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Abstract

Background: To display goal-directed behavior, we must be able to resolve response conflicts that arise from processing 
various distractors. Such conflicts may be triggered by different kinds of distractor stimuli (e.g., priming and flanker stimuli), 
but it has remained largely unclear whether the functional and neurobiological underpinnings of both conflict types differ. 
We therefore investigated the functional relevance of the catecholamines dopamine and norepinephrine, which have been 
shown to increase the signal-to-noise ratio in neuronal processing and should therefore modulate response conflicts.
Methods: In a double-blind, randomized, placebo-controlled study design, we examined the effect of methylphenidate 
(0.5 mg/kg) on both flanker-induced and priming-induced response conflicts in a group of n = 25 healthy young adults. We 
used EEG recordings to examine event-related potentials in combination with source localization analyses to identify the 
cognitive-neurophysiological subprocesses and functional neuroanatomical structures modulated by methylphenidate.
Results: Compared with placebo, methylphenidate decreased flanker conflicts. This was matched by increased congruency 
effects in the fronto-central N2/P3 event-related potential complex and associated with modulations in the right inferior 
frontal gyrus. In contrast to this, methylphenidate did not modulate the size of prime-evoked conflicts.
Conclusions: Our results suggest that catecholamine-driven increases in signal-to-noise ratio and neural gain control do not 
equally benefit differently evoked conflicts. This supports the hypothesis of an at least partly different neurobiological basis 
for flanker- and prime-evoked response conflicts. As the right inferior frontal gyrus plays an important role in inhibition, the 
catecholaminergic system may reduce flanker conflicts by supporting the inhibition of distracting information.
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Introduction
Goal-directed behavior is expedient to living a successful life. An 
important aspect of goal-directed behavior is the ability to select 
the appropriate response out of several response alternatives. 
This process may however be hampered by irrelevant distract-
ing information that generates response conflicts (Botvinick 
et al., 2001; Keye et al., 2013). The sources of these interferences 
and distraction can be different. Often, interference and conflict 

is induced by co-occurring stimuli flanking a target stimulus 
(Keye et al., 2013). However, conflicts can also be induced by tem-
porally preceding (i.e., “priming”) stimuli (Boy et al., 2010; Stock 
et al., 2016, 2017). Priming and flanker effects are usually treated 
as different kinds of effects and were therefore investigated sep-
arately (Denton and Shiffrin, 2012). It has become evident, how-
ever, that prime- and flanker-induced conflicts may conjointly 
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modulate interference control (Eimer and Schlaghecken, 2003; 
Schlaghecken and Eimer, 2004; McBride et al., 2012; Parkinson 
and Haggard, 2014; Ulrich et  al., 2015; Gohil et  al., 2017) and 
conflict processing (Beste et  al., 2018b). The fact that priming 
and flanking information can conjointly modulate interference 
control and conflict processing (Beste et  al., 2018b) suggests 
that both sources of conflict share a common neuronal basis 
(Boy et al., 2010; Stock et al., 2016, 2017). Until now, it has been 
debated whether the nature and neurobiological foundations of 
these 2 sources of conflict are the same (Vorberg et al., 2003; Boy 
et al., 2010; Stock et al., 2016, 2017). This is important because 
one main goal of treatments administered to patients with vari-
ous neuropsychiatric disorders (e.g., attention deficit hyper-
activity disorder) is to foster goal-directed behavior in order to 
reduce the impact of disturbing or distracting information. We 
therefore probe the nature and neurobiological foundations of 
these 2 kinds of conflicts, applying a neuropsychopharmacologi-
cal approach investigating whether a common modulator of one 
of the 2 conflict types causes comparable effects in the other 
type of conflict.

When looking for a suitable modulator, it is important to con-
sider the conceptual and cognitive faculties required for action 
selection in the face of response selection conflicts: such con-
ditions make it necessary to enhance goal-shielding processes 
to stabilize and protect task goals from interference (Goschke 
and Dreisbach, 2008; Goschke and Bolte, 2014). This means it 
is important to enhance processing of task-relevant sensory 
information and reduce the impact of information-activating 
task-irrelevant response representations. Put in more tech-
nical terms, it is important to increase the system’s sensitivity 
towards relevant signals and/or to decrease the system’s sensi-
tivity to noise (i.e., stimuli that interfere with or are irrelevant to 
the primary goal of responding). This modulation of the signal-
to-noise ratio (SNR) of incoming sensory information and neural 
information processing can be conceptualized in the framework 
of neuronal gain control (Servan-Schreiber et al., 1990; Li et al., 
2001; Yousif et  al., 2016; Ziegler et  al., 2016). Gain control has 
been demonstrated to be evident at sensory, cognitive (Salinas 
and Thier, 2000), and motor levels (Greenhouse et al., 2015; Thura 
and Cisek, 2016). Elevated dopaminergic (Servan-Schreiber et al., 
1990; Li et al., 2001; Yousif et al., 2016; Ziegler et al., 2016) as well 
as norepinephrinergic signaling (Aston-Jones and Cohen, 2005; 
Nieuwenhuis et al., 2005) have been suggested to increase gain 
control, thus making catecholaminergic signaling a potentially 
suitable modulator of both kinds of response conflict. Both the 
dopamine and norepinephrine system are therefore important 
to consider when examining the neuropsychopharmacological 
basis of conflict monitoring. Based on this, we set out to inves-
tigate the effects of methylphenidate (MPH), which acts as a 
combined dopamine/norepinephrine transporter blocker, thus 
increasing postsynaptic dopamine and norepinephrine levels 
(Volkow et al., 1999; Skirrow et al., 2015; Faraone, 2018). It is pos-
sible that MPH increases goal-shielding processes that stabilize 

and protect task goals from interference via gain control mech-
anisms. Yet we hypothesize that MPH modulates only flanker-
evoked conflicts but not prime-evoked conflicts. The reason 
behind this hypothesis is that previous results suggest that MPH 
exerts effects attributable to gain modulation principles when 
the incoming sensory information is salient and above a suffi-
cient level of signal strength (Beste et al., 2018a), which may not 
be the case for priming stimuli. We therefore expect a neuropsy-
chopharmacological dissociation between conflict induced 
by primes and flanker stimuli, with only the latter modulated 
by MPH.

