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Abstract: Background: Studies investigating event-related potential (ERP) evoked in a
Cue-Go/NoGo paradigm have shown lower frontal N1, N2 and central P3 in children with
attention-deficit/hyperactivity disorder (ADHD) compared to typically developing children (TDC).
However, the electroencephalographic (EEG) dynamics underlying these ERPs remain largely
unexplored in ADHD. Methods: We investigate the event-related spectral perturbation and inter-trial
coherence linked to the ERP triggered by visual Cue-Go/NoGo stimuli, in 14 children (7 ADHD
and 7 TDC) aged 8 to 12 years. Results: Compared to TDC, the EEG dynamics of children with
ADHD showed a lower theta-alpha ITC concomitant to lower occipito-parietal P1-N2 and frontal
N1-P2 potentials in response to Cue, Go and Nogo stimuli; an upper alpha power preceding lower
central Go-P3; a lower theta-alpha power and ITC were coupled to a lower frontal Nogo-N3; a lower
low-gamma power overall scalp at 300 ms after Go and Nogo stimuli. Conclusion: These findings
suggest impaired ability in children with ADHD to conserve the brain oscillations phase associated
with stimulus processing. This physiological trait might serve as a target for therapeutic intervention
or be used as monitoring of their effects.
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1. Introduction

Attention Deficit/Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder affecting
3–7% of school-age children [1]. The main symptoms are age-inappropriate levels of inattention,
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impulsivity and hyperactivity. It is associated with school difficulties and social impairment [2].
Impairments of cognitive functions such as alertness, vigilance, effort, planning, organization
and working memory have been documented [3–5]. Pathophysiology involves genetics [6,7] and
neurobiological factors [8–12].

Neuroimaging studies have shown alterations in the neuronal connectivity [8,13,14] and brain
electrical activity [15,16] in children with ADHD compared to typically developing children (TDC).
Event-related potentials (ERP) have been used to approach the neural mechanisms underlying attention
and inhibition deficits in children with ADHD. ERP components from visual tasks reflect both
visual and condition-specific attentional processing. A variety of ERP features related to executive
functions were found to be modified in children with ADHD compared to TDC, including N1 and
P3 in selective attention, and N3 and P3 in response inhibition [17,18]. In particular, Go/Nogo
or continuous performance task studies showed reduced frontal N1, frontal N2 and central P3 in
children with ADHD [19–22]. More recently, developments of electroencephalographic (EEG) dynamics
tools [23,24] have permitted to analyze specific event-related synchronization (ERS, increased power)
or desynchronization (ERD, decreased power) in different frequency bands in the event-related
spectral perturbation (ERSP) and inter-trial coherence (ITC) linked to sensory stimulation or behavioral
events [25]. These frequency bands are classically decomposed as delta (1–4 Hz), theta (4–7 Hz),
alpha (8–15 Hz), beta (15–30 Hz) and gamma (30 Hz and more). Several studies investigated EEG
rhythm in children with ADHD compared to TDC during event-related task [26–38]. In particular,
studies showed atypical delta activity in ADHD during continuous performance task (CPT) [27,30,37].
Yodanova et al. (2006) showed that late theta oscillation (200–450 ms) in response to irrelevant stimuli
of auditory task was larger in children with ADHD than TDC [28]. In a study that investigated EEG
familiarity in sibling pairs with ADHD, Loo et al. (2008) showed that theta and alpha oscillations
were correlated with CPT response variability and omission errors [31]. Moreover, Nazari et al. (2011)
showed that contrary to TDC, CPT induced alpha power increased in children with ADHD compared
to eyes-open resting state [34]. Using a Sternberg memory task, Lenartowicz et al. (2014) showed
a lower ERD during encoding phase and an increased alpha power during maintenance period in
children with ADHD compared to TDC [35]. In previous studies about memory, Lenz et al. (2008, 2010)
revealed an increased gamma-band response in children with ADHD than TDC during stimulus
encoding of a memory task [32,33]. In the present study, we investigate EEG dynamics linked to the
ERP triggered by sensory and behavioral events in a visual Go/Nogo paradigm in children with ADHD
in order to dissociate oscillatory features of attentional orienting and motor/inhibition processing.

2. Materials and Methods

2.1. Participants

Twenty six children aged 8 to 12 years were enrolled in the study (14 with ADHD and 12 TDC).
Children with ADHD were recruited consecutively from the pediatric neurology outpatient clinic
of Hôpital Universitaire des Enfants Reine Fabiola (HUDERF) in Brussels, Belgium. Diagnosis of
ADHD was made by multidisciplinary team including pediatric neurologists and neuropsychologists
according to DSM IV-TR. If the child was treated by medication (methylphenidate), this was stopped
48 h before the experimental process. TDC were recruited from primary mainstream schools, and
were screened by neuropsychologists of the team. In addition to the neuropsychological assessment,
each child performed the Wechsler Intelligence Scale for Children (WISC-IV: Wechsler, 2005), and all
parents were asked to fill in the Child Behavior Checklist (CBCL; [39]). Exclusion criteria were a seizure
disorder, mental retardation (IQ below 80), psychiatric comorbidity, sensory deficits and pharmacologic
treatment (other than methylphenidate) that could interfere with behavioral performances or with
electrophysiological results. Five children were rejected due to mental retardation or psychiatric
comorbidity. One child asked to stop the experiment because it was too long for him. Data from six
children were rejected during data treatment due to too many artifacts. Thus, 14 children (7 in each
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group) were analyzed (ADHD: 2 boys and 5 girls, mean = 9.43 years; SD = 1.72/TDC: 4 boys and 3 girls,
mean = 8.71 years, SD = 1.49). No difference between groups was found in age (p = 0.48, Mann-Whitney
U Test), in gender ratio (Chi-square (1) = 1.17, p = 0.28), and comorbidities (Table 1). The experimental
design was setup in agreement to CONSORT directives and the Helsinki declaration [40]. Informed
consent was obtained from all participants and their parents. Experimental setup was approved by the
Ethics Committee of CHU Brugmann and HUDERF (Brussels, Belgium).

