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Abstract

Event-related potentials (ERP) studies report alterations in the ongoing visuo-atten-
tional processes in children with attention-deficit/hyperactivity disorder (ADHD).
We hypothesized that the neural generators progressively recruited after a cue stimu-
lus imply executive-related areas well before engagement in executive processing
in children with ADHD compared to typically developed children (TDC). We com-
puted source localization (sWLORETA) of the ERP and ERSP evoked by the Cue
stimulus during a visual Cue-Go/Nogo paradigm in 15 ADHD compared to 16 TDC.
A significant difference in N200/P200 amplitude over the right centro-frontal re-
gions was observed between ADHD and TDC, supported by a stronger contribution
of the left visuo-motor coordination area, premotor cortex, and prefrontal cortex in
ADHD. In addition, we recorded a greater beta power spectrum in ADHD during the
80-230 ms interval, which was explained by increased activity in occipito-parieto-
central areas and lower activity in the left supramarginal gyrus and prefrontal areas
in ADHD. Successive analysis of the ERP generators (0-500 ms with successive
periods of 50 ms) revealed significant differences beginning at 50 ms, with higher
activity in the ventral anterior cingulate cortex, premotor cortex, and fusiform gyrus,
and ending at 400-500 ms with higher activity of the dorsolateral prefrontal cortex
and lower activity of the posterior cingulate cortex in ADHD compared to TDC.
The areas contributing to ERP in ADHD and TDC differ from the early steps of
visuo-attentional processing and reveal an overinvestment of the executive networks

interfering with the activity of the dorsal attention network in children with ADHD.
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1 | INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a de-
velopmental disorder characterized by age-inappropriate
levels of inattention, impulsivity, and hyperactivity that
affects about 5% of school-aged children and adolescents
(Polanczyk et al., 2015). ADHD implies cognitive and so-
cial impairments inducing school difficulties and negative
effect on the quality of life (Danckaerts et al., 2010). In the
last three decades, interest in the electrophysiological charac-
terization of ADHD through electroencephalography (EEG)
has increased in parallel with advances in signal processing
(Arns et al., 2016; Lenartowicz & Loo, 2014). In a previ-
ous study (Baijot et al., 2017), we used an adapted Go/Nogo
paradigm to characterize the time/frequency features related
to Cue, Go, and Nogo stimuli in children with ADHD com-
pared to typically developed children (TDC). We highlighted
alterations in early P100-N200 components and beta/gamma
band (2545 Hz) event-related desynchronization (ERD) at
300-500 ms in response to visual stimuli (regardless of type:
warning, target, or non-target) in children with ADHD com-
pared to TDC. Based on this study, we suggested that ADHD
is characterized by a deficit in early visuo-attentional pro-
cesses, well before engagement in executive processing.

This is supported by numerous event-related potential
(ERP) studies reporting alterations in various steps of the
ongoing attentional processes in children with ADHD, in-
cluding smaller frontal selection positivity during visual at-
tentional tasks (Jonkman et al., 2004), atypical P1 features
evoked by visual stimuli (Brandeis et al., 2002; Kemner
et al., 1996; Perchet et al., 2001; Smith et al., 2004; Steger
et al., 2000), alteration of P2/N2 (Banaschewski et al., 2003;
Brown et al., 2005; Callaway et al., 1983; Robaey et al., 1992;
Satterfield et al., 1994; Senderecka et al., 2012; van Mourik
et al., 2007) and reduced P3 (Barry et al., 2006; Brown
et al., 2005; Chronaki et al., 2017; Janssen et al., 2016;
Lépez et al., 2006; Yorbik et al., 2008) in response to tar-
get and non-target stimuli of the oddball task, and attenuated
P3 in response to cues from a continuous performance task
(Banaschewski et al., 2003; Brandeis et al., 2002; DeFrance
et al., 1996; Doehnert et al., 2010; Klorman et al., 1979;
Michael et al., 1981; Overtoom et al., 1998; Spronk
et al., 2008; Strandburg et al., 1996). These data have gen-
erally been interpreted as an early visual filtering deficit, in-
appropriate attention orienting, impaired stimuli processing,
deficient working memory, or deficient resource allocation
(Barry et al., 2003; Johnstone et al., 2013).

