-overlapping Go (303� 9ms) conditions did not differ from each
other (t¼ 0.82; p¼ .423), there were latency differences for the over-
lapping and non-overlapping Nogo conditions (t¼ 3.12; p¼ .005). N2 la-
tencies were longer in the overlapping Nogo condition (317� 10ms),
compared to the non-overlapping Nogo condition (278� 5ms). For the
critical overlapping Nogo condition, the sLORETA analysis (contrasting the
overlapping Nogo condition to 0) revealed that the delayed N2 was asso-
ciated with activation in the parahippocampal gyrus (BA30). Further de-
tails/discussionson theN2source in theoverlappingconditioncanbe found
in the supplemental material (i.e. Supplemental Fig. 1). To examine
whether the parahippocampal activation is specifically linked with
the overlapping Nogo condition (and not with the non-overlapping
No-Go condition), it is important to demonstrate that the sLORETA
reveals BA30 activity that is significantly greater in the overlapping
Nogo condition compared to the non-overlapping Nogo condition, in
addition to the comparison against baseline. In fact, this is the case as
shown inSupplemental Fig. 2. In the repeatedmeasures ANOVA for theN2
ERP-component amplitudes a main effect of Go/Nogo was observed
(F(1,22)¼ 6.93; p¼ .015; η2p ¼ 0.382), showing that the N2 was larger in
Nogo (�17.0� 2.7 μV/m2), compared to Go trials (�14.6� 2.5 μV/m2).
Additionally, an interaction electrode x Go/Nogo x event file-overlap was
detected (F(1,22)¼ 4.99; p¼ .038; η2p ¼ 0.145), but post-hoc tests did not
withstand Bonferroni-correction (all t� 1.17; p� .290). The same main
effect was found when using mean amplitude data observed
(F(1,22)¼ 4.93; p¼ .037; η2p ¼ 0.199).

3.2.4. P3 ERP-component
The P3 ERP-component is shown in Fig. 3B. In the repeated measures

ANOVA for P3 ERP-component latencies a main effect of electrode was
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detected (F(1,22)¼ 17.48; p< .001; η2p ¼ 0.443), showing longer P3
ERP-component latencies at electrode Cz (511� 11ms) in comparison to
Pz (418� 18ms). Moreover, a main effect of event file-overlap was
detected (F(1,22)¼ 16.24; p¼ .001; η2p ¼ 0.425), showing longer la-
tencies in the overlapping (483� 11ms) in comparison to non-
overlapping (446� 11ms) conditions. Additionally, the interactions
“Go/Nogo x event file-overlap” (F(1,22)¼ 18.22; p< .001; η2p ¼ 0.453)
and “electrode x Go/Nogo x event file-overlap” (F(1,22)¼ 5.46; p¼ .029;
η2p ¼ 0.199) were significant. To examine the latter interaction in detail,
repeated measures ANOVAs with the factors Go/Nogo and EF-overlap
were conducted for the data from Pz and Cz electrodes separately: At
electrode Pz an interaction Go/Nogo x EF-overlap was detected
(F(1,22)¼ 5.69; p¼ .026; η2p ¼ 0.205). While post-hoc tests revealed no
differences between the overlapping Go (416� 20ms) and non-
overlapping Go condition (413� 18ms) (t¼ 0.92; p¼ .339), the la-
tency was longer for the overlapping Nogo condition (446� 23ms),
compared to the non-overlapping Nogo condition (399� 19ms)
(t¼�4.88; p< .001). The latency in the overlapping Nogo condition was
also longer than in the Go conditions (all t> 2.54; p< .013). This
interaction can therefore well explain the behavioral effects. For the
overlapping Nogo condition, the sLORETA analysis (contrasting the
overlapping Nogo condition to 0) revealed that the P3 ERP component
was associated with an activation in the parahippocampal cortex (BA30)
(maximal activity at MNI coordinates 16, -40, �5) and in the middle
frontal gyrus (BA9) (maximal activity at MNI coordinates �44, 3, 40).
For electrode Cz, an interaction Go/Nogo x EF-overlap was detected
(F(1,22)¼ 22.93; p< .001; η2p ¼ 0.510). However, post-hoc tests
revealed that the interaction at this electrode was driven by the non-
overlapping Nogo condition, which differed from all other conditions
(all t� 3.86; p� .001). The overlapping Nogo condition did not differ
from the Go conditions (all t� 1.29; p� .209). Unlike the interaction at
electrode Pz, the observed interaction at electrode Cz can therefore not
explain the behavioral effects.

