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Abstract: Attention-deficit-hyperactivity disorder (ADHD) is closely associated with deficits in
cognitive control. It seems, however, that the degree of deficits strongly depends on the examined
subprocess, with the resolution of stimulus–stimulus conflicts being particularly difficult for patients
with ADHD. The picture is far less clear regarding stimulus–response conflicts. The current study
provides multi-level behavioural and neurophysiological data on this type of conflict monitoring in
children with ADHD compared to healthy controls. To account for the potentially strong effects of
intra-individual variability, electroencephalogram (EEG) signal decomposition methods were used to
analyze the data. Crucially, none of the analyses (behavioural, event-related potentials, or decomposed
EEG data) show any differences between the ADHD group and the control group. Bayes statistical
analysis confirmed the high likelihood of the null hypothesis being true in all cases. Thus, the data
provide multi-level evidence showing that conflict monitoring processes are indeed partly intact
in ADHD, even when eliminating possible biasing factors such as intra-individual variability.
While stimulus–stimulus conflict processing has been shown to be consistently dysfunctional in ADHD,
the resolution of stimulus–response conflicts is not deficient in this patient group. In comparison to
other studies, the results provide novel theoretical insights into the nature of conflict control deficits
in childhood ADHD.

Keywords: attention-deficit-hyperactivity disorder (ADHD); conflict monitoring; EEG; signal
decomposition

1. Introduction

Attention-deficit-hyperactivity disorder (ADHD) is one of the most prevalent psychiatric disorders
in adolescence and is associated with several deficits in executive functioning and cognitive control [1–7].
Executive function/cognitive control is an umbrella term for processes which are necessary for
goal-directed behaviour [8]. Aside from response inhibition and working memory processes, the control
of conflicts and interferences is an important aspect of cognitive control [8].

Overall, the monitoring and control of conflicts depends on an intricate neurophysiological
processing architecture associated with the medial and inferior frontal cortices [9,10]. Specifically,
conflict monitoring processes are reflected by the N2 [9,11,12]. Crucially, however, studies have
suggested that there are different aspects of information being processed during conflict monitoring.
For example, perceptual processes are intermingled with processes controlling for incorrect motor
response preparation in the medial frontal cortex [9]. This has more recently been corroborated using
temporal EEG signal decomposition approaches [13–15]. In particular, it has been shown that there are
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distinct fractions of ‘stimulus codes’ and ‘response selection codes’ in the N2 event-related potential
(ERP)-component that are processed in overlapping and adjacent areas of the medial frontal cortex
during conflict monitoring [14]. Interestingly, these distinguishable processing codes are associated
with distinct neurobiological underpinnings as far as their modulation by the norepinephrine system
is concerned [14].

The norepinephrine system plays a central role in ADHD and in its treatment [16]. Furthermore,
recent data suggest that treatment approaches in ADHD have very specific effects on distinguishable
neurophysiological codes associated with cognitive control [17]. All of this already shows that it
is necessary to gain more detailed insights into the neurophysiological subprocesses and coding
levels underlying different facets of cognitive control in ADHD and to go beyond the commonly
examined EEG-parameters for this. This is further underlined by findings showing that there are
qualitative differences in how information during cognitive control demands is processed [18,19].
This is particularly important regarding conflict monitoring processes in ADHD, where the evidence is
inconsistent [20–25] and some evidence suggests that there are no overt changes in conflict-related
behavioural adaptations in ADHD [26].

It cannot be ruled out that differences in conflict monitoring processes are more subtle in ADHD
and can only be delineated when distinct neurophysiological coding levels are isolated in the EEG
data. This is all the more likely considering the high intra-individual performance variability in
ADHD [27–31], which also affects neurophysiological processes [32–36]. Importantly, commonly used
ERP-methods can only yield reliable estimates of neurophysiological processes when the data contains
little intra-individual variability [37,38]. It is therefore important to account for this issue using detailed
neurophysiological analysis methods (i.e., residue iteration decomposition, RIDE) [37,38].