Table 1. Group comparison for estimated IQ, age and parent-rated Child Behavior Checklist
(CBCL) T-scores.

W p p a

Full-scale QI 21.50 0.747
Affective Problems 30.00 0.007 0.04
Anxiety Problems 20.00 0.407 1
Somatic Problems 14.50 1.000 1
ADHD Problems 30.00 0.005 0.03

Oppositional Defiant Problems 28.50 0.017 0.11
Conduct Problems 28.50 0.09 0.11

Note, W: Wilcoxon Mann-Whitney U Test. a p-values below are corrected for multiple comparisons
(Bonferroni correction).

2.2. Stimuli

The subject sat comfortably at 120 cm in front of a 17-in computer screen, and performed a
visual-cued Go/Nogo task adapted from [41]. The Cue, Go and Nogo stimuli were displayed in black
on a white background. Luminance and contrast of screen was the same during session and between
sessions. Each cue (black square) was briefly shown (150 ms) and followed by a Go (“×”), or Nogo
(“+”) stimulus during 150 ms after a 1–2 s random period of white screen. The task was divided in
two blocks including 60 trials each, with equal probability of Go and Nogo stimuli. The participant
had to press as quickly as possible a button after the Go stimulus, and retain/inhibit the pushing after
the Nogo stimulus. The next Cue stimulus reappeared after 2.5 s after the Go/Nogo stimulus was
displayed (Figure 1).
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Figure 1. Go/Nogo paradigm.

2.3. Behavioral Analysis

Regarding behavioral measures, dependent variables were omissions (no responses to Go trials),
false alarms (“FA Cue”: pushing when the Cue is shown, and “FA Nogo”: pushing when “+” is
shown), reaction time (RT) and the RT variability. The RT variability, estimating the intra-individual
variability, was calculated with the coefficient of variation (CV) of reaction times [42], a normalized
measure of dispersion, defined as the ratio of the standard deviation (σ) to the mean (µ): CV = σ/µ.
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The CV is useful because the standard deviation of data must be understood in the context of the mean
of the data [43]. In order to highlight behavioral difference between groups we have cross-correlated
to two time series corresponding to latencies of the Go and Button Press, in the ADHD and TDC
groups respectively.

2.4. EEG Recording

Brain electrical activity was recorded with an ASA EEG/ERP system (ANT company, Enschede,
The Netherlands) from 14 channels (Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, Oz, O3, O4 and M1-M2 for the
left and right mastoids), embedded in a waveguard cap (10–20 system), referred to the mean of the
two mastoids and connected to the ground electrode. EEG activity was recorded at a sampling rate of
512 Hz (analog filtering: 0.1–100 Hz; amplification × 20). Eye movements were monitored using two
bipolar recordings: one between each outer eye canthus, and one between a supra orbital electrode
and an electrode just below the lower lid on the right side. Impedances were kept below 10 kΩ and
checked before each recording.

2.5. EEG Data Processing

Off-line data treatment and analysis were performed by means of EEGLAB software (SCCN,
San Diego, USA) [23,44] and in-house MATLAB-based tools [45]. Band pass filter 0.1 to 125 Hz
and notch filter around 50 Hz (47.5–52.5 Hz) and 100 Hz (97.5–102.5 Hz) were applied to attenuate
electrical artifacts. Portions of data and defective electrodes (max. 6%) were removed by careful
visual inspection. Ocular (blinks and saccades) and any other remaining artifacts (muscular, cardiac)
were isolated and rejected by independent component analysis (ICA) on continuous data [46–48].
Data were cut in epochs extracted from −0.5 to 1 s of each stimuli onset. Only successful trials (button
pressed after a GO and not pressed after a Nogo) were considered, rejecting all others. In all cases,
epochs were rejected according to ±100 µV threshold criteria, and we made a visual review to confirm
epoch rejection. After rejection, a total of 2217 epochs remained (ADHD: 47.9 ± 18.6 per subject and
condition; TDC: 57.7 ± 20.2 per subject and condition).

2.6. EEG Data Analysis

A EEGLab design study was used for each stimulus to average data from all subjects. A time
window of 500 ms before stimulus onset was used as baseline. Evoked potential (ERP), spectral
perturbation (ERSP) and inter-trial coherence (ITC), time-locked on each stimulus (Cue, Go and Nogo),
were calculated by averaging baseline corrected epochs extracted from −0.5 to 1 s of the stimuli
onset. ERSP and ITC are both time–frequency measurements calculated by means of fast Fourrier
transform (FFT), but the information they provide is different: ERSP measures variations in power
spectrum at specific frequency ranges of ongoing rhythms at specific periods of time and frequency
range [49,50]. A color code at each image pixel indicated the reached power (in dB) at a given frequency
and latency relative to the stimulation onset. ERD (event-related desynchronization) indicates a power
spectrum reduction, while ERS (event-related synchronization) indicates a power spectrum increase.
ITC measures the synchronization across trials of ongoing oscillations (~phase locked) with respect to
an event, independently of amplitude variation [51]. The ITC measure took values between 0 and 1.
A value of 0 represented the absence of synchronization between EEG data and the time locking
events; a value of 1 indicated their perfect synchronization. Statistical difference between ADHD
and TDC groups were performed by EEGLab non-parametric permutation test at each trial latency
of the average ERPs and every time-frequency point for ERSP and ITC [23]. Multiples comparisons
are corrected by the False Discovery Rate (FDR) method [52]. Statistical differences of ERP, ERSP and
ITC between groups were described by the electrodes of relevance, interval of time and amplitude
(Table 2). For clarity, we subdivided the presentation of results by considering conditions and three
regions: anterior (including Pz, P3, P4, Oz, O3, O4), central (Cz, C3, C4), and posterior (Fz, F3, F4).
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Table 2. Summary of results in children with ADHD compared to TDC.