In the repeated measures ANOVA for P3 ERP-component amplitudes
a main effect of electrode was detected (F(1,22)¼ 7.11; p¼ .014; η2p
¼ 0.244), showing smaller P3 amplitudes at Cz (23.9� 3.2 μV/m2),
compared to Pz (33.2� 3.0 μV/m2). Moreover, a main effect of Go/Nogo
was detected (F(1,22)¼ 16.26; p¼ .001; η2p ¼ 0.425), showing larger
amplitudes in Nogo (30.7� 2.7 μV/m2) than Go trials (26.5� 2.5 μV/
m2). An interaction Go/Nogo x event file-overlap was detected
(F(1,22)¼ 19.11; p< .001; η2p ¼ 0.465), which was also significant when
the mean amplitudes were used for data quantification (F(1,22)¼ 6.29;
p¼ .020; η2p ¼ 0.36). Post-hoc paired t-tests showed this interaction to be
related to increased P3 ERP-component amplitudes in the overlapping
Nogo condition (33.3� 3.0 μV/m2) in comparison to all other conditions
(all t� 3.45; p� .001). The sLORETA analysis contrasting the over-
lapping Nogo condition with the non-overlapping Nogo condition
revealed activation differences in the superior frontal gyrus (BA6)
(maximal activity at MNI coordinates �20, �14, 69) and medial frontal
gyrus (BA6) (maximal activity at MNI coordinates �5, �5, 62) (refer
Fig. 3B). The non-overlapping Nogo condition did however not differ
from both Go conditions (all t� 1.54; p� .70) and also the Go conditions
did not differ from each other (t(22)¼ 1.07; p¼ .125).1



(caption on next column)

Fig. 3. (A) The N2 ERP-component is shown at electrode FCz including the
scalp topography plots (red colours denote positive values, blue colours negative
values). The scalp topography plots show the topography at the peak of the N2.
The time point zero denotes the time point of stimulus presentation. The dif-
ferences colours of the ERP time series denote the different experimental con-
dition as outlined in the figure legend. The sLORETA plot (corrected for multiple
comparisons using SnPM) shows the source of the Nogo-N2 in the overlapping
condition. A source in the parahippocampal gyrus is delineated. Further infor-
mation about the source of the Nogo-N2 in the overlapping condition can be
found in the Supplemental Fig. 1. (B) The P3 ERP-component is shown at
electrode Pz and Cz including the scalp topography plots (red colours denote
positive values, blue colours negative values). The scalp topography plots show
the topography at the peak of the P3. The time point zero denotes the time point
of stimulus presentation. The differences colours of the ERP time series denote
the different experimental condition as outlined in the figure legend. The
sLORETA plot (corrected for multiple comparisons using SnPM) shows the
source of the Nogo-3 in the overlapping condition. Moreover, the contrast “non-
overlapping Nogo> overlapping Nogo” is shown. In the sLORETA maps:
A¼ anterior, P¼ posterior, L¼ left, R¼ right.
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4. Discussion

In the current study, we examined stimulus-response reconfiguration
processes during inhibitory control using neurophysiological methods.
This study was motivated by the fact that perceptual processes have a
strong influence on response inhibition, but the influence of these pro-
cesses has not yet been considered in relation to overarching theoretical
concepts of action control. The goal of this study was to (i) show how
perceptual processes can affect response inhibition using a theoretical
framework, which has, until now, not been brought into connection with
inhibitory control and (ii) to establish links between neurophysiology
and functional neuroanatomy of inhibitory control with the TEC frame-
work. We created a novel Go/Nogo task in which the stimulus feature
overlap between Go and Nogo trials was varied. We used the TEC
framework because this framework is not only able to predict that a
feature overlap between stimuli and response affects performance, but
also why this is the case. Other theories on inhibitory control like the dual
mechanisms of control frame work (Braver, 2012), accounts on unex-
pected events (Wessel and Aron, 2017), as well as functional neuroana-
tomical network or modular perspective on inhibitory control
(Hampshire and Sharp, 2015), do not make explicit assumptions why and
how stimulus-response feature overlaps may impact inhibitory control. It
has been pointed out that ‘holistic approaches’ are needed to understand
different instances of cognitive control (Hampshire and Sharp, 2015).
TEC clearly represents such a holistic approach.