However, in addition to the above mentioned considerations relating to issues of intra-individual
variability and neurophysiological aspects, cognitive-theoretical aspects also have to be considered: At
present, the research on conflict monitoring in ADHD is largely inconsistent in relation to theoretical
concepts and the different mechanisms underlying conflict monitoring. From a theoretical point of view,
stimulus–response (S-R) conflicts have to be distinguished from stimulus–stimulus (S-S) conflicts [39].
An S-S conflict refers to a similarity between stimulus dimensions, whereas an S-R conflict refers
to how a relevant stimulus feature is mapped onto a response [39]. The Stroop task (interference
effect) is a prominent example of an S-S conflict [40,41], even though S-R processes also play a minor
role [39,40,42]. Conflicts evoked by Simon or Flanker tasks are, in contrast, more directly related to S-R
conflicts [39].

Interestingly, meta-analytic evidence suggests that there are stable conflict monitoring deficits in
ADHD when these are examined using S-S conflicts (i.e., the Stroop task) [43]. The pattern is much
more diverse and unclear concerning tasks requiring the resolution of S-R conflicts [44]. Notably,
S-S conflicts may become resolved by a suppression of irrelevant information [45–47] via processes
associated with the inferior frontal areas [47]. Intriguingly, (right) inferior frontal regions, involved in
inhibitory control processes, have been suggested to reflect the most consistently found abnormality in
ADHD [48,49]. This may explain the high consistency of deficits in ADHD as far as Stroop interference
effects are concerned [43].

Rather different mechanisms and functional neuroanatomical structures seem to be involved
in S-R conflicts [50,51]. Specifically, S-R conflicts have consistently been shown to be associated
with the medial frontal regions encompassing the anterior cingulate cortex (ACC) and the superior
frontal gyrus [11,12,47]. This may explain why patients with ADHD do not exhibit such clear conflict
monitoring deficits when S-R conflicts are investigated [44]. In this context, however, it is crucial to
control and account for the effects of intra-individual variability. It cannot be excluded that inconsistent
findings or the large across-study variation in the severity of deficits can be attributed to intra-individual
variability. If, despite controlling for intra-individual variability, no differences to healthy individuals
can be observed, this may indicate that there are, in fact, no overarching S-R conflict monitoring



J. Clin. Med. 2020, 9, 234 3 of 15

deficits in ADHD. This will provide a valuable theoretical constraint to delineate the nature of conflict
monitoring deficits in ADHD.

Thus, it is the goal of the current study to examine modulations of neurophysiological processes
underlying the resolution of S-R conflicts in ADHD in detail and to account for possible biasing effects
of intra-individual variability in the neurophysiological data. Adding to existing studies, the results
will provide valuable insights into the nature of conflict monitoring deficits in ADHD. Since a major
result of the study could be that there are no deficits in ADHD, the study will also test the evidence for
the non-occurrence of an effect/the evidence for the null hypothesis when appropriate. Accordingly,
this study uses both classical significance tests and Bayes’ statistics to estimate the degree of evidence
for the null hypothesis.

2. Experimental Section

2.1. Samples and Power Considerations

In total, N = 69 participants were included in the study. All demographic data is presented in
Table 1. N = 36 children and adolescents diagnosed with ADHD were included in the study. N = 13
patients were taking ADHD medication (extended release methylphenidate). For comparison, a
sample of N = 33 healthy controls was also included in the study. Age, gender, and IQ did not differ
significantly between the groups (see Table 1). Thus, these factors were not systematically considered
in the further analyses. A sensitivity analysis was computed using the G*Power software package [52].
According to this analysis, and the ANOVA model to analyze the data, the sample is large enough to
detect an effect size of f = 0.21 (this equals a ηp2 = 0.04) in the important interaction “compatibility x
group” with a power of 95%.