ADHD–TDC

Stim. Regions Measure Comp./Freq. Time (ms) Electrodes Sig. 1

Cue

Posterior
Figure 3

ERP
↓P1-N2 115–205 Oz, O1, O2 p < 0.009
↑N2 170–191 Pz, P3 p < 0.045

ERSP
↓β (27–32) 238–485 Oz, O1, O2, P4 p < 0.044
↓γ (40–43) 332–427 Oz, O2, O1 p < 0.049

ITC
↓θ (4–8) 261–425 Oz, O1, O2, Pz, P3, P4 p < 0.039
↑β (25–30) 273–422 Oz, O1, P4, P3 p < 0.044

Anterior
ERP

↓N1 121–161 Fz, F3, F4, Fpz p < 0.018
↑P2 223–273 Fz, F3, F4, Fpz p < 0.019

ERSP ↓α (9–12) 150–312 Fz, F3, F4 p < 0.035

ITC ↓α (10–13) 101–263 Fz, F4 p < 0.049

Go

Posterior

ERP
↓P1-N2 146–189 Oz, O1, O2, Pz, P3 p < 0.022
↓P3 345–439 Oz, O1, O2, Pz, P3 p < 0.044

ERSP
↓θ (4–7) 302–390 Oz, O1, O2, P3, P4 p < 0.034
↓γ (42–47) 570–679 Oz, O1, O2, P3, P4 p < 0.032

ITC ↓θ-α (5–12) 320–453 Oz, O1, O2, Pz, P3 p < 0.041

Central
Figure 4

ERP ↓P3 464–656 Cz, C3 p < 0.012

ERSP
↑α (7–13) 252–541 Cz, C3, C4 p < 0.031
↓γ (42–47) 566–593 Cz, C4 p < 0.032

ITC ↓α (8–14) 220–347 Cz, C3, C4 p < 0.018

Anterior
ERP

↓N1 117–128 Fz, F3, F4 p < 0.044
↑P2 207–260 Fz, F3, F4 p < 0.011

ERSP
↓α (10–18) 109–234 Fz, F3, F4 p < 0.003
↓γ (38–47) 517–654 Fz, F4 p < 0.032

Nogo

Posterior

ERP ↓P1, ↑N2 136–209 Oz, O1, O2, Pz, P3 p < 0.005

ERSP
↑α (12–16) 126–273 Oz, O1, O2, Pz, P3, P4 p < 0.003
↓γ (31–36) 296–380 Oz, O1, O2, Pz, P3, P4 p < 0.018

ITC
↓θ-α (5–14) 308–414 Oz, O1, O2, P3 p < 0.005
↑γ (31–36) 302–410 Oz, O2, Pz, P3, P4 p < 0.007

Central
ERSP

↓θ (4–8) 255–423 Cz, C3 p < 0.002
↓γ (38–43) 428–509 Cz, C3, C4 p < 0.048

ITC
↓θ (4–8) 291–369 Cz, C3 p < 0.016
↑γ (31–37) 275–345 Cz, C3, C4 p < 0.041

Anterior
Figure 5

ERP
↓N1-P2 136–211 F3, F4 p < 0.049
↓N3 279–344 Fz, F3, F4, Fpz p < 0.018

ERSP
↓θ-α (4–11) 277–396 Fz, F3, F4 p < 0.014
↓γ (38–45) 316–517 Fz, F3, F4, Fpz p < 0.022

ITC
↓θ-α (5–11) 256–390 Fz, F3 p < 0.016
↑γ (34–44) 382–511 Fz, F3, F4 p < 0.003

Note: Arrows indicated increase or decrease of ERP amplitude or ERSP/ITC in children with ADHD compared to
TDC. 1 p-values below are corrected for multiples comparisons (False Discovery Rate method). ERP: Evoked-Related
Potentials; ERSP: Evoked-Related Spectral Perturbation; ITC: Inter-trials Coherence.

3. Results

3.1. Omission, Commission & Reaction Time

There were more omissions to the Go stimulus in children with ADHD than TDC (z = −2.17,
p = 0.029), but no difference was found in commission to Cue (z = 1.53, p = 0.125) and NoGo (z = 1.41,
p = 0.160) stimuli. We noted no significant differences in time reaction between ADHD and TDC
(RTADHD = 508.1 ± 83.3 ms, RTTDC = 501.4 ± 50.5 ms; z = 0.383, p = 0.701). However, Figure 2
illustrates that the time of the button-press (BP) did not occur accordingly to the time of the Go in
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the ADHD group (Figure 2A) as in the case of TDC group (Figure 2B). No significant correlation
between time of the Go and the time of the BP was obtained in the ADHD group, while a peak in the
cross-correlation function at zero lag was obtained in the TDC group (91.8 ± 6.3%; Figure 2). In line
with these results, children with ADHD showed more variation in their time reaction to a Go than
TDC (CVADHD = 0.353 ± 0.087 s, CVTDC = 0.245 ± 0.050 s; z = 2.43, p = 0.015).
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Figure 2. Reaction time in attention-deficit/hyperactivity disorder (ADHD) (A) and typically
developing children (TDC) (B) groups, including cross-correlation between occurrence of Go and
PB stimuli. Red line indicates significance p < 0.05.