Event-related studies in the frequency domain have also
shown various alterations related to the attentional process
in children with ADHD. Namely, delta oscillation was de-
creased in auditory oddball tasks and visual continuous tasks
(Alexander et al., 2008). In others, auditory selective atten-
tion task, larger theta (Yordanova et al., 2006) and reduced

mu (Yordanova et al., 2013) evoked by irrelevant (non-tar-
gets, non-attended) stimuli were reported. The alpha oscilla-
tion presented an attenuated event-related desynchronization
(ERD) during the encoding phase (Lenartowicz et al., 2014)
and an increased occipital power spectrum during the mainte-
nance phase of a spatial working memory task performed by
ADHD children (Lenartowicz et al., 2019). In these patients,
an increased parieto-occipital gamma band evoked during
the encoding phase of a recognition test (Lenz et al., 2008)
that did not correlate with performance (Lenz et al., 2008) or
differentiate between the known and unknown items (Lenz
et al., 2010) was reported. These data suggest an impaired
early automatic stimulus classification in ADHD (Lenz
et al., 2010) which may involve the cue visual processing into
a dysfunctional interaction of the arousal system, including
task-irrelevant motor activation (Yordanova et al., 2013) and
an impaired memory encoding (Lenartowicz et al., 2014) on
a multi-scale large network level (Kim et al., 2015).

In light of these previous studies, we hypothesize that
the neural generators progressively recruited after the cue
are different between children with ADHD and TDC. More
specifically, we previously assumed that cortical areas re-
lated to executive processing were more strongly recruited
during the cue-evoked processing in ADHD children
than TDC. To our knowledge, few studies have previously
evaluated the event-related EEG sources in children with
ADHD (Bluschke, Gohil et al., 2018; Bluschke, Schuster
et al., 2018; Burwell et al., 2019; Chmielewski et al., 2018,
2019; Doehnert et al., 2010; Janssen et al., 2016; Khoshnoud
et al., 2018; Leroy et al., 2018), and none of them have spe-
cifically focused on the time decomposition during early vi-
sual cue processing. Based on our previous work showing
the alteration of the P100-N200 components and beta/gamma
oscillations (Baijot et al., 2017), we conducted a new explor-
atory study in order to investigate the source localization of
the ERP and the event-related spectral perturbation (ERSP)
over time in ADHD.

2 | MATERIALS AND METHODS

2.1 | Participants

Based on the previous data with this task (Baijot
et al., 2017), we had estimated that the minimal number
of subject to include in the study in order to reach a power
equal to 0.80 for a corrected-alpha 0.05 was to 12 in each
group (from Baijot et al., 2017, P100-N200 mean ampli-
tude was —5.63 £+ 6.11 pV in ADHD, 4.68 + 4.01 uV in
TDC). Thirty-one children aged 8 to 14 years were in-
cluded in the study: 15 ADHD (12 boys, 11.8 + 1.8 years)
and 16 TDC (10 boys, 11.0 + 2.3 years) matched for gen-
der and age (Table 1). All of the children were recruited by



LARRATA EJN oo FENS — BRVYY LEYJ—3
TABLE 1 T mparison for ,
estimated 1Q, pacr;eitl—rr)act(;d ij)H?) R(;tizrllgge Group N Mean sD SE SD ! i
Scale, and Go/Nogo errors per block and SAMPLE data
reaction time to GO Age ADHD 15 11.8 1.781 0.46 0.995 29 .328
TDC 16 11.063 2.294 0.574
QI Tot. ADHD 15 102.92 7.149 1.846  —-0.807 29 426
TDC 16 105.66 11.179 2.795
ADHD Rating Scale
IA score ADHD 15 7.4 1.121 0.289  9.357 29 <.001
TDC 16 2.125 1.893 0.473
1A %ile ADHD 15 96.933 1.87 0.483 4.894 29 <.001
TDC 16 59 29.933 7.483
HI score ADHD 15 5.6 2.72 0.702  5.68 29 <.001
TDC 16 1.125 1.544 0.386
HI %ile ADHD 15 89.733 18.763 4.845  5.006 29 <.001
TDC 16 45 29.439 7.36
BEHAVIORAL scores
OM. ADHD 15 2.246 1.979 0511  1.269 29 215
TDC 16 1.543 0.969 0.242
COM. ADHD 15 5.201 5.383 1.39 2.206 29 .035
TDC 16 1.826 2.825 0.706
RT (ms) ADHD 15 574.24 123.9 30.97 2.061 29 .048
TDC 16 494.02 88.506  22.85
CV ADHD 15 0.075 0.042 0.006  1.251 29 221
TDC 16 0.059 0.026 0.011

Abbreviations: IA, inattentive, HI, hyperactive/impulsive; OM, omissions are incorrect Go, OM, commissions
are incorrect Nogo; RT, reaction time; CV, coefficient of variation.