In the ADHD sample, diagnoses had been determined based on standard clinical procedures
(i.e., neuropsychological testing of attention, parent and child interviews, teacher reports,
symptom questionnaires, the exclusion of potential underlying somatic disorders via EEG,
electrocardiogram (ECG), audiometry, and vision testing). Parents rated (0: no problems, 3:
severe problems) their children’s ADHD symptoms using the ADHD Symptom Checklist [53].
As expected, patients with ADHD were rated significantly higher in terms of inattention, hyperactivity,
and impulsivity (see Table 1). Due to technical reasons, questionnaire data was unfortunately missing
from four healthy controls and two patients with ADHD. All subjects and their parents or legal
guardians provided informed written consent according to the Declaration of Helsinki. The study was
approved by the local ethics committee of the Medical Faculty of the Technical University Dresden
(approval code: EK 294092010).

Table 1. Sample description. Attention-deficit-hyperactivity disorder (ADHD). The mean and standard
error of the mean (SE) are given.

Healthy Controls
(n = 33)

Patients with ADHD
(n = 36) Group Comparison

n male 21 24 X2(1) = 0.07,
p = 0.79

mean age ± SE 11.7 ± 0.4 years 11.7 ± 0.3 years t(68) = 0.11;
p = 0.92

mean IQ ± SE 106 ± 1.3 102 ± 1.7 t(68) = −1.8;
p = 0.08

ADHD symptom
checklist inattention

(mean ± SE)
0.5 ± 0.1 2.0 ± 0.1 t(62) = 11.2;

p ≤ 0.001

ADHD symptom
checklist hyperactivity

(mean ± SE)
0.09 ± 0.05 1.1 ± 0.1 t(62) = 7.9;

p ≤ 0.001

ADHD symptom
checklist impulsivity

(mean ± SE)
0.3 ± 0.09 1.5 ± 0.2 t(62) = 6.5;

p ≤ 0.001
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2.2. Task

During the flanker task, vertically arranged visual stimuli (white arrowheads) were presented in
the centre of a screen on a black background. Central target stimuli pointing to the left or right were
preceded (200 ms) by two arrowheads above and below pointing in the same (compatible, 67% of
trials) or opposite (incompatible, 33% of trials) direction as the target stimulus. Target stimuli were
displayed for 300 ms with flanker stimuli being switched off simultaneously. The response–stimulus
interval was pseudo-randomized between 1400 and 1800 ms. To further increase the level of conflict,
time pressure was administered since the participants were asked to respond within 450 ms for target
onset. If responses occurred after this deadline, a warning tone (1000 Hz, 60 dB sound pressure level)
was given 1200 ms after the response. This principal stimulus setup was used in four blocks of 120
stimuli each (i.e., 480 trials in total).

2.3. EEG Recording and Analysis

We recorded the EEG signals using an equidistant electrode setup (60 Ag/AgCl electrodes,
sampling rate = 500 Hz, reference at Fpz, ground electrode at θ = 58, ф= 78). Impedances were kept
below 5 kΩ. Offline data processing took place analogously to the procedure described in (Bluschke
et al., 2016): data was down-sampled to 256 Hz and a band-pass filter (0.5–20 Hz, slope: 48 db/oct)
was applied. A manual raw data inspection was conducted to remove technical artifacts. Periodically
occurring artifacts (pulse artifacts, horizontal, and vertical eye movements) were detected and removed
using an independent component analysis. Data was segmented to the onset the target stimulus
(−1000–2000 ms). Only trials with correct responses were analysed further.

An automatic artefact rejection procedure (amplitude criterion: maximal amplitude: +200 µV,
minimal amplitude: −200 µV; maximal value difference criterion: 200 µV in a 200 ms interval; and low
activity criterion: <0.5 µV in a 100 ms period) was used to remove any remaining artifacts. A current
source density transformation was used to allow a reference-free evaluation of the EEG data [54].
Data were then baseline corrected to a time interval from −400 ms to −200 ms before target onset (i.e.,
interval of 200 ms before flanker onset) and segments were averaged for each condition.