3.2. ERP, ERSP & ITC Summarized in Table 2

3.2.1. EEG Dynamics Responses to Cue Stimuli

Group analysis over the posterior regions (Figure 3) showed that Cue stimulus evoked a lower
P1-N2 potentials (p < 0.01) in children with ADHD compared to TDC. In the frequency domain,
we observed a smaller ITC of theta (4.5–7 Hz) oscillation, that reached significant threshold (p < 0.05)
between 260 and 420 ms after the Cue stimulus. At the same latency, high beta-gamma frequency
showed a lower power and higher ITC in ADHD compared to TDC. Over central regions, we showed
no significant difference between group in ERP, as well as in frequency domain, in response to the Cue
stimulus. Concerning frontal regions, group analysis showed a lower N1 and higher P2 amplitude in
ADHD than TDC (p < 0.05). These were coupled by a lower alpha power (p < 0.05) and ITC (p < 0.05)
in children with ADHD compared to TDC.

3.2.2. EEG Dynamics Responses to Go Stimuli

Concerning Go condition, ERP analysis showed a lower P1-N2 and lower P3 potential over
posterior regions in children with ADHD compared to TDC (p < 0.05). In these regions, theta power
and ITC were lower around 350 ms. Over central regions (Figure 4), we found a significantly lower
P3 amplitude (p < 0.01) in children with ADHD compared to TDC. Moreover, while TDC showed an
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alpha (7–13 Hz) ERD starting at about 250 ms after the Go stimulus, this was not observed in children
with ADHD (p < 0.05), and was coupled to a smaller ITC of alpha oscillation in ADHD than in TDC
group (p < 0.01). Group analysis in frontal regions showed in children with ADHD compared to TDC,
a lower N1 and higher P2 amplitude (p < 0.05) with at the same latency, a lower alpha power (p < 0.05).
Finally, we revealed at about 600 ms in all regions, that gamma power was lower in children with
ADHD compared to TDC.

3.2.3. EEG Dynamics Responses to Nogo Stimuli

In response to the Nogo stimulus, we found over posterior regions a lower P1-N2, with at the
same latency a higher alpha power and lower alpha ITC in children with ADHD compared to TDC.
Over central regions, although ADHD group seemed get a higher N3 than TDC, we observed no
significant difference in ERP between groups. However, we found a lower theta power and ITC in
children with ADHD compared to TDC at about 300 to 400 ms. Frontal N3 over anterior regions
was lower in ADHD with respect to TDC group at about 300 ms (p < 0.01, Figure 5). At this latency,
frequency domain showed a highly significant lower theta-alpha (5–11 Hz) power (p < 0.01) and ITC
(p < 0.01) in ADHD group compared to TDC. Finally, we observed a significant high-beta/low-gamma
ERD (p < 0.05) and a higher gamma ITC (p < 0.05) between 350 and 600 ms over all regions in children
with ADHD, compared to TDC.
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4. Discussion

In this study we explored the functional links between behavioral measurements, ERP and EEG
dynamic perturbations evoked by a Go/Nogo task in children with ADHD. Firstly, we observed
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the previously described reduction of the P1 and N2 potentials in posterior regions at about
100–200 ms [19,22,53,54]. However, in our results this occurred in all conditions (Cue, Go and Nogo),
suggesting a relationship with early visual and/or attentional processes. Moreover, our data suggested
for the first time that this ERP alteration recorded in the occipital region was related to a deficit in
the theta ITC (i.e., the ability to phase-locked this ongoing oscillation). While the common finding
is that theta activity was higher in ADHD compared to TDC at rest [35] and in an auditory selective
attention task [28], our results point toward another type of deficit related to the ability to reorganize
the phase of theta oscillations in a reproductive and coherent way along the different trials. Indeed,
increased theta power at rest, generally coupled with decreased beta activity (theta/beta ratio, TBR),
has been put forward as the most robust electrophysiological finding in ADHD [55]. However, it has
been questioned by several studies reporting insufficient accuracy of theta power (46.8–63%) and
TBR (40.3–58%) to discriminate children with or without ADHD [56]. In particular, the link between
TBR and arousal in ADHD lacks consistency [55]. As an alternative view, our result suggests that
increased theta power observed in many studies may have reflected a compensatory effect to a
theta-phase disturbance. In term of state regulation deficit [57], this compensatory effect could be the
substrate for effort allocation difficulties in children with ADHD. Theta oscillation is considered to be
a basic physiological element involved in global oscillatory synchronization processes linking together
multiple brain regions [58]. Such linkage would be at the origin of conscious perceptions [59] and
offers an interesting model to address attentional processes and their perturbations.