To test this hypothesis, we used an experimental paradigm 
featuring flankers and a masked prime (Boy et al., 2010; Stock 
et  al., 2016, 2017). Using electrophysiological techniques (i.e., 
event-related potentials [ERPs]), different cognitive-neurophys-
iological subprocesses involved in information processing and 
response inhibition can be isolated. In combination with source 
localization, this approach allows to examine the functional 
neuroanatomical network underlying the cognitive subproc-
esses modulated by increases in catecholaminergic signal-
ing. Using ERPs, it has been shown that modulatory effects on 
flanker-type conflicts are reflected by the N2 component (van 
Veen and Carter, 2002; Botvinick et  al., 2004; Folstein and Van 
Petten, 2008; Beste et al., 2010; Ullsperger et al., 2014; Stock et al., 
2016 p.201). This component may, however, also reflect the influ-
ence of priming interference on response selection (Beste et al., 
2018b). It further seems that there is a uniform sequence of cor-
tical activity reflected by a fronto-central negativity-positivity 
(N2/P3) complex. This complex may reflect a common process 
of oscillatory cortical activity related to the processing of fast 
alarm signals indicating conflicts and thus for the necessity of 
increased cognitive effort and, potentially, behavioral adapta-
tion (Ullsperger et al., 2014). Crucially, the fronto-central N2/P3 
complex is modulated by the dopamine and the norepinephrine 
system (Warren et al., 2011; Ullsperger et al., 2014; Chmielewski 
et al., 2017; Mückschel et al., 2017a). Since MPH is expected to 
increase goal-shielding processes, thereby stabilizing and pro-
tecting task goals from interference, it is likely that response 
selection is less prone to interference under MPH administra-
tion. We therefore hypothesized that the fronto-central N2/P3 
complex shows smaller amplitude (activity/power) modulations 
in response to flanker conflicts after MPH administration com-
pared with a placebo. At the functional neuroanatomical level, 
these effects are expected to be reflected by modulations of 
activity in medial frontal regions and/or orbitofrontal and infer-
ior frontal regions. Medial frontal regions are well-known to be 
involved in conflict-monitoring processes (Botvinick et al., 2004). 
Orbitofrontal and inferior frontal regions may also be import-
ant to consider because they are part of an inhibitory control 
network (Bari and Robbins, 2013; Aron et al., 2014; Allen et al., 
2018). Inhibitory control is important during conflict resolution 
as it partly relies on the strengthening of inhibitory influ-
ences at the unwanted (incompatible) response representation  
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Goal-directed behavior is vital to living a successful and self-serving life. It is however not only error-prone but may also be 
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pharmacologically modulated the catecholaminergic system with methylphenidate, which is commonly used in the treatment 
of various mental illnesses including ADHD. The results show that methylphenidate only partly fosters goal-directed behavior, 
as its beneficial effect on conflict size seems to depend on the nature of the distractor stimuli. These results provide insights into 
the complex neuropharmacological basis driving important aspects of goal-directed behavior in humans.
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(Stürmer et  al., 2000; Verleger et  al., 2009; Ocklenburg et  al., 
2011; Klein et al., 2014). Moreover, several lines of evidence put 
gain control mechanisms close to such mechanisms of inhibi-
tory control (Priebe and Ferster, 2002; Mitchell and Silver, 2003; 
Papasavvas et al., 2015) and thus processes that are likely to be 
modulated by MPH (Beste et al., 2018a). Of note, the effects of 
primes on the fronto-central N2/P3 complex are not expected 
to be modulated by MPH, as we expect no behavioral effects. 
Likewise, we did not expect MPH modulations in lower-level per-
ceptual and attentional selection processes, as they do not seem 
to play critical role in conflict monitoring (Gohil et  al., 2017; 
Stock et al., 2017; Beste et al., 2018b).

Materials and Methods

Participants

A group of n = 25 healthy young participants (mean age 23.92; 
SD 2.88; range 19–31 years; 15 females) took part in this study. 
All participants were right-handed, had normal or corrected-
to-normal vision, reported no regular drug and/or medication 
intake, and did not consume caffeine at the day of investigation. 
None of the participants reported any psychiatric disorders or 
neurological diseases. Participants were recruited at the local 
University (TU Dresden). Each participant gave written informed 
consent and was reimbursed with either 75€ or course credits 
for taking part in the study. The study was conducted in accord-
ance with the Declaration of Helsinki and approved by the ethics 
commission of the Medical Faculty of the TU Dresden.

MPH Administration

The study was conducted using a within-subject design where 
each subject was tested 2 times. In one of the 2 appointments, 
participants received a single dose of MPH. At the other appoint-
ment, participants were administered a placebo. The order of 
substance administration (MPH and placebo) was counter-bal-
anced across subjects and blind to the experimenter. The indi-
vidual MPH dosage was calculated based on the participant’s 

body weight (0.50 mg/kg) at the beginning of the first appoint-
ment. Because MPH plasma levels peak 1 to 3 hours after oral 
administration (Challman and Lipsky, 2000; Rösler et al., 2009), 
the investigation started approximately 2 hours after MPH 
administration. Participants were informed about the goals 
and procedure of this study and gave written consent. All 
participants received monetary compensation after the sec-
ond appointment. The study was approved by the local ethics 
committee of TU Dresden and the experiment was conducted 
according to the Helsinki Declaration of 1975. All subjects pro-
vided written informed consent.

Task

The task was based on a paradigm by Boy et al. (2010) and iden-
tical to the experimental setup used in a previous study (Stock 
et al., 2016). This task allows to investigate conflicts evoked by 
flanker and prime distractor stimuli. Participants were seated 
57 cm from a 17-inch CRT monitor and were asked to respond 
using a QWERTZ keyboard. To present the stimuli, record 
behavioral responses, and synchronize with the EEG, we used 
the Presentation software (Version 17.1 by Neurobehavioural 
Systems, Inc.). Before the experiment started, subjects prac-
ticed the task. During the practice, the experimenter answered 
questions to ensure that the participants understood the task. 
During the practice, feedback was provided about the accuracy 
of the response, while the experiment / data collection did not 
comprise response feedback.