Using a data-driven approach, single-subject ERP-amplitudes were quantified as the mean
amplitude in a defined time interval. The choice of electrodes and time windows was validated using
a statistical procedure described in Mückschel et al. [55]. The following electrodes were chosen for
ERP quantification: The flanker P1 (−105–−75 ms), flanker N1 (−40–−10 ms), target P1 (110–140 ms),
and target N1 (190–220 ms) components were measured over electrodes P7 and P8 (mean). The N2 was
quantified over electrode FCz in the time interval of 300–330 ms. The mean amplitude at electrodes
CPz and Pz was used to measure the P3 (300–600 ms).

2.4. Residue Iteration Decomposition (RIDE)

To account for intra-individual variability in the data, residue iteration decomposition (RIDE)
was applied using established protocols [13,14,37,56]. The RIDE toolbox and manual are available at
http://cns.hkbu.edu.hk/RIDE.htm. It is important to note that the spatial filter properties of the current
source density (CSD) transformation do not violate assumptions of RIDE as the decomposition is
conducted separately for each single electrode channel [37]. Full details on the RIDE methods can be
found elsewhere [37,38]. RIDE decomposes the ERP single-trials data into three clusters correlated to
the stimulus onset (S-cluster) or to the response time (R-cluster). Further, a third intermediate cluster
(C-cluster) with variable latency is identified, which is estimated initially and iteratively improved.
RIDE uses a nested iteration scheme for latency estimation through which the latency estimation of the
C-cluster is improved. The initial latency of the C-cluster is estimated using a time window function.

Subsequently, the S-cluster is removed and the latency of the C-cluster is re-estimated based on a
template matching approach. Information about the validity of the template matching approach used
by the RIDE algorithm can be found elsewhere [37,38,57]. During processing, the initial time window
for the estimation of the C-cluster was set at 200 to 900 ms after stimulus onset. The time window is
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assumed to cover the range within which each component is supposed to occur [37]. The time window
for the S-cluster was set at −400 to 600 ms around target onset. For the R-cluster, the time window was
set at −300 to 300 ms around the response.

The choice of electrodes and time windows to quantify the RIDE clusters were also validated using
a statistical procedure described in Mückschel et al. [55]. For the RIDE-based analysis, the following
electrodes were chosen on the basis of the scalp topography: In the S-cluster, the flankerP1RIDE (−110
to −80 ms), the flankerN1RIDE (−40 to −10 ms), the targetP1RIDE (110–140 ms), and the targetN1RIDE
(190–220 ms) were measured over electrodes P7 and P8 (mean). The S-cluster N2 RIDE component
(300–330 ms) was quantified at electrode Fz.

The C-cluster data was used to quantify activation in the N2 and P3 time windows. The C-cluster
N2 RIDE component (compatible: 415–445 ms, incompatible: 535–565 ms) was quantified at electrode
Fz. The P3 RIDE was measured in the time window of 300–600 ms at electrode Pz. In the R-Cluster,
relevant activation was quantified in a time interval of ±100 ms around the mean reaction time
(compatible trials: 232–432 ms, incompatible trials: 316–516 ms) at electrodes C3 and C4 (mean).

2.5. Statistics

In all analyses, means and standard errors are indicated as descriptive statistics.
Pearson correlations were calculated in order to examine any associations between ADHD symptom
severity and the other variables. Reaction times (RTs) in corrects trials were analyzed using
repeated-measures ANOVA, using the within-subject factor Compatibility (compatible vs. incompatible)
and the between-subject factor Group (controls vs. ADHD). The same statistical model was used to
analyse the error rates (% of errors) as well as the neurophysiological data. The effect of Compatibility
was not analysed for any flanker-related neurophysiological data, since this effect can only occur after
presentation of a target stimulus. Greenhouse–Geisser correction was applied and post-hoc tests,
as well as all correlational analyses, were Bonferroni-corrected when necessary. To substantiate the
lack of significant effects, we performed Bayesian analysis [58] to calculate the probability of the null
hypothesis being true given the obtained data p(H0/D). The entire dataset can be obtained from the
Supplementary Materials.