Another finding in this study is the presence of high-beta/low-gamma ERD between 300 ms and
600 ms in ADHD group with respect to TDC. This was observed in response to all conditions, but more
specifically to Go and Nogo conditions. The fact that the earliest and strongest gamma ERD and gamma
ITC was recorded in the frontal region during the Nogo condition could be related to the frontostriatal
circuitry considered as the initial target of ADHD study [60] and in particular to the dorsolateral and
orbitofrontal cortices activated during the inhibitory control related to the Nogo [61,62]. This frontal
gamma ERD recorded in ADHD children is consistent with the hypoactivation of the frontal cortex
observed in ADHD during the Go/Nogo task [63], and may be accounted for by desynchronization
and relative paucity of the firing of the cortical neurons involved in the gamma rhythm generation
in children with ADHD compared to TDC. More generally, changes in gamma power were reported
to be correlated with attentional modulation [64,65]. Recorded gamma ERD in response to the Go
and Nogo stimuli suggests changes driven by lowered attention in alerted condition in children with
ADHD over the trials course. This interpretation could relate to impaired working memory (WM)
processes typically found in children with ADHD [32,33,35], and may indicate a basic deficit in the
maintenance of the persistent activity of the WM mainly assumed by recurrent circuitry. Indeed,
although the present task does not specifically assess WM as paradigms such as the ‘delayed match
to sample with distractors task’ do (Miller et al., 1991), the Go/Nogo paradigm does require WM in
order to keep the behavioral meaning of the three different visual items in memory. According to a
recent computational framework of a WM task [66], the presence of beta-gamma oscillation implies the
coexistence of a ground state and persistent activity in such a way that transient input (such as one of
the three different items in this study) can initiate a persistent state (with a specific aim) corresponding
to the gate-in mode of the dynamic gating regime.

In this model, while the beta-gamma oscillation encodes the persistent activity of the WM,
the theta band oscillations (3–8 Hz) encodes a selective-gating mode maintaining the information
previously stored in memory [66]. Recent studies suggest that cross-frequency coupling such as
theta-phase gamma-amplitude coupling (TGC) reflect cortico-subcortical interactions. TGC was first
observed in rat hippocampus when gamma power occured accordingly to specific phase of theta
rhythm during task [67]. It has been proposed that TGC plays a functional role in multi-scale neuronal
communication between local domains of cortical processing and large-scale brain networks. It was
involved in various cognitive processes such as visual perception [68], short-term memory [69],
and learning [70]. In particular, Nakatani et al. (2014) showed in an attentional blink paradigm
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that the synchrony of fast oscillations (beta and gamma) with slow activity (theta and high delta)
increased with improved efficiency in the task [71]. Kim et al. (2015) showed that children with ADHD
exhibited lower TGC at rest in frontal, temporal and occipital areas than controls [72]. In another
study of 68 children with ADHD in a continuous performance task (CPT), low performance was
associated with high levels of synchronization between theta-phase and 40 Hz gamma power [73].
The authors suggested that abnormal augmentation of TGC reflects a dysfunctional interaction of the
attention/arousal system at the multi-scale large network level [73]. In particular, theta phase and
TGC perturbation could be explained by interference of default mode network during task which
altered working memory. Silberstein et al. (2016, 2017) showed that children with ADHD exhibited
increased functional connectivity over prefrontal and parieto-frontal regions that was not apparent
in TDC, during the interval preceding the target appearance in a CPT [74]. The authors suggested
that children with ADHD had difficulties suppressing inadequate cortical networks that may interfere
with task completion [75,76]. Moreover, they suggested that default mode network (DMN) acting as
top-down process was preferentially mediate by alpha and beta oscillations, while bottom-top process
would be mediated by theta and gamma oscillations.

A last result from our data concerning Cue, Go and Nogo conditions concern a decrease of alpha
power and ITC in frontal regions concomitant to a decrease of N1-P2 potentials in children with
ADHD, compared to TDC. Alpha oscillation has been interpreted as reflecting global inhibition of
the cortex, improving behavioral performance by facilitation of the cognitive control [77–83], and it
has been suggested that it provides a gate-out mode facilitating WM task completion and memory
cleaning [66]. Thus, alpha power may participate in enhancement of the signal-to-noise ratio in
order to selectively update relevant incoming information [84], and access to memory [78]. From this
perspective, decreased power of alpha oscillation over frontal regions in the ADHD group could be
related to a disturbance of signal-to-noise cleaning effect, inducing some difficulties to avoid irrelevant
information for task performance. In particular, Lenartowicz et al. (2014) showed decreased ERD of
the alpha rhythm during memory encoding and increased ERS of the same rhythm during memory
maintenance in children with ADHD with respect to TDC [35]. Otherwise, recent findings suggested
that alpha-phase plays an important role for temporal attention. In particular, Gruber et al. (2014)
showed that pre- and peri-stimulus alpha-phase alignment contributed to generated P1 and was
associated with shorter target decision time [85]. In our results, time-frequency response to the Go in
ADHD group was characterized by a lower theta-alpha phase-locking than TDC at about 200 to 300
ms, following by a higher alpha power from 200 to 600 ms. This was coupled with a lower P3 potential
in children with ADHD compared to TDC, as classically described [18,41]. Moreover, accordingly to
previous Go/Nogo studies [86,87], our behavioral results showed that reaction times were significantly
more variable in children with ADHD than TDC. It has been proposed that these variations could be
explained by a state regulation deficit in ADHD, suggesting an inability to adjust the internal state
according to the needs of the situation [88]. From this perspective, variability in responding has been
considered to reflect effort instability [57]. Children with ADHD were probably less able to allocate
effort in a task to keep their performance at a relatively stable level during manipulation of event
rate [88]. Taken together, these EEG and behavioral results suggest that variability of reaction time in
ADHD would be related to a disturbance of theta and alpha phase-locking among the different trials.