paper announcement or common contact through Hopital
Universitaire des Enfants Reine Fabiola, Human Waves
Clinic, association TDA/H Belgique, and specialized school
A. Herlin in Brussels, Belgium. Children with ADHD were
regularly followed by pediatric neurologists and neuropsy-
chologists. They had been diagnosed according to the
Diagnostic and Statistical Manual of Mental Disorders
(DSM-V) criteria using the caretaker and child semi-struc-
tured interview with help from the Schedule for Affective
Disorders and Schizophrenia for School-Age Children
(Kaufman et al., 1997) and the Wechsler Intelligence Scale
for Children (WISC-IV; Wechsler, 2005). The inclusion
criteria for TDC were no previous diagnosis of ADHD and
failure to meet DSM-V criteria for ADHD. The children's
caretakers were asked to complete questionnaires on de-
mographics and past and present medical information in
order to exclude participants presenting with particular
medico-psychological antecedents, such as traumatic brain
injury or any other neurological psychiatric disease. They
also completed in both groups the ADHD Rating Scale
(DuPaul et al., 1998) in order to assess inattention and

hyperactivity/impulsivity symptoms and confirm ADHD
subtype (Table 1). Criteria for exclusion for both groups
were mental retardation (IQ < 80), seizure disorder, neu-
rological or psychiatric comorbidity, and sensory deficits
or pharmacological treatment (other than methylpheni-
date) that could interfere with behavioral performances or
electrophysiological results. All participants were French
native speakers and right-handed. They lived in Brussels
and were regularly schooled. Eight children (4 ADHD, 4
TDC) came from the same siblings, and nine other chil-
dren (4 ADHD, 5 TDC) went to the same school. Among
children with ADHD, 5 were predominantly inattentive, 10
were of combined subtype, and none were predominantly
hyperactive/impulsive. No TDC reached the threshold cor-
responding to inattentive or hyperactive/impulsive subtype
classification. Children regularly treated by methylphe-
nidate (n = 6) stopped their medication 48 hr before the
experiments. Informed consent was obtained from all par-
ticipants and their parents. The experimental design was
approved by the Ethics Committee of Center Hospitalier
Unuversitaire Brugmann and Hopital Universitaire des
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Enfants Reine Fabiola (Brussels, Belgium), in agreement
with CONSORT directives and the Helsinki declaration
(World Medical Association, 2013).

2.2 | Setup

Subjects were asked to perform a visually Cue-Go/Nogo task
(Baijot et al., 2016). They were comfortably seated in front
of a 17-inch computer screen at a distance of 120 cm. The
Cue, Go and Nogo stimuli were colored in black and dis-
played on a white background. Figure 1 illustrates the task
sequence. In each trial, a visual target stimulus (50% Go [X]
or 50% Nogo [+]) was delivered after the warning stimulus
(Cue [H))- A random period ranging from 1 to 2 s separated
the warning and the target. Each stimulus was presented for
150 ms. Participants were asked to press a button as quickly
as possible after the Go stimulus and to retain/inhibit pushing
after the Nogo stimulus. Trials were separated by an interval
of 2.5 s (Figure 1). The task was divided into five blocks
including 60 trials each, with 300 cue stimuli presented to
each participant. Regarding behavioral measures, depend-
ent variables were omissions (no responses to Go), commis-
sions (button press to NoGO), reaction time (RT), and the RT
variability (Table 1). The RT variability was calculated with
the coefficient of variation (CV) of intra-individual reaction
times, a normalized measure of dispersion, defined as the
ratio of the standard deviation (o) to the mean (u): CV = o/u.
Before and after the task, a resting-state recording (2 min
eyes opened and 2 min eyes closed) was performed. Brain
activity was recorded by an ASA EEG/ERP system (ANT
software, the Netherlands) with 128 Ag/AgCI sintered ring
electrodes embedded in an active-shield cap (10-20 system)
and shielded co-axial cables. Eye movements were moni-
tored using horizontal and vertical electrooculograms. All
electrodes were referred to as the left ear lobe. Impedances
were kept below 10 k€2 and checked before each recording.
Signals were recorded with a sampling rate of 2048 Hz and a
resolution of 16 bits.