3. Results

3.1. Behavioural Data

Concerning reaction times (RTs), there were no significant differences (F (1,67) = 0.01; p = 0.92;
ηp2 = 0.0) between the groups (controls: 373 ± 12.5 ms; ADHD: 374 ± 11.9 ms). The repeated-measures
ANOVA further showed significantly faster reaction times in compatible (331 ± 7.9 ms) than in
incompatible (416 ± 10.0 ms) trials (main effect Compatibility: F (1, 67) = 238.1; p ≤ 0.001; ηp2 = 0.78).
The interaction of Group * Compatibility was not significant (F (1, 67) = 0.05; p = 0.82; ηp2 = 0.001),
with Bayesian analysis showing p(H0/D) = 0.89. According to Raftery [59], this shows that there is
strong evidence in favor of the null hypothesis. A similar pattern emerged concerning error rates.
Here, there were also no significant differences (F (1,67) = 1.6; p = 0.21; ηp2 = 0.02) between groups
(controls: 32.6 ± 2.2%; ADHD: 28.5 ± 2.3%). Both groups committed significantly more errors in
incompatible (44.0 ± 1.9%) than in compatible trials (17.1 ± 2.2%) (F (1, 67) = 111.2; p ≤ 0.001; ηp2 = 0.62).
The interaction of Group * Compatibility was not significant (F (1, 67) = 0.55; p = 0.46; ηp2 = 0.008).
Bayesian analysis revealed p(H0/D) = 0.86. Further, ADHD symptom severity was not correlated with
task performance (all r ≤ 0.24, all p ≥ 0.057).

3.2. Neurophysiological Data

3.2.1. Standard ERP Analysis

P1 and N1 components in response to the flanker and the target stimuli for both groups and both
trial types are shown in Figure 1.
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Figure 1. The P1 and N1 ERP-components are shown pooled across electrodes P7 and P8. Time point zero
denotes the time point of target stimulus presentation. Negativity is plotted downwards. The different
colours of the ERP traces denote the compatible (lighter tone) and incompatible (darker tone) trials in
patients with ADHD (green) and controls (blue). The scalp topography plots are shown for the peak of
each ERP component in the compatibility conditions and groups. In the maps, blue colours denote
negativity and red colours denote positivity.

There were no significant main effects of the factor Group on flanker P1 or N1 amplitude (all F
< 1.1, all p > 0.29, all ηp2 < 0.02). Concerning the target P1, we found a main effect of Compatibility
(F (1,67) = 74.4, p ≤ 0.001, ηp2 = 0.5) There were no further significant main effects or interactions
concerning target P1 amplitude (all F < 3.1, all p > 0.08, all ηp2 < 0.04). Concerning the target N1
amplitude, we found no significant main effects or interactions (all F < 1.3, all p > 0.26, all ηp2 < 0.02).
Concerning the N2 (see Figure 2), we also found no main effects or interactions (all F < 1.6, all p > 0.21,
all ηp2 < 0.02). Analysis of P3 amplitude (see Figure 2) revealed a main effect of Compatibility (F
(1,67) = 20.2, p ≤ 0.001, ηp2 = 0.23). All other effects were not significant (all F < 1.0, all p > 0.31,
all ηp2 < 0.015). Using Bayesian analyses, we could show for the probability of the null hypothesis
being true for all six non-significant Group * Compatibility to be p(H0/D) ≥ 0.78. ADHD symptom
severity was not correlated with any of these measures (all r ≤ 0.26, all p ≥ 0.04).