5. Conclusions

In conclusion, this study showed that ERP studies must be analyzed during EEG dynamics, in
order to better approach the mechanisms that underlie neural processing in ADHD. In relation to
this, we found, in children with ADHD compared to TDC, that in Cue, Go and Nogo conditions:
(1) reduction of occipito-parietal P1-N2 components was coupled with a decrease of theta ITC (extended
to a decrease of alpha ITC in Go and Nogo); (2) reduction of frontal N1-P2 components was coupled
with a decrease of alpha power and ITC; (3) an overall decrease of high-beta/low-gamma power
occured 300 ms after stimulus (this was coupled with an increase of gamma ITC in the Nogo condition);
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and (4) in the Go condition, the decrease of P3 was preceded by a high alpha power and a small
alpha ITC. This points to impaired ability in conserving the phase of brain oscillations associated
with stimulus processing in a Go/Nogo paradigm in various frequency bands. This physiological
finding might serve as a target for therapeutic intervention, or be used as monitoring of their effects.
This study also paves the way for further investigations comprising the high EEG density and source
localization approach.

Acknowledgments: We warmly thank the children and their parents who kindly took part in this research, as well
as the schools and the teachers who agreed to collaborate in this study. This study was supported by a grant from
the Belgian Kids’ Fund, the Secretaria Nacional de Ciencia y Tecnologia (Senescyt, Ecuador), and the NeuroAtt
BIOWIN project supported Walloon Country. The scientific responsibility rests with its author(s). None of the
authors have potential conflicts of interest to be disclosed.

Author Contributions: Design: C.C., H.S., N.D., S.B.; Diagnosis: H.S., N.D., S.B.; Recording: C.C., S.B.;
Data treatment: A.L., C.C., D.Z., S.B.; Data analysis: A.L., C.C., D.Z., G.C., S.B.; Figures: C.C., D.Z. S.B.; Writing:
B.D., D.Z., G.C. S.B.;

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Polanczyk, G.V.; Willcutt, E.G.; Salum, G.A.; Kieling, C.; Rohde, L.A. ADHD prevalence estimates across
three decades: An updated systematic review and meta-regression analysis. Int. J. Epidemiol. 2014, 43,
434–442. [CrossRef] [PubMed]

2. Matthews, M.; Nigg, J.T.; Fair, D.A. Attention deficit hyperactivity disorder. Curr. Top. Behav. Neurosci. 2014,
16, 235–266. [CrossRef] [PubMed]

3. Castellanos, F.X.; Sonuga-Barke, E.J.S.; Scheres, A.; di Martino, A.; Hyde, C.; Walters, J.R. Varieties of
Attention-Deficit/Hyperactivity Disorder-Related Intra-Individual Variability. Biol. Psychiatry 2005, 57,
1416–1423. [CrossRef] [PubMed]

4. Nigg, J.T. Is ADHD a disinhibitory disorder? Psychol. Bull. 2001, 127, 571–598. [CrossRef] [PubMed]
5. Willcutt, E.G.; Doyle, A.E.; Nigg, J.T.; Faraone, S.V.; Pennington, B.F. Validity of the Executive Function

Theory of Attention-Deficit/Hyperactivity Disorder: A Meta-Analytic Review. Biol. Psychiatry 2005, 57,
1336–1346. [CrossRef] [PubMed]

6. Gilger, J.W.; Pennington, B.F.; DeFries, J.C. A twin study of the etiology of comorbidity: Attention-deficit
hyperactivity disorder and dyslexia. J. Am. Acad. Child Adolesc. Psychiatry 1992, 31, 343–348. [CrossRef]
[PubMed]

7. Faraone, S.V.; Perlis, R.H.; Doyle, A.E.; Smoller, J.W.; Goralnick, J.J.; Holmgren, M.A.; Sklar, P. Molecular
genetics of attention-deficit/hyperactivity disorder. Biol. Psychiatry 2005, 57, 1313–1323. [CrossRef] [PubMed]

8. Castellanos, F.X.; Sonuga-Barke, E.J.S.; Milham, M.P.; Tannock, R. Characterizing cognition in ADHD: Beyond
executive dysfunction. Trends Cogn. Sci. 2006, 10, 117–123. [CrossRef] [PubMed]

9. Millichap, J.G. Etiologic classification of attention-deficit/hyperactivity disorder. Pediatrics 2008, 121,
e358–e365. [CrossRef] [PubMed]

10. Rubia, K. “Cool” inferior frontostriatal dysfunction in attention-deficit/hyperactivity disorder versus “hot”
ventromedial orbitofrontal-limbic dysfunction in conduct disorder: A review. Biol. Psychiatry 2011, 69,
e69–e87. [CrossRef] [PubMed]

11. Seidman, L.J.; Valera, E.M.; Makris, N.; Monuteaux, M.C.; Boriel, D.L.; Kelkar, K.; Kennedy, D.N.;
Caviness, V.S.; Bush, G.; Aleardi, M.; et al. Dorsolateral prefrontal and anterior cingulate cortex volumetric
abnormalities in adults with attention-deficit/hyperactivity disorder identified by magnetic resonance
imaging. Biol. Psychiatry 2006, 60, 1071–1080. [CrossRef] [PubMed]

12. Sonuga-Barke, E.J.S.; Castellanos, F.X. Spontaneous attentional fluctuations in impaired states and
pathological conditions: A neurobiological hypothesis. Neurosci. Biobehav. Rev. 2007, 31, 977–986. [CrossRef]
[PubMed]