Each trial started with the presentation of a central white 
fixation cross against a black background for 100 ms (Figure 1). 
It was followed by the prime for 30  ms, a mask stimulus for 
30 ms, and the combination of target and flankers for 100 ms. 
The prime consisted of a single horizontal arrow pointing to 
the right or left. The mask was an array of randomly distributed 
lines. The target was a single horizontal arrow pointing either 
left or right, located between 2 vertically aligned flanker stimuli 
(arrows just like the prime and target). Participants were asked 
to identify the pointing direction of the central target arrow by 
pressing the right “Ctrl” button with the right index or middle 

Figure 1. Experimental paradigm. Each trial started with a presentation of a fixation cross for 100 ms. This was followed by a presentation of a prime (middle arrow) 

for 30 ms and presentation of a mask (array) for 30 ms. The target (middle arrow) plus flankers were presented for 100 ms. After target presentation, the screen turned 

black. Primes pointing in the same direction as the target were compatible (opposite direction = incompatible), while flankers that pointed in the same direction as the 

target were classified as congruent (opposite direction = incongruent).
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finger when the target arrow pointed to the right and the left 
“Ctrl” button with the left index or middle finger when the tar-
get pointed to the left. Each trial ended when the participant’s 
response, which was required until 2000 ms after the onset of 
the target had elapsed. If no response was executed, the trial 
was categorized as a “miss.” The response-stimulus-interval 
between the participant’s response and the onset of the follow-
ing trial was jittered between 1000 and 1200 ms. Whenever the 
prime and target pointed in the same direction, the trial was 
rated as compatible (and as incompatible in case they pointed in 
the opposite direction). In the case flankers and target pointed 
in the same direction, trials were classified as congruent (and 
as incongruent when they pointed in the other direction). There 
are thus 4 possible conditions: compatible-congruent, incom-
patible-congruent, compatible-incongruent, and incompatible-
incongruent. In total, the task consisted of 384 trials, equally 
divided into 4 blocks. All combinations of conditions were pre-
sented equally often and were randomized within each block. 
In total, the experiment took approximately 15 minutes to 
complete.

EEG Recording and ERP Analysis

The EEG data were recorded using a QuickAmp amplifier (Brain 
Products, Inc.), and 60 Ag-AgCl electrodes were used at equi-
distant scalp positions with a sampling rate of 500 Hz. The 
reference electrode was located at Fpz and electrode imped-
ances were kept <5 kΩ. The Brain Vision Analyzer 2.1 software 
package was used for offline data preprocessing and ERP data 
analyses. The recorded data were downsampled to 256 Hz, 
and a band-pass filter ranging from 0.5 to 20 Hz with a slope 
of 48 db/oct each was applied. A  manual raw data inspection 
was then implemented to remove technical or muscular arti-
facts, while periodically occurring artifacts such as eye blinks, 
saccades, or pulse were subsequently detected and corrected 
using an independent component analysis (infomax algorithm). 
Lastly, we conducted another raw data inspection to remove 
any residual artifacts. The preprocessed data were then seg-
mented in a target-locked fashion. Segments started 500  ms 
prior to the target stimulus onset (set to time point zero) and 
ended 1000 ms thereafter. Only correct trials were included in 
the data analysis. Next, an automated artifact rejection proced-
ure was applied to remove all segments in which amplitudes 
were < -100 μV or >100 μV, had a value difference of >200 μV in a 
200-ms interval, or in which segments revealed activity <0.5 μV 
in a 100-ms interval. After that, a current source density trans-
formation was applied to eliminate the reference potential from 
the data. The current source density operates as a spatial fil-
ter identifying the electrodes that best reflect activity related to 
the respective ERP (Perrin et al., 1989; Nunez and Pilgreen, 1991; 
Kayser and Tenke, 2015). A baseline correction was then set to 
a time interval from -500 to -200  ms to obtain a prestimulus 
baseline. Finally, the different conditions were averaged at the 
single-subject level. Electrodes for data quantification were cho-
sen on the basis of a literature-driven visual inspection of the 
ERPs and corresponding topography maps. This visual inspec-
tion was validated and confirmed by a procedure described in 
(Mückschel et al., 2014): within each of the corresponding search 
intervals, the peak amplitude was extracted for all 60 electrodes. 
Each electrode was subsequently compared against the average 
of all other electrodes using Bonferroni-correction for multiple 
comparisons. Only electrodes that showed significantly larger 
mean amplitudes than the remaining electrodes were selected. 
According to this procedure, the amplitudes of the prime-and 

target-evoked visual P1 and N1 were quantified at electrodes P7 
and P8 (prime P1: 45–65 ms; prime N1: 95–150 ms; target P1: 155–
200 ms) and at electrodes P9 and P10 (target N1: 245–290 ms). 
The fronto-central N2/P3 ERP-complex was quantified in a time 
window of 275 to 475 ms at electrode Cz. All ERP components 
were quantified relative to the prestimulus baseline. Peaks of all 
these ERPs were quantified using the area under the curve. The 
main reason for this was that longer quantification intervals 
(like the one used for the N2/P3 complex) usually encompass 
both negative and positive deflections that might cancel each 
other out when a simple mean value is formed. All ERP com-
ponents were quantified on the single-subject level. Whenever 
the quantification took place at more than one electrode, ampli-
tudes were averaged over all quantified electrodes.

Source Localization Analysis

To identify functional neuroanatomical structures that are dif-
ferentially modulated by MPH or placebo administration, a 
source localization analysis was conducted. For this analysis, 
standardized low resolution brain electromagnetic tomography 
(sLORETA; Pascual-Marqui, 2002) was used. This procedure 
reveals high convergence with fMRI data and neuronavigated 
EEG/TMS studies, which underlines the validity of the estimated 
sources (Hoffmann et  al., 2014; Dippel and Beste, 2015). sLO-
RETA gives a single linear solution to the inverse problem based 
on extra-cranial measurements without a localization bias 
(Pascual-Marqui, 2002). For sLORETA, the intracerebral volume 
is partitioned into 6239 voxels at 5 mm spatial resolution. Then, 
the standardized current density at each voxel is calculated in 
a realistic head model (Fuchs et al., 2002) based on the MNI152 
template (Mazziotta et  al., 2001). The voxel-based sLORETA 
images were compared across conditions using the sLORETA-
built-in-voxel-wise randomization tests with 2000 permutations 
based on statistical nonparametric mapping. Voxels with sig-
nificant differences (P < .01, corrected for multiple comparisons) 
between contrasted conditions were located in the MNI-brain.

Statistics

Only correct trials with response times (RTs) between 100 and 
1000 ms after the target onset were included in behavioral and 
neurophysiologic analyses to exclude trials with premature 
responses and reduce the effect of outliers on mean hit RTs. The 
data were analyzed using repeated-measures ANOVAs. The fac-
tors prime compatibility (compatible vs incompatibility), flanker 
congruency (congruent vs incongruent), and drug/placebo (MPH 
vs placebo) were included as within-subject factors. The degrees 
of freedom were adjusted using Greenhouse-Geisser correc-
tion and were Bonferroni corrected whenever necessary. For all 
descriptive statistics, the mean and SEM are given as a measure 
of variability.