Figure 2. The N2 (Figure part A) and P3 ERP-component (Figure part B) are shown at electrodes FCz
and pooled across CPz and Pz, respectively. Time point zero denotes the time point of target stimulus
presentation. Negativity is plotted downwards. The different colours of the ERP traces denote the
compatible (lighter tone) and incompatible (darker tone) trials in patients with ADHD (green) and
controls (blue). The scalp topography plots are shown for the peak of each ERP component in the
compatibility conditions and groups. In the maps, blue colours denote negativity and red colours
denote positivity.
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3.2.2. RIDE Analysis

S-Cluster

Components in the flanker P1-time window (flanker P1RIDE), flanker N1-time window (flanker
N1RIDE), the target P1-time window (target P1RIDE) and in the target N1-time window (target N1RIDE)
for both groups and both trial types are shown in Figure 3.

Figure 3. The flanker and target P1 RIDE and N1 RIDE ERPs in the S-cluster are shown pooled
across electrodes P7 and P8. Time point zero denotes the time point of target stimulus presentation.
Negativity is plotted downwards. The different colours of the ERP traces denote the compatible (lighter
tone) and incompatible (darker tone) trials in patients with ADHD (green) and controls (blue). The scalp
topography plots are shown for the peak of each ERP component in the compatibility conditions and
groups. In the maps, blue colours denote negativity and red colours denote positivity.

There were no significant effects of the factor Group on the flanker P1RIDE amplitude (all F < 2.1,
all p > 0.16, all ηp2 < 0.03). Concerning the flanker N1RIDE amplitude, we also found no significant
main effects or interactions (all F < 0.58, all p > 0.45, all ηp2 < 0.009). Analysis of the target P1RIDE

amplitude revealed a significant main effect of Compatibility (F (1, 67) = 73.9; p ≤ 0.001; ηp2 = 0.52),
with incompatible trials resulting in significantly higher amplitudes (59.3 ± 5.0 µV/m2) than compatible
trials (47.5 ± 4.6 µV/m2). All other main effects and interactions were not significant (all F < 3.1,
all p > 0.08, all ηp2 < 0.04). No significant main effects or interactions were found for the target N1RIDE

amplitude (all F < 1.1, all p > 0.29, all ηp2 < 0.02). Using Bayesian analyses, we could show for the
probability of the null hypothesis being true for all four non-significant Group * Compatibility to be
p(H0/D) ≥ 0.72. The waveform of the S-cluster in the N2-time window (N2 RIDE_S) for both groups and
for compatible and incompatible trials is shown in Figure 4A.

The analyses of the N2RIDE_S amplitude revealed no main effects or interactions (all F < 0.5, all p
> 0.49, all ηp2 < 0.007) were significant. Bayesian analyses showed for the probability of the null
hypothesis being true for the non-significant Group * Compatibility to be p(H0/D) = 0.89. ADHD
symptom severity was not correlated with any of these measures (all r ≤ −0.2, all p ≥ 0.12).
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Figure 4. (A) The S-cluster in the N2 RIDE time window is shown at electrode Fz. (B) The C-cluster in
the N2 RIDE time window is shown at electrode Fz (top) and the C-cluster in the P3 RIDE time window at
electrode Pz (bottom). (C) The R-cluster is shown pooled across electrodes C3 and C4. Time point zero
denotes the time point of target stimulus presentation. Negativity is plotted downwards. The different
colours of the ERP traces denote the compatible (lighter tone) and incompatible (darker tone) trials in
patients with ADHD (green) and controls (blue). The scalp topography plots are shown for the peak of
each ERP component in the compatibility conditions and groups. In the maps, blue colours denote
negativity and red colours denote positivity.