13. Bush, G. Attention-Deficit/Hyperactivity Disorder and Attention Networks. Neuropsychopharmacology 2010,
35, 278–300. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/ije/dyt261
http://www.ncbi.nlm.nih.gov/pubmed/24464188
http://dx.doi.org/10.1007/7854_2013_249
http://www.ncbi.nlm.nih.gov/pubmed/24214656
http://dx.doi.org/10.1016/j.biopsych.2004.12.005
http://www.ncbi.nlm.nih.gov/pubmed/15950016
http://dx.doi.org/10.1037/0033-2909.127.5.571
http://www.ncbi.nlm.nih.gov/pubmed/11548968
http://dx.doi.org/10.1016/j.biopsych.2005.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15950006
http://dx.doi.org/10.1097/00004583-199203000-00024
http://www.ncbi.nlm.nih.gov/pubmed/1564037
http://dx.doi.org/10.1016/j.biopsych.2004.11.024
http://www.ncbi.nlm.nih.gov/pubmed/15950004
http://dx.doi.org/10.1016/j.tics.2006.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16460990
http://dx.doi.org/10.1542/peds.2007-1332
http://www.ncbi.nlm.nih.gov/pubmed/18245408
http://dx.doi.org/10.1016/j.biopsych.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/21094938
http://dx.doi.org/10.1016/j.biopsych.2006.04.031
http://www.ncbi.nlm.nih.gov/pubmed/16876137
http://dx.doi.org/10.1016/j.neubiorev.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17445893
http://dx.doi.org/10.1038/npp.2009.120
http://www.ncbi.nlm.nih.gov/pubmed/19759528


Brain Sci. 2017, 7, 167 12 of 15

14. Konrad, K.; Eickhoff, S.B. Is the ADHD brain wired differently? A review on structural and functional
connectivity in attention deficit hyperactivity disorder. Hum. Brain Mapp. 2010, 31, 904–916. [CrossRef]
[PubMed]

15. Karch, S.; Thalmeier, T.; Lutz, J.; Cerovecki, A.; Opgen-Rhein, M.; Hock, B.; Leicht, G.; Hennig-Fast, K.;
Meindl, T.; Riedel, M.; et al. Neural correlates (ERP/fMRI) of voluntary selection in adult ADHD patients.
Eur. Arch. Psychiatry Clin. Neurosci. 2010, 260, 427–440. [CrossRef] [PubMed]

16. De la Fuente, A.; Xia, S.; Branch, C.; Li, X. A review of attention-deficit/hyperactivity disorder from the
perspective of brain networks. Front. Hum. Neurosci. 2013, 7, 192. [CrossRef] [PubMed]

17. Barry, R.J.; Johnstone, S.J.; Clarke, A.R. A review of electrophysiology in attention-deficit/hyperactivity
disorder: II. Event-related potentials. Clin. Neurophysiol. 2003, 114, 184–198. [CrossRef]

18. Johnstone, S.J.; Barry, R.J.; Clarke, A.R. Ten years on: A follow-up review of ERP research in
attention-deficit/hyperactivity disorder. Clin. Neurophysiol. 2013, 124, 644–657. [CrossRef] [PubMed]

19. Brown, C.R.; Clarke, A.R.; Barry, R.J.; McCarthy, R.; Selikowitz, M.; Magee, C. Event-related potentials
in attention-deficit/hyperactivity disorder of the predominantly inattentive type: An investigation of
EEG-defined subtypes. Int. J. Psychophysiol. 2005, 58, 94–107. [CrossRef] [PubMed]

20. Johnstone, S.J.; Barry, R.J.; Markovska, V.; Dimoska, A.; Clarke, A.R. Response inhibition and interference
control in children with AD/HD: A visual ERP investigation. Int. J. Psychophysiol. 2009, 72, 145–153.
[CrossRef] [PubMed]

21. Lawrence, C.A.; Barry, R.J.; Clarke, A.R.; Johnstone, S.J.; McCarthy, R.; Selikowitz, M.; Broyd, S.J.
Methylphenidate effects in attention deficit/hyperactivity disorder: Electrodermal and ERP measures
during a continuous performance task. Psychopharmacology 2005, 183, 81–91. [CrossRef] [PubMed]

22. Smith, J.L.; Johnstone, S.J.; Barry, R.J. Inhibitory processing during the Go/NoGo task: An ERP analysis of
children with attention-deficit/hyperactivity disorder. Clin. Neurophysiol. 2004, 115, 1320–1331. [CrossRef]
[PubMed]

23. Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including
independent component analysis. J. Neurosci. Methods 2004, 134, 9–21. [CrossRef] [PubMed]

24. Delorme, A.; Miyakoshi, M.; Jung, T.-P.; Makeig, S. Grand average ERP-image plotting and statistics:
A method for comparing variability in event-related single-trial EEG activities across subjects and conditions.
J. Neurosci. Methods 2015, 250, 3–6. [CrossRef] [PubMed]

25. Loo, S.K.; Makeig, S. Clinical utility of EEG in attention-deficit/hyperactivity disorder: A research update.
Neurotherapeutics 2012, 9, 569–587. [CrossRef] [PubMed]

26. Yordanova, J.; Banaschewski, T.; Kolev, V.; Woerner, W.; Rothenberger, A. Abnormal early stages of task
stimulus processing in children with attention-deficit hyperactivity disorder—Evidence from event-related
gamma oscillations. Clin. Neurophysiol. 2001, 112, 1096–1108. [CrossRef]

27. Johnstone, S.J.; Barry, R.J.; Dimoska, A. Event-related slow-wave activity in two subtypes of
attention-deficit/hyperactivity disorder. Clin. Neurophysiol. 2003, 114, 504–514. [CrossRef]