Results

Behavioral Data

Accuracy
The analysis of the percentage of hits revealed a main effect 
of drug/placebo [F(1,24) = 9.28, P < .006, ηp

2  = .279]. Participants 
responded less accurately under placebo administration 
(95.35% ± 0.68) than MPH administration (97.00% ± 0.41). Moreover, 
there was a main effect of prime compatibility [F(1,24) = 47.27, 
P < .001, ηp

2  = .663] with a higher percent of hits for compatible 
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(98.99% ± 0.17) than for incompatible trials (93.35% ± 0.89) and 
a significant main effect of flanker congruency [F(1,24) = 32.95, 
P < .001, ηp

2  = .579], showing that participants responded less 
accurately in incongruent (95.13% ± 0.62) than in congruent trials 
(97.21% ± 0.40). Importantly, there was an interaction of flanker 
congruency and drug/placebo [F(1,24) = 5.35, P = .030, ηp

2  = .182] 
(Figure 2A).

Posthoc tests indicated that the flanker congruency effect 
(i.e., congruent - incongruent) was larger under placebo admin-
istration (2.66% ± 2.50) than MPH administration (1.49% ± 1.86) 
[t(24) = 2.31; P = .030]. The placebo-MPH effect was larger in the 
incongruent condition [t(24) = 3.12; P = .002; MPH: 96.25% ± 0.52; 
placebo: 94.01% ± 0.87] than in the congruent condition 
[t(24) = 2.36; P = .026]. All other main effects and interactions of 
the accuracy analyses were not significant (all F ≤ 3.45; P ≥ .075). 
The only exception was the prime compatibility x flanker con-
gruency interaction, shown in the supplemental material.

Response Times (RTs)

The repeated-measures ANOVA for RTs in correct trials revealed 
a main effect of prime compatibility [F(1,24) = 287.34, P < .001, 
ηp

2  = .923] (Figure 2). Participants responded faster when prime 
and target were compatible (415 ms ± 9) than when they were 
incompatible (480 ms ± 10). Additionally, a main effect of flanker 
congruency was found [F(1,24) = 86.45, P < .001, ηp

2  = .783], as 
participants responded faster when prime and target pointed 
in the same direction (438 ms ± 9) then when they pointed in 
incongruent directions (457 ms ± 9). Importantly, there was also 
a flanker congruency x drug/placebo interaction [F(1,24) = 6.90, 
P = .015, ηp

2  = .223] (Figure  2B). Posthoc tests indicated that 
the flanker congruency effect (i.e., congruent - incongruent) 
was larger under placebo administration (23.1 ms ± 12.8) than 
under MPH administration (15.0 ms ± 12.9) [t(24) = 2.62; P = .015]. 
However, the placebo-MPH effect did not differ between the 
incongruent and the congruent condition [t(24) = 0.62; P > .4]. All 
other main effects and interactions of the accuracy analyses 
were not significant (all F ≤ 1.15; P ≥ .293), except a prime com-
patibility x flanker congruency interaction, shown in the sup-
plemental Material.

In summary, the behavioral data show that the congruency 
effect (i.e., the flanker effect) was smaller with MPH than with 
placebo and that MPH had larger effects on incongruent than 
congruent trials. The RT data patterns show a similar effect 
even though the placebo-MPH effect was not different for con-
gruent and incongruent trials. The behavioral data show that 
MPH modulates flanker-related conflicts but not prime-related 
conflicts.

Neurophysiological Data

Prime P1 and Prime N1
The prime- and target-elicited P1 and N1 are illustrated in 
Figure 3.

None of the investigated factors or interactions reached 
significance for the prime-elicited P1 (all F ≤ 1.59; P ≥ .218) and 
prime-elicited N1 (all F ≤ .15; P ≥ .699).

Target P1 and Target N1
For the target-elicited P1 (pooled across electrodes P7 and 
P8), there was a significant main effect of prime compati-
bility [F(1,24) = 13.46, P < .001, ηp

2  = .359], with larger areas in 
incompatible (997.66  μV*ms ± 188.58) than in compatible 
(912.79  μV*ms ± 194.12) trials. Also, there was a main effect 
of flanker congruency [F(1,24) = 13.33, P < .001, ηp

2 = .357] with 
smaller areas in congruent (917.33 μV*ms ± 188.46) than incon-
gruent (993.12 μV*ms ± 194.10) trials. Furthermore, an interaction 
of prime compatibility x flanker congruency [F(1,24) = 8.97, 
P = .006, ηp

2  = .272] was found, which is detailed in the supple-
mental Material. All other target P1 main effects and interac-
tions were not significant (all F ≤ 2.00; P ≥ .170).

The analysis of the target-elicited N1 (pooled across elec-
trodes P9 and P10) revealed a significant main effect of prime 
compatibility [F(1,24) = 22.77, P < .001, ηp

2  = .487], showing smaller 
areas in compatible (-738.29 μV*ms ± 157.96) than in incompat-
ible trials (-1058.59  μV*ms ± 180.28). A  main effect of flanker 
congruency [F(1,24) = 7.70, P = .011, ηp

2  = .243] was also found. 
Target-elicited N1 areas were smaller in trials with congruent 
flankers (-795.43  μV*ms ± 158.12) than in trials with incongru-
ent flankers (-1001.45 μV*ms ± 181.54). All other target N1 main 
effects and interactions were not significant (all F ≤ 3.34; P ≥ .080).

Fronto-Central N2/P3 Complex
The fronto-central N2/P3 complex at electrode Cz is shown in 
Figure 4.

There was only an interaction of flanker congruency x drug/
placebo [F(1,24) = 5.59, P = .027, ηp

2  = .196]. Posthoc t tests showed 
that the congruency effect (i.e., congruent - incongruent) was 
larger under MPH administration (294.21  μV*ms ± 135.01) 
than under placebo administration (-89.96  μV*ms ± 152.71) 
[t(24) = 2.1; P = .023]. It is further shown that only in the MPH 
condition incongruent and congruent trials differed in the 
amplitude (i.e., AUC) of the N2/P3 complex, with smaller areas 
in incongruent (172.02  μV*ms ± 601.76) than congruent trials 
(466.24 μV*ms ± 610.35). No such effect was evident under pla-
cebo administration [t(24) = .58; P = .561]. Source localization via 
sLORETA revealed that these effects, driven by the incongruent 

Figure 2. Behavioral data. (A) Accuracy data (mean percentage of correct responses) are shown for the different conditions (left) and also the flanker effect (congru-

ency effect) is shown in the methylphenidate (MPH) and the placebo condition (right). (B) Reaction time (RT) data (mean reaction times) are shown for the different 

conditions (left), and the flanker effect (congruency effect) is shown in the MPH and placebo conditions (right). Significant results (P ≤ .05) are denoted with an asterisk. 