C-Cluster

The waveform of the C-cluster in the N2-time window (N2RIDE_C) for both groups and for
compatible and incompatible trials is shown in Figure 4B. The analyses of the N2 RIDE_C component
revealed a main effect of Compatibility (F (1, 67) = 6.5; p = 0.01; ηp2 = 0.09). Incompatible trials
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(−37.2 ± 3.5 µV/m2) resulted in significantly more pronounced N2 RIDE_C amplitudes than compatible
trials (−31.1 ± 2.6 µV/m2). All other main effects and interactions were not significant (all F < 0.9,
all p > 0.35, all ηp2 < 0.013). Bayesian analyses showed for the probability of the null hypothesis
being true for the non-significant Group * Compatibility to be p(H0/D) = 0.83. The waveform of the
C-cluster in the P3-time window (P3RIDE) at electrode Pz for both groups and for compatible and
incompatible trials is shown in Figure 4B. The analyses of the P3RIDE component revealed a main
effect of Compatibility (F (1, 67) = 29.8; p ≤ 0.001; ηp2 = 0.3). Incompatible trials (27.4 ± 2.9 µV/m2)
resulted in significantly more pronounced P3RIDE amplitudes than compatible trials (17.4 ± 2.1 µV/m2).
All other main effects and interactions were not significant (all F < 0.72, all p > 0.4, all ηp2 < 0.01).
Bayesian analyses showed for the probability of the null hypothesis being true for the non-significant
Group * Compatibility to be p(H0/D) = 0.86. ADHD symptom severity was not correlated with any of
these measures (all r ≤ 0.26, all p ≥ 0.04).

R-Cluster

The waveform of the R-Cluster for both groups and for compatible and incompatible trials is
shown in Figure 4C. Analyses revealed no significant main effects or interactions (all F < 0.7, all p > 0.41,
all ηp2 < 0.010). Bayesian analyses showed for the probability of the null hypothesis being true for
the non-significant Group * Compatibility to be p(H0/D) = 0.85. ADHD symptom severity was not
correlated with R-Cluster activity (all r ≤ −0.25, all p ≥ 0.05).

4. Discussion

In the current study, we examined conflict monitoring processes in patients with ADHD using a
Flanker task and neurophysiological methods. Dysfunctions in various cognitive control functions
such as conflict processing are supposed to reflect a major aspect of ADHD [1–7]. The current study
was motivated by the fact that current knowledge on this important element of cognitive control in
ADHD may be biased by intra-individual variability, known to be high in this population [27–31].
This variability may partly explain the inconsistent findings in conflict monitoring in ADHD.
In particular, this could be the case concerning neurophysiological correlates, since these can only yield
reliable estimates of neurophysiological processes when there is little intra-individual variability in
the data [37,38]. In addition, research on conflict monitoring in ADHD has so far often disregarded
different mechanisms and theoretical concepts that could play a role and may be differently affected
in ADHD.

The results show that ADHD is not associated with deficits in conflict monitoring when examined
using a Flanker task. The study is well powered (cf. sensitivity analysis) and the lack of group
differences is substantiated with a Bayesian analysis of the data. The latter provided positive evidence
in favour for the null hypothesis, i.e., that there are no deficits in conflict monitoring in ADHD. This was
the case for the behavioural and the neurophysiological data. Notably, we found strong evidence
for the null hypothesis even when accounting for intra-individual variability in the data using RIDE,
and when considering that different aspects of information processing during conflict monitoring
are coded in distinct parts of the neurophysiological signal. Further, ADHD symptom severity was
not correlated with any of these parameters. Thus, the data provide multi-level behavioural and
neurophysiological evidence showing that conflict monitoring processes are indeed partly intact in
ADHD. Importantly, when looking closer at the available evidence on conflict monitoring in ADHD in
comparison to the current results, the nature of cognitive control deficits in ADHD becomes clearer:

As mentioned above, previous evidence on conflict monitoring processes in ADHD is
heterogenous [27–31]. Mullane et al. [44] compared studies on conflict monitoring processes in
ADHD using Flanker tasks—the type of task that was also used in the current study. The authors
showed that observed congruency effects strongly differed between studies. The current findings also
corroborate that no robust differences between children with ADHD and healthy controls are evident.
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However, a meta-analysis on studies using another paradigm to examine conflict monitoring (i.e.,
the Stroop task) concluded that conflict monitoring is consistently dysfunctional in ADHD [43].