The behavioral data are well in line with the hypothesis that a stim-
ulus feature overlap between Go and Nogo trials compromises response
inhibition processes. The rate of false alarms was higher, when stimulus
features were part of Go and Nogo trials, compared to conditions in
which Go and Nogo trials did not share stimulus features. Even though
the effects of overlapping event files were also evident in RTs and hit
rates during Go trials, the effects were smaller than in Nogo trials. The
specific ratio of Go and Nogo trials (i.e. 70% vs. 30%) has been shown to
induce a rather ‘automated’ response tendency (Dippel et al., 2016;
Helton, 2009; Helton et al., 2005; McVay and Kane, 2009; Quetscher
et al., 2015; Stevenson et al., 2011), imposing high demands on response
inhibition processes (Dippel et al., 2017, 2016; Dockree et al., 2006,
2004). Thus, the results suggest that the effect of event file reconfigu-
ration processes scales with the demands on cognitive control processes
and that this effect not that much evident when cognitive control pro-
cesses are less demanded during rather ‘automated’ response execution.

The neurophysiological data suggest that a multitude of processes and
functional neuroanatomical structures are involved in stimulus-response
reconfiguration processes during inhibitory control. The same interac-
tion effects were obtained using peak amplitudes andmean amplitudes in
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particular time window, which underlines the reliability of the obtained
results. In line with our expectations, interactions of “Go/Nogo x event
file-overlap” were already evident for the P1 ERP-component and the
source localization suggested that the superior frontal gyrus (SFG, BA6) is
associated with these modulations. The SFG is part of the response in-
hibition network (Bari and Robbins, 2013). During inhibitory control
tasks, previous data have shown that modulations of the P1 originate
from prefrontal brain regions that have also been implicated in the
cortical response inhibition network (Giller et al., 2018; Wolff et al.,
2018). The current data show that the P1 and activity in BA6 were
reduced in overlapping, compared to non-overlapping Nogo conditions;
i.e. the P1 and BA6 activity was reduced in that Nogo condition which
also revealed an increased rate of false alarms. Several lines of evidence
suggest that the P1 reflects inhibitory gating and categorization mecha-
nisms which control the access of incoming information to task sets/re-
presentations and episodic traces (Klimesch, 2011; Klimesch et al.,
2010). Other data suggested that successful reconfiguration of over-
lapping event files is associated with increased P1 amplitudes (Petruo
et al., 2016). The pattern may therefore be interpreted that inhibitory
gating in trials presenting stimuli with a high feature overlap between Go
and Nogo trials is harder than in trials presenting stimuli with no feature
overlap between Go and Nogo trials. This is also in line with the poorer
behavioral performance in the overlapping Nogo trials. Thus, a critical
aspect during stimulus-response reconfiguration processes in inhibitory
control is how easy early gating and categorization processes can be
deployed. It is possible that BA6 is associated with these processes in the
current study because this region plays an essential role in inhibitory
control (Bari and Robbins, 2013). Yet, lateral and superior frontal regions
have otherwise been shown to be involved in perceptual categorization
(Freedman and Assad, 2016; Smith and Grossman, 2008). The increased
N1 amplitudes in the overlapping, compared to the non-overlapping
Nogo condition likely reflect increased attentional processing (Herr-
mann and Knight, 2001), which may be necessary to fully evaluate the
ambiguous stimulus features in the overlapping Nogo condition.