Error bars show the SEM as a measure of variability.

https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyy063#supplementary-data
https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyy063#supplementary-data
https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyy063#supplementary-data
https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyy063#supplementary-data
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flanker condition, were associated with activation differences in 
the right inferior frontal gyrus (rIFG, BA47).

Except for a prime compatibility x flanker congruency inter-
action [F(1,24) = 7.75, P = .010, ηp

2  = .244] detailed in the supple-
mental Material, no other interaction effects (including the 
factor prime compatibility) were evident in the N2/P3 complex 
(all F ≤ 3.00; P ≥ .096).

In summary and similar to the interaction of flanker con-
gruency and drug/placebo observed at the behavioral level, we 
found corresponding effects in the N2/P3 period that were asso-
ciated with the rIFG. Area differences (congruent minus incon-
gruent) were more pronounced under MPH administration than 
placebo.

Discussion

In the current study, we examined the role of dopaminergic and 
norepinephrinergic signaling for prime- and flanker-evoked 
stimuli. While the 2 kinds of conflicts usually occupy 2 different 
scientific niches (Denton and Shiffrin, 2012), there is increasing 
evidence that both types of conflict may share a common neur-
onal basis, as they have been found to interact (Boy et al., 2010; 
Stock et  al., 2016, 2017). To further examine this, we assessed 
the effects of MPH administration on the 2 kinds of response 
conflicts using an electrophysiological (ERP) approach, com-
bined with source localization analyses. Despite the potential 

neuronal overlap, we hypothesized that especially conflicts 
induced by flanker stimuli, but not conflicts due to priming, 
should be modulated by MPH.

The behavioral data were in line with this hypothesis: MPH 
did not cause a general increase in response accuracy but also 
decreased the size of flanker conflicts in both behavioral meas-
ures. Posthoc analyses further suggested that at least for accur-
acy, this effect was more strongly driven by improvements in the 
conflict condition (incongruent flankers) than in the nonconflict 
condition (congruent flankers). As MPH did not modulate the 
size of priming conflicts, the behavioral data already suggest 
that the neurobiological or neuropsychopharmacological basis 
for these processes should be at least partly different.

The ERP data were in line with the behavioral results and 
only showed MPH-associated modulations of flanker conflicts, 
but not for priming conflicts. Both the prime and flankers ini-
tially induce stimulus-stimulus conflicts as the participants are 
asked to ignore those distractor stimuli and instead focus on the 
target (Mullane et al., 2009; van Gaal et al., 2010; Larson et al., 
2014). It is well-known that those conflicts may already show the 
early stages of stimulus processing, as reflected by the P1 and N1 
amplitudes (Luck et al., 2000; Zhang et al., 2017). But while we 
reliably observed this phenomenon, we found no MPH effects 
on early attentional processing ERPs. This suggests that lower-
level perceptual and attentional selection processes reflected by 
the P1/N1 ERP components (Herrmann and Knight, 2001; Luck 
and Kappenman, 2013) are not modulated by MPH during the 
processing of response conflicts. Only the fronto-central N2/P3 
complex, which is known to be modulated by the dopamine and 
the norepinephrine system (Warren et al., 2011; Ullsperger et al., 
2014; Chmielewski et al., 2017; Mückschel et al., 2017a), reflected 

Figure 3. P1 and N1 event-related potential (ERP)-components. (A) Target-locked 

P1 and N1 ERPs elicited by the prime stimulus and target stimulus (onset at time 

point zero) at electrodes P7 and P8 (pooled) for the prime P1, prime N1, and tar-

get P1 and at electrodes P9 and P10 (pooled) for the target N1. Each combination 

of drug/placebo and flanker congruency is depicted separately (green denotes 

the placebo condition and red the MPH condition while lighter shades of the 

respective color denote congruent flankers and darker shades denote incongru-

ent flankers). Topography maps of the peaks are depicted next to the respective 

peak names. Red colors denote positive values, blue colors negative values.