28. Yordanova, J.; Heinrich, H.; Kolev, V.; Rothenberger, A. Increased event-related theta activity as a
psychophysiological marker of comorbidity in children with tics and attention-deficit/hyperactivity
disorders. NeuroImage 2006, 32, 940–955. [CrossRef] [PubMed]

29. Yordanova, J.; Kolev, V.; Rothenberger, A. Event-related oscillations reflect functional asymmetry in children
with attention deficit/hyperactivity disorder. Suppl. Clin. Neurophysiol. 2013, 62, 289–301. [PubMed]

30. Alexander, D.M.; Hermens, D.F.; Keage, H.A.D.; Clark, C.R.; Williams, L.M.; Kohn, M.R.; Clarke, S.D.;
Lamb, C.; Gordon, E. Event-related wave activity in the EEG provides new marker of ADHD.
Clin. Neurophysiol. 2008, 119, 163–179. [CrossRef] [PubMed]

31. Loo, S.K.; Smalley, S.L. Preliminary report of familial clustering of EEG measures in ADHD. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 2008, 147B, 107–109. [CrossRef] [PubMed]

32. Lenz, D.; Krauel, K.; Schadow, J.; Baving, L.; Duzel, E.; Herrmann, C.S. Enhanced gamma-band activity in
ADHD patients lacks correlation with memory performance found in healthy children. Brain Res. 2008, 1235,
117–132. [CrossRef] [PubMed]

33. Lenz, D.; Krauel, K.; Flechtner, H.-H.; Schadow, J.; Hinrichs, H.; Herrmann, C.S. Altered evoked gamma-band
responses reveal impaired early visual processing in ADHD children. Neuropsychologia 2010, 48, 1985–1993.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/hbm.21058
http://www.ncbi.nlm.nih.gov/pubmed/20496381
http://dx.doi.org/10.1007/s00406-009-0089-y
http://www.ncbi.nlm.nih.gov/pubmed/19907927
http://dx.doi.org/10.3389/fnhum.2013.00192
http://www.ncbi.nlm.nih.gov/pubmed/23720619
http://dx.doi.org/10.1016/S1388-2457(02)00363-2
http://dx.doi.org/10.1016/j.clinph.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23063669
http://dx.doi.org/10.1016/j.ijpsycho.2005.03.012
http://www.ncbi.nlm.nih.gov/pubmed/15936105
http://dx.doi.org/10.1016/j.ijpsycho.2008.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19095016
http://dx.doi.org/10.1007/s00213-005-0144-y
http://www.ncbi.nlm.nih.gov/pubmed/16160877
http://dx.doi.org/10.1016/j.clinph.2003.12.027
http://www.ncbi.nlm.nih.gov/pubmed/15134699
http://dx.doi.org/10.1016/j.jneumeth.2003.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15102499
http://dx.doi.org/10.1016/j.jneumeth.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25447029
http://dx.doi.org/10.1007/s13311-012-0131-z
http://www.ncbi.nlm.nih.gov/pubmed/22814935
http://dx.doi.org/10.1016/S1388-2457(01)00524-7
http://dx.doi.org/10.1016/S1388-2457(02)00410-8
http://dx.doi.org/10.1016/j.neuroimage.2006.03.056
http://www.ncbi.nlm.nih.gov/pubmed/16730196
http://www.ncbi.nlm.nih.gov/pubmed/24053046
http://dx.doi.org/10.1016/j.clinph.2007.09.119
http://www.ncbi.nlm.nih.gov/pubmed/18054279
http://dx.doi.org/10.1002/ajmg.b.30575
http://www.ncbi.nlm.nih.gov/pubmed/17579367
http://dx.doi.org/10.1016/j.brainres.2008.06.023
http://www.ncbi.nlm.nih.gov/pubmed/18598680
http://dx.doi.org/10.1016/j.neuropsychologia.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20350556


Brain Sci. 2017, 7, 167 13 of 15

34. Nazari, M.A.; Wallois, F.; Aarabi, A.; Berquin, P. Dynamic changes in quantitative electroencephalogram
during continuous performance test in children with attention-deficit/hyperactivity disorder.
Int. J. Psychophysiol. 2011, 81, 230–236. [CrossRef] [PubMed]

35. Lenartowicz, A.; Delorme, A.; Walshaw, P.D.; Cho, A.L.; Bilder, R.M.; McGough, J.J.; McCracken, J.T.;
Makeig, S.; Loo, S.K. Electroencephalography correlates of spatial working memory deficits in
attention-deficit/hyperactivity disorder: Vigilance, encoding, and maintenance. J. Neurosci. 2014, 34,
1171–1182. [CrossRef] [PubMed]

36. Sridhar, C.; Bhat, S.; Acharya, U.R.; Adeli, H.; Bairy, G.M. Diagnosis of attention deficit hyperactivity disorder
using imaging and signal processing techniques. Comput. Biol. Med. 2017, 88, 93–99. [CrossRef] [PubMed]

37. Rommel, A.-S.; James, S.-N.; McLoughlin, G.; Brandeis, D.; Banaschewski, T.; Asherson, P.; Kuntsi, J. Altered
EEG spectral power during rest and cognitive performance: A comparison of preterm-born adolescents to
adolescents with ADHD. Eur. Child Adolesc. Psychiatry 2017, 26, 1511–1522. [CrossRef] [PubMed]

38. Öztoprak, H.; Toycan, M.; Alp, Y.K.; Arıkan, O.; Doğutepe, E.; Karakaş, S. Machine-based classification of
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