This apparent variation in conflict monitoring deficits depending on the approach (i.e., test/task)
used to assess conflict monitoring provides insights into the boundary conditions under which
conflict/interference monitoring is dysfunctional in ADHD. Response interference, as examined in
the Flanker task or Simon task [44], involves competition between two task-relevant responses [60].
From a theoretical perspective, conflicts in these tasks have been framed as stimulus–response (S-R)
conflicts [40], which have to be distinguished from stimulus–stimulus (S-S) conflicts [39]. The S-S
conflict refers to a similarity between stimulus dimensions, whereas the S-R conflict refers to how
a relevant stimulus feature is mapped on a response [39]. S-S conflicts strongly and independently
contribute to the Stroop interference effect [42,61,62].

From this cognitive-theoretical perspective, it seems that conflict monitoring is consistently
dysfunctional in ADHD when it comes to the resolution of S-S conflicts (i.e., Stroop effects [43]), but not
when it comes to the resolution of S-R conflicts (i.e., Flanker effects). The multi-level behavioural
and neurophysiological data provided in this study is in line with that. Importantly, Stroop (S-S) and
Simon/Flanker (S-R) inference effects represent distinct entities, with S-R and S-S conflicts also being
processed at different times [50,51]. It has been shown that S-S conflicts do not strongly modulate
processes in earlier (i.e., N2) time windows, while this was the case for S-R conflicts [50,51]. Likely,
S-S conflicts require time-consuming suppression of irrelevant information [45–47], while S-R conflicts
do not depend on “inhibitory control” mechanisms as strongly [50,51].

Notably, meta-analytic functional imaging data show that especially S-S conflicts modulate
processes in the inferior frontal and anterior cingulate areas [47], i.e., areas that are part of a cortical
response inhibition network [63,64]. EEG source localization data provides evidence that (inferior)
prefrontal structures and inhibitory control processes are involved during the resolution of S-S
conflicts [50,65,66]. Intriguingly, (right) inferior frontal regions, involved in inhibitory control processes,
have been suggested to reflect the most consistently found differences in ADHD [48,49].

Overall, it has further been argued that deficits in ‘inhibitory control’ are at the core of cognitive
control deficits in ADHD and carry a high clinical relevance [67–72]. Taking this perspective,
the importance of inhibitory control processes for conflict processing may explain why consistent
ADHD-related deficits have been observed in S-S conflicts [43], but not in other sorts of conflicts (as in
the current study). It is possible that deficits in conflict monitoring in ADHD only become apparent
when a strong contribution of inhibitory control is necessary to resolve the conflict.

From a clinical perspective it seems that it is important to strengthen inhibitory control processes
in ADHD. This is especially important as baseline impulsivity has been suggested to be a very good
predictor of treatment response [73]. Interestingly, treatment approaches like neurofeedback have
been shown to lead to improvements in inhibitory control and to decreases in impulsivity in patients
with ADHD [74,75]. From the point of view of medication, it has been suggested that atomoxetine
(frequently used as second-line medication) may be more effective in reducing impulsivity than is
the case for methylphenidate (first-line treatment), which may in turn be more beneficial in terms of
reducing inattention [76,77].

Importantly, only atomoxetine has been shown to increase prefrontal activation during a Stroop
task [78]. This effect may however crucially depend on different demographic factors and on individual
differences in symptom severity [78]. Taken together, this suggests that it may indeed be very
useful to take the individual pattern of cognitive deficits into account when developing treatment
recommendations for individual patients [79]. Specifically, patients with higher impulsivity scores and
more problems in S-S conflict resolution may benefit more from atomoxetine than methylphenidate
(MPH) treatment.

Future studies should therefore evaluate whether there are differences in the treatment effects
depending on whether S-R or S-S conflicts are examined in ADHD and whether such results should
be included in the calculation of risk scores or information profiles, which might guide treatment
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decisions in the future [80]. Importantly, such approaches could also take pharmacogenetic approaches
into account, as genetic factors likely underlie the large interindividual variation in the response to
different pharmacological treatments [81].

Supplementary Materials: The data structure containing all analysed data can be found at https://osf.io/4zgue/
?view_only=2c31a3f1f5534668aaab557377bdf4ee.
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