Figure 4. Fronto-central N2-P3 complex. The graph separately depicts the N2-P3 

complex (marked by a grey bar) at electrode Cz. Each combination of drug/pla-

cebo and flanker congruency (green denotes the placebo condition and red the 

methylphenidate (MPH) condition, while lighter shades of the respective color 

denote congruent flankers and darker shades denote incongruent flankers) are 

depicted. Topography maps of the peaks are depicted next to the respective peak 

names. Red colors denote positive values, blue colors negative values. The sLO-

RETA plots (corrected for multiple comparisons using statistical nonparametric 

mapping) show the source of the differential modulations induced by MPH vs 

placebo depending on flanker congruency. The source was in the right inferior 

frontal gyrus (rIFG; BA47). The standardized low resolution brain electromag-

netic tomography (sLORETA) color scale denotes critical t values.
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the MPH effects observed on the behavioral level. Here, MPH pro-
duced a larger flanker congruency effect with smaller AUC in 
incongruent than congruent trials. Remarkably, we found that 
after MPH administration, the fronto-central N2/P3 complex 
was less pronounced in the incongruent (flanker) condition. 
This imposes high demands on cognitive control and triggers 
fast alarm signals indicating conflicts and thus the necessity 
of increased cognitive effort and, potentially, behavioral adap-
tation (Ullsperger et al., 2014). MPH acts as a mixed dopamine/
norepinephrine transporter blocker, thus increasing dopamine 
and norepinephrine levels (Volkow et  al., 1999; Skirrow et  al., 
2015; Faraone, 2018). It seems that MPH reduces the necessity of 
processing fast alarm signals, indicating the potential need for 
action adaptation, and may also reduce the investment of effort. 
Increased DA and NE levels have been suggested to increase 
gain control (Servan-Schreiber et al., 1990; Li et al., 2001; Yousif 
et al., 2016; Ziegler et al., 2016) (Aston-Jones and Cohen, 2005; 
Nieuwenhuis et al., 2005). It is therefore possible that the modu-
lations observed in the fronto-central N2/P3 complex reflect the 
effect of altered gain-control mechanisms that can occur dur-
ing higher-level cognitive control processes (Salinas and Thier, 
2000). In this context, it is important to consider that conflict 
resolution also relies on the strengthening of inhibitory influ-
ences on unwanted (incompatible) response representations 
(Stürmer et al., 2000; Verleger et al., 2009; Ocklenburg et al., 2011; 
Klein et al., 2014). This assumption has not only received sup-
port from studies in humans (Taylor et al., 2007; Tandonnet et al., 
2011) and monkeys (Cisek and Kalaska, 2005), but several lines of 
evidence have put gain control mechanisms close to such mech-
anisms of inhibitory control (Priebe and Ferster, 2002; Mitchell 
and Silver, 2003; Papasavvas et al., 2015). It is hence possible that 
inhibitory control tendencies reflected by the fronto-central 
N2/P3 complex during conflict monitoring (Chmielewski et al., 
2014) are needed less, as gain control is enhanced by an MPH-
induced increase in DA and NE signaling. This could also explain 
the reduction of the AUC of the fronto-central N2/P3 complex. 
Intriguingly, and supporting this interpretation, the source 
localization analysis showed that the modulations observed 
in the fronto-central N2/P3 complex were associated with the 
rIFG (BA47). The rIFG has been shown to be part of an inhibi-
tory control network (Bari and Robbins, 2013; Aron et al., 2014; 
Allen et al., 2018) and is assumed to fulfill a “braking function” 
in the context of inhibitory control (Aron et al., 2003, 2014, 2015; 
Mückschel et al., 2017b; Chmielewski et al., 2018). Remarkably, it 
was shown that activity of the locus coeruleus NE system modu-
lates inhibitory control processes (Dippel et  al., 2017) also via 
the rIFG (Chmielewski et al., 2017). It may be speculated that it is 
especially the MPH-induced modulation of the NE system that 
may underlie the observed modulations. Supporting this, a dif-
ferent study using the same experimental paradigm has shown 
that microstructural striatal alterations, which affect dopa-
minergic neural transmission, modulate priming and flanker-
induced conflicts (Beste et  al., 2018b). It is therefore possible 
that the DA and NE system play dissociable roles during conflict 
monitoring, depending on the source of conflict. The rIFG has 
furthermore been suggested to facilitate attention allocation 
to conflicting stimuli (Hampshire and Sharp, 2015). Yet, this is 
a rather unlikely explanation for the current findings, because 
we did not find any MPH-related effects in the P1 and N1 ERPs, 
which are thought to reflect attentional processes (Herrmann 
and Knight, 2001; Luck and Kappenman, 2013). Other studies 
have suggested that MPH may enhance response to conflicting 
(salient) stimulus, which may be regarded as contradicting the 
current results and the ERP level (Farr et al., 2014; Manza et al., 

2016; Rosenberg et  al., 2016). It should however be noted that 
these studies examined performance in stop signal tasks, which 
assess reactive motor inhibition and are therefore not directly 
comparable to the cognitive inhibition processes required in 
flanker-like conflict tasks (Stürmer et  al., 2000; Verleger et  al., 
2009; Ocklenburg et al., 2011; Klein et al., 2014). Moreover, the 
MPH administration protocols of those studies likely resulted in 
substantially different MPH levels at the time point of testing 
compared with our study.

In summary, we examined the effects of MPH on the process-
ing of different sources of conflicts and found that the improved 
SNR associated with catecholaminergic signaling only decreased 
flanker-evoked response conflicts. This was most likely due to 
better conflict monitoring / resource allocation associated with 
modulations in the rIFG, which is an integral part of the inhibi-
tory network and might hence have helped suppress incorrect 
responses more efficiently. Our results suggest that catechola-
mine-driven increases in SNR/gain control only benefit flanker-
induced conflicts but not priming-induced conflicts. Importantly, 
this supports the hypothesis of an at least partly different neuro-
biological basis for these sources of response conflicts. It is also 
in line with the claim that MPH might only improve gain modu-
lation when the incoming sensory information is sufficiently 
salient / above a certain signal strength threshold.

Supplementary Materials

Supplementary data are available at International Journal of 
Neuropsychopharmacology online.

Acknowledgments

This work was supported by a grant from the Deutsche 
Forschungsgemeinschaft SFB 940 project B8.

Statement of Interest

None.

References
Allen C, Singh KD, Verbruggen F, Chambers CD (2018) Evidence 

for parallel activation of the pre-supplementary motor area 
and inferior frontal cortex during response inhibition: a com-
bined MEG and TMS study. R Soc Open Sci 5:171369.

Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW 
(2003) Stop-signal inhibition disrupted by damage to right 
inferior frontal gyrus in humans. Nat Neurosci 6:115–116.

Aron AR, Robbins TW, Poldrack RA (2014) Inhibition and the 
right inferior frontal cortex: one decade on. Trends Cogn Sci 
18:177–185.

Aron AR, Cai W, Badre D, Robbins TW (2015) Evidence supports 
specific braking function for inferior PFC. Trends Cogn Sci 
19:711–712.

Aston-Jones G, Cohen JD (2005) An integrative theory of locus 
coeruleus-norepinephrine function: adaptive gain and opti-
mal performance. Annu Rev Neurosci 28:403–450.

Bari A, Robbins TW (2013) Inhibition and impulsivity: behav-
ioral and neural basis of response control. Prog Neurobiol 
108:44–79.

Beste C, Baune BT, Falkenstein M, Konrad C (2010) Variations 
in the TNF-α gene (TNF-α -308G→A) affect attention and 
action selection mechanisms in a dissociated fashion. J 
Neurophysiol 104:2523–2531.



908 | International Journal of Neuropsychopharmacology, 2018

Beste C, Adelhöfer N, Gohil K, Passow S, Roessner V, Li SC 
(2018a) Dopamine modulates the efficiency of sensory evi-
dence accumulation during perceptual decision making. Int J 
Neuropsychopharmacol 21:649–655.

Beste C, Mückschel M, Rosales R, Domingo A, Lee L, Ng A, Klein 
C, Münchau A (2018b) The basal ganglia striosomes affect 
the modulation of conflicts by subliminal information-evi-
dence from X-linked dystonia parkinsonism. Cereb Cortex 
28:2243–2252.

Botvinick MM, Braver TS, Barch DM, Carter CS, Cohen JD (2001) 
Conflict monitoring and cognitive control. Psychol Rev 
108:624–652.

Botvinick MM, Cohen JD, Carter CS (2004) Conflict monitoring 
and anterior cingulate cortex: an update. Trends Cogn Sci 
8:539–546.

Boy F, Husain M, Sumner P (2010) Unconscious inhibition sepa-
rates two forms of cognitive control. Proc Natl Acad Sci U S A 
107:11134–11139.

Challman TD, Lipsky JJ (2000) Methylphenidate: its pharmacol-
ogy and uses. Mayo Clin Proc 75:711–721.

Chmielewski WX, Mückschel M, Roessner V, Beste C (2014) 
Expectancy effects during response selection modulate 
attentional selection and inhibitory control networks. Behav 
Brain Res 274:53–61.