Concerning response control, the data revealed that the latency of the
Nogo-N2 was prolonged in the overlapping Nogo condition. The sLOR-
ETA analysis revealed a source in parahippocampal gyrus (BA30) for the
Nogo-N2 in the overlapping Nogo condition (contrast: overlapping
Nogo> 0). The shift of the Nogo-N2 peak latency is in line with our ex-
pectations. As outlined, event file reconfiguration (i.e. unbinding and
rebinding) processes are likely necessary when stimulus-response asso-
ciations overlap between Go and Nogo trials. Since these processes are
time-consuming, it makes ample sense that the Nogo-N2 latency is pro-
longed. Interestingly, it has been suggested that the Nogo-N2 reflects pre-
motor inhibitory control processes (Huster et al., 2013); i.e. a revision of a
motor plan/program before the actual motor process (Beste et al., 2010;
Falkenstein et al., 1999). As mentioned, the event file contains a network
of bindings between all features specifying a stimulus and all features
specifying the motor response (Hommel, 1998). Reconfiguration of an
event file requires that these bindings need to be adjusted or revised.
Also, other data has already shown that processes in the N2 time window
are associated with the reconfiguration or unbinding of elements in the
event file (Petruo et al., 2016) and the retrieval of this episodic file
(Spap�e et al., 2011). Against the background that modulations in the N2
time window are associated with the retrieval of the episodic trace during
response selection (Spap�e et al., 2011) it seems reasonable that the
parahippocampal gyrus is associated with these processes (Aminoff et al.,
2013). In most studies on response inhibition the N2 is, however, not
associated with the parahippocampal area, but almost exclusively with
prefrontal brain areas (Huster et al., 2013). Yet, these studies do not vary
the feature overlap between Go and Nogo stimuli and do thus not require
reconfigurations of episodic traces specifying stimulus-response re-
lationships. Rather, they use clearly distinct stimulus categories to trigger
responding or response inhibition. The contribution of the para-
hippocampal gyrus in the current study therefore likely results from the
relatively intricate unbinding and reconfiguration processes of event file
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traces as induced by a stimulus feature overlap.
Opposed to the N2 time window, processes in the P3 time window

have been suggested to reflect the rebinding of an event file in the sense
of the implementation of an action (Petruo et al., 2016). In line with that,
the Nogo-P3 has been suggested to reflect the implementation of motor
inhibition process per se (Beste et al., 2016; Dutra et al., 2018; Huster
et al., 2013; Wessel and Aron, 2015). A natural prerequisite for such an
implementation of action is that elements in the event file are rebound
(Hommel, 2009). The data show that the Nogo-P3 peak latency was
longer in the overlapping than in the non-overlapping condition. The
amplitude of the Nogo-P3 was also larger in the overlapping, compared
to the non-overlapping condition. This pattern can be interpreted that it
takes longer for motor inhibition processes to become fully effective if
there are overlaps in stimulus features leading to less distinct Go and
Nogo event files. The higher Nogo-P3 amplitudes in the overlapping
Nogo condition further suggest that motor inhibition processes need to
be intensified. The sLORETA analysis showed that the parahippocampal
regions and the superior frontal cortex (BA6) were activated. The inter-
pretation of intensified motor inhibition processes associated with BA6 is
well in line with other findings from lesion studies suggesting that the
superior and medial frontal (pre-)supplementary motor area (Allen et al.,
2018; Chen et al., 2009; Floden and Stuss, 2006; Sumner et al., 2007) as
well as the premotor cortex (Hung et al., 2018; Sharp et al., 2010) are
important to allow a successful inhibition of a motor response. The
intensified motor inhibition processes in the case of the overlapping
Nogo condition are likely a consequence of the overlapping stimulus
features between Go and Nogo trials. The integration of a Go feature into
a Nogo stimulus leads to an increased response tendency, which is then
only partly controlled by intensified inhibition processes. This leads to a
strengthened and delayed neuronal response (i.e. Nogo-P3). The
involvement of parahippocampal cortices during the modulation of the
Nogo-P3 can be explained by the fact that during re-binding aspects of
the event file are changed. Since this is a modification of an episodic
trace, it seems plausible that parahippocampal structures are involved
that are known to play a significant role in such processes (Aminoff et al.,
2013).

In summary, the study examined the neurophysiological and func-
tional neuroanatomical correlates of stimulus-response reconfiguration
processes during inhibitory control. The data show that conceptual
principles of TEC can be applied to response inhibition processes and
predict the effects of modulations at the perceptual level on the efficacy
to inhibit a response. The EEG data show that stimulus-response recoding
during inhibitory control affects various temporally and functionally
distinct subprocesses from perceptual gating and categorization pro-
cesses (P1 ERP-component) to pre-motor inhibition (Nogo-N2 ERP-
component) and motor inhibition processes (Nogo-P3 ERP-component).
These distinct subprocesses depend on partially overlapping functional
neuroanatomical structures. The observed cascade of neurophysiological
subprocesses starts in the superior frontal cortex which is associated with
perceptual categorization mechanisms. Subsequently, pre-motor inhibi-
tion or event file unbinding processes in parahippocampal structures are
modulated before event file rebinding and motor inhibition again asso-
ciated with parahippocampal and superior frontal structures is
accomplished.
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