Chmielewski WX, Mückschel M, Ziemssen T, Beste C (2017) The 
norepinephrine system affects specific neurophysiological 
subprocesses in the modulation of inhibitory control by 
working memory demands. Hum Brain Mapp 38:68–81.

Chmielewski WX, Mückschel M, Beste C (2018) Response selec-
tion codes in neurophysiological data predict conjoint effects 
of controlled and automatic processes during response 
inhibition. Hum Brain Mapp 39:1839–1849.

Cisek P, Kalaska JF (2005) Neural correlates of reaching decisions 
in dorsal premotor cortex: specification of multiple direction 
choices and final selection of action. Neuron 45:801–814.

Denton SE, Shiffrin RM (2012) Primes and flankers: source confu-
sions and discounting. Atten Percept Psychophys 74:852–866.

Dippel G, Beste C (2015) A causal role of the right inferior frontal 
cortex in implementing strategies for multi-component 
behaviour. Nat Commun 6:6587.

Dippel G, Mückschel M, Ziemssen T, Beste C (2017) Demands 
on response inhibition processes determine modulations of 
theta band activity in superior frontal areas and correlations 
with pupillometry - implications for the norepinephrine sys-
tem during inhibitory control. Neuroimage 157:575–585.

Eimer M, Schlaghecken F (2003) Response facilitation and inhib-
ition in subliminal priming. Biol Psychol 64:7–26.

Faraone SV (2018) The pharmacology of amphetamine and 
methylphenidate: relevance to the neurobiology of attention-
deficit/hyperactivity disorder and other psychiatric comor-
bidities. Neurosci Biobehav Rev 87:255–270.

Farr OM, Hu S, Matuskey D, Zhang S, Abdelghany O, Li CS (2014) 
The effects of methylphenidate on cerebral activations to 
salient stimuli in healthy adults. Exp Clin Psychopharmacol 
22:154–165.

Folstein JR, Van Petten C (2008) Influence of cognitive control 
and mismatch on the N2 component of the ERP: a review. 
Psychophysiology 45:152–170.

Fuchs M, Kastner J, Wagner M, Hawes S, Ebersole JS (2002) A 
standardized boundary element method volume conductor 
model. Clin Neurophysiol 113:702–712.

Gohil K, Bluschke A, Roessner V, Stock AK, Beste C (2017) ADHD 
patients fail to maintain task goals in face of subliminally 

and consciously induced cognitive conflicts. Psychol Med 
47:1771–1783.

Goschke T, Bolte A (2014) Emotional modulation of control dilem-
mas: the role of positive affect, reward, and dopamine in cog-
nitive stability and flexibility. Neuropsychologia 62:403–423.

Goschke T, Dreisbach G (2008) Conflict-triggered goal shielding: 
response conflicts attenuate background monitoring for pro-
spective memory cues. Psychol Sci 19:25–32.

Greenhouse I, Sias A, Labruna L, Ivry RB (2015) Nonspecific inhib-
ition of the motor system during response preparation. J 
Neurosci 35:10675–10684.

Hampshire A, Sharp D (2015) Inferior PFC subregions have broad 
cognitive roles. Trends Cogn Sci 19:712–713.

Herrmann CS, Knight RT (2001) Mechanisms of human atten-
tion: event-related potentials and oscillations. Neurosci 
Biobehav Rev 25:465–476.

Hoffmann S, Labrenz F, Themann M, Wascher E, Beste C (2014) 
Crosslinking EEG time-frequency decomposition and fMRI in 
error monitoring. Brain Struct Funct 219:595–605.

Kayser J, Tenke CE (2015) On the benefits of using surface 
Laplacian (current source density) methodology in electro-
physiology. Int J Psychophysiol 97:171–173.

Keye D, Wilhelm O, Oberauer K, Stürmer B (2013) Individual 
differences in response conflict adaptations. Front Psychol 
4:947.

Klein PA, Petitjean C, Olivier E, Duque J (2014) Top-down sup-
pression of incompatible motor activations during response 
selection under conflict. Neuroimage 86:138–149.

Larson MJ, Clayson PE, Clawson A (2014) Making sense of all the 
conflict: a theoretical review and critique of conflict-related 
erps. Int J Psychophysiol 93:283–297.

Li SC, Lindenberger U, Sikström S (2001) Aging cognition: 
from neuromodulation to representation. Trends Cogn Sci 
5:479–486.

Luck SJ, Kappenman ES, eds. (2013) The Oxford handbook of 
event-related potential components. Oxford; New York: 
Oxford University Press.

Luck SJ, Woodman GF, Vogel EK (2000) Event-related potential 
studies of attention. Trends Cogn Sci 4:432–440.

Manza P, Hu S, Ide JS, Farr OM, Zhang S, Leung HC, Li CS (2016) 
The effects of methylphenidate on cerebral responses to con-
flict anticipation and unsigned prediction error in a stop-sig-
nal task. J Psychopharmacol 30:283–293.

Mazziotta J, et al (2001) A probabilistic atlas and reference sys-
tem for the human brain: international Consortium for 
Brain Mapping (ICBM). Philos Trans R Soc Lond B Biol Sci 
356:1293–1322.

McBride J, Boy F, Husain M, Sumner P (2012) Automatic motor 
activation in the executive control of action. Front Hum 
Neurosci 6. Available at: http://journal.frontiersin.org/art-
icle/10.3389/fnhum.2012.00082/abstract Retrieved 7 Apr 2017.

Mitchell SJ, Silver RA (2003) Shunting inhibition modulates neur-
onal gain during synaptic excitation. Neuron 38:433–445.

Mückschel M, Stock AK, Beste C (2014) Psychophysiological 
mechanisms of interindividual differences in goal acti-
vation modes during action cascading. Cereb Cortex 
24:2120–2129.

Mückschel M, Chmielewski W, Ziemssen T, Beste C (2017a) The 
norepinephrine system shows information-content specific 
properties during cognitive control - evidence from EEG and 
pupillary responses. Neuroimage 149:44–52.

Mückschel M, Dippel G, Beste C (2017b) Distinguishing stimulus 
and response codes in theta oscillations in prefrontal areas 

http://journal.frontiersin.org/article/10.3389/fnhum.2012.00082/abstract
http://journal.frontiersin.org/article/10.3389/fnhum.2012.00082/abstract


Bensmann et al. | 909

during inhibitory control of automated responses. Hum Brain 
Mapp 38:5681–5690.

Mullane JC, Corkum PV, Klein RM, McLaughlin E (2009) 
Interference control in children with and without ADHD: a 
systematic review of flanker and simon task performance. 
Child Neuropsychol 15:321–342.

Nieuwenhuis S, Aston-Jones G, Cohen JD (2005) Decision mak-
ing, the P3, and the locus coeruleus-norepinephrine system. 
Psychol Bull 131:510–532.

Nunez PL, Pilgreen KL (1991) The spline-Laplacian in clinical 
neurophysiology: a method to improve EEG spatial reso-
lution. J Clin Neurophysiol 8:397–413.

Ocklenburg S, Güntürkün O, Beste C (2011) Lateralized neural 
mechanisms underlying the modulation of response inhib-
ition processes. Neuroimage 55:1771–1778.

Papasavvas CA, Wang Y, Trevelyan AJ, Kaiser M (2015) Gain con-
trol through divisive inhibition prevents abrupt transition to 
chaos in a neural mass model. Phys Rev E Stat Nonlin Soft 
Matter Phys 92:032723.

Parkinson J, Haggard P (2014) Subliminal priming of intentional 
inhibition. Cognition 130:255–265.

Pascual-Marqui RD (2002) Standardized low-resolution brain 
electromagnetic tomography (sLORETA): technical details. 
Methods Find Exp Clin Pharmacol 24:5–12.

Perrin F, Pernier J, Bertrand O, Echallier JF (1989) Spherical 
splines for scalp potential and current density mapping. 
Electroencephalogr Clin Neurophysiol 72:184–187.

Priebe NJ, Ferster D (2002) A new mechanism for neuronal gain 
control (or how the gain in brains has mainly been explained). 
Neuron 35:602–604.

Rosenberg MD, Zhang S, Hsu WT, Scheinost D, Finn ES, Shen X, 
Constable RT, Li CS, Chun MM (2016) Methylphenidate modu-
lates functional network connectivity to enhance attention. J 
Neurosci 36:9547–9557.

Rösler M, Fischer R, Ammer R, Ose C, Retz W (2009) A randomised, 
placebo-controlled, 24-week, study of low-dose extended-
release methylphenidate in adults with attention-deficit/
hyperactivity disorder. Eur Arch Psychiatry Clin Neurosci 
259:120–129.

Salinas E, Thier P (2000) Gain modulation: a major computational 
principle of the central nervous system. Neuron 27:15–21.

Schlaghecken F, Eimer M (2004) Masked prime stimuli can bias 
“free” choices between response alternatives. Psychon Bull 
Rev 11:463–468.

Servan-Schreiber D, Printz H, Cohen JD (1990) A network model 
of catecholamine effects: gain, signal-to-noise ratio, and 
behavior. Science 249:892–895.

Skirrow C, McLoughlin G, Banaschewski T, Brandeis D, Kuntsi 
J, Asherson P (2015) Normalisation of frontal theta activity 
following methylphenidate treatment in adult attention-
deficit/hyperactivity disorder. Eur Neuropsychopharmacol 
25:85–94.

Stock AK, Friedrich J, Beste C (2016) Subliminally and consciously 
induced cognitive conflicts interact at several processing lev-
els. Cortex 85:75–89.

Stock AK, Wolff N, Beste C (2017) Opposite effects of binge drink-
ing on consciously vs subliminally induced cognitive con-
flicts. Neuroimage 162:117–126.

Stürmer B, Siggelkow S, Dengler R, Leuthold H (2000) Response 
priming in the simon paradigm. A  transcranial magnetic 
stimulation study. Exp Brain Res 135:353–359.

Tandonnet C, Garry MI, Summers JJ (2011) Selective suppres-
sion of the incorrect response implementation in choice 
behavior assessed by transcranial magnetic stimulation. 
Psychophysiology 48:462–469.

Taylor PC, Nobre AC, Rushworth MF (2007) Subsecond changes 
in top down control exerted by human medial frontal cortex 
during conflict and action selection: a combined transcra-
nial magnetic stimulation electroencephalography study. J 
Neurosci 27:11343–11353.

Thura D, Cisek P (2016) Modulation of premotor and primary 
motor cortical activity during volitional adjustments of 
speed-accuracy trade-offs. J Neurosci 36:938–956.

Ullsperger M, Fischer AG, Nigbur R, Endrass T (2014) Neural 
mechanisms and temporal dynamics of performance moni-
toring. Trends Cogn Sci 18:259–267.

Ulrich R, Schröter H, Leuthold H, Birngruber T (2015) Automatic and 
controlled stimulus processing in conflict tasks: superimposed 
diffusion processes and delta functions. Cogn Psychol 78:148–174.

van Gaal S, Lamme VAF, Ridderinkhof KR (2010) Unconsciously 
triggered conflict adaptation. PLoS ONE 5:e11508.

van Veen V, Carter CS (2002) The anterior cingulate as a conflict 
monitor: fMRI and ERP studies. Physiol Behav 77:477–482.

Verleger R, Kuniecki M, Möller F, Fritzmannova M, Siebner HR 
(2009) On how the motor cortices resolve an inter-hemispheric 
response conflict: an event-related EEG potential-guided TMS 
study of the flankers task. Eur J Neurosci 30:318–326.

Volkow ND, Wang GJ, Fowler JS, Fischman M, Foltin R, Abumrad 
NN, Gatley SJ, Logan J, Wong C, Gifford A, Ding YS, Hitzemann 
R, Pappas N (1999) Methylphenidate and cocaine have a simi-
lar in vivo potency to block dopamine transporters in the 
human brain. Life Sci 65:PL7–P12.

Vorberg D, Mattler U, Heinecke A, Schmidt T, Schwarzbach J 
(2003) Different time courses for visual perception and action 
priming. Proc Natl Acad Sci U S A 100:6275–6280.

Warren CM, Tanaka JW, Holroyd CB (2011) What can topology 
changes in the oddball N2 reveal about underlying processes? 
Neuroreport 22:870–874.

Yousif N, Fu RZ, Abou-El-Ela Bourquin B, Bhrugubanda V, Schultz 
SR, Seemungal BM (2016) Dopamine activation preserves vis-
ual motion perception despite noise interference of human 
V5/MT. J Neurosci 36:9303–9312.

Zhang R, Brandt MD, Schrempf W, Beste C, Stock AK (2017) 
Neurophysiological mechanisms of circadian cognitive 
control in RLS patients - an EEG source localization study. 
Neuroimage Clin 15:644–652.

Ziegler S, Pedersen ML, Mowinckel AM, Biele G (2016) Modelling 
ADHD: a review of ADHD theories through their predictions 
for computational models of decision-making and reinforce-
ment learning. Neurosci Biobehav Rev 71:633–656.