CUE

—200 600 [ms]

'y
I

-0.5 1[s]

€ € € ¢ ¢ € ¢ < ¢ < < < < < < <

2.5[s]

B 0~1[s] X GO —-—

2.3 | Processing

Off-line data were treated in EEGLAB software (Brunner
et al, 2013; Delorme & Makeig, 2004) and in-house
MATLAB-based tools (Cheron et al., 2014). Data were fil-
tered using high-pass (0.1 Hz) and low-pass (47.5 Hz) filters.
Defective electrodes (max. 6%) were interpolated. Artifactual
portions of data were removed by careful visual inspection
before independent component analysis (ICA) of continuous
data. Ocular (blinks and saccades) and any other remain-
ing artifacts (i.e., muscular or cardiac) were isolated and re-
jected by ICA based on topographic features available on the
EEGLAB manual. Data epochs were extracted from —0.5 to
1 s centered on Cue onset. Epochs were rejected according
to a +£100 pV threshold criterion, and automatic epoch rejec-
tion of abnormal spectra (0.1-2 Hz, 50 dB, and 2045 Hz,
5-100 dB). After data treatment, the number of epochs
was 234.55 + 49.87 (78% of total) for ADHD subjects and
260.00 + 53.98 (86% of total) for TDC. An EEGLAB study
design was used to calculate the average data for all subjects.

2.4 | Analysis

First, ERPs were analyzed in both groups according to our
previous work (Baijot et al., 2017), between —200 and 600 ms
with respect to cue stimulus in every single electrode on the
full scalp array. Event-related spectral perturbations (ERSPs,
Delorme & Makeig, 2004) were analyzed within the same
time window and according to the classical band decomposi-
tion from 4 to 45 Hz: theta (4-6 Hz), alpha (6—15 Hz), beta
(15-30 Hz), and gamma (30-45 Hz). The ERP/ERSP scalp
map and first source localization were obtained using time in-
terval and frequency ranges for which significant differences
in ERP and ERSP were observed between the ADHD and
TDC groups: N200/P200 component from 180 to 230 ms,
beta event-related synchronization (ERS) between 17 and
23 Hz and from 80 to 220 ms (subdivided into two-time seg-
ments: 80-180 ms and 180-220 ms). In a second phase, we

(% BUTTON

PRESS

FIGURE 1 Cued Go/Nogo paradigm
was adapted from Baijot et al. (2016). The
task was divided into five blocks of 60
trials each, with 300 cue stimuli presented
to each subject. Data epochs were extracted
from —0.5 to 1 s centered on cue onset. The
analysis focused on the —200 to 600 ms
interval
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extended the source reconstruction of ERP from 50 ms to
500 ms. As the interval used to compute N2/P2 source was
50 ms, we performed source analysis in periods of 50 ms
around the following selected latencies: 50, 100, 130, 200,
250, 300, 350, 400, 450, and 500 ms in order to explore suc-
cessive source activation throughout time. This analysis was
performed in agreement with the demonstration made by
Abeles (Abeles, 2014; Tal & Abeles, 2016) that transients
local field potentials related to brief peaks in multiunit ac-
tivity rates can be approached by the analysis of successive
52 ms slices of data. Such a procedure allows following dy-
namic variation along time related to interactions between
several cortical regions that may not be tightly time-locked
to any external cue (Abeles, 2014).

2.4.1 | Time and frequency analysis

For the time domain analysis, ERP was calculated by averag-
ing baseline-corrected epochs extracted from —0.5 to 1 s of
the cue onset. The baseline was defined by the time window
of 0.5 s before stimulus onset. Post-hoc power analyses were
performed with the G¥Power 3.1 software (Faul et al., 2009).
For time-frequency analysis, we calculated the baseline-nor-
malized spectrogram or ERSP using a fast Fourier transform.
ERSP measures variations in the power spectrum of ongoing
rhythms at specific periods of time and frequency ranges re-
lated to the specific aspect of information processing that is
time-locked to the stimulus (Pfurtscheller & Neuper, 1994).
In ERSP, ERD (event-related desynchronization) indicates a
power spectrum reduction, whereas ERS (event-related syn-
chronization) indicates a power spectrum increase. ERD/ERS
is interpreted as reflecting brain reactivity. For this calcula-
tion, EEGLAB computes the power spectrum over a sliding
latency window and then averages across trials. Each epoch
contains samples from —0.5 s before and 1 s after the stimu-
lus. Following the gain model (Delorme & Makeig, 2004),
for each frequency band at each frequency point, the power
spectrum is divided by the averaged spectral power in the pre-
stimulus baseline period (—0.5 to 0 s). ERSP was calculated
with 200 time points, using a window size of 512 samples at
200 linear spaced frequencies from 0.3 to 47.5 Hz. The ERSP
image provides a color code at each image pixel, indicating
the power reached (in dB) at a given frequency f and latency t
relative to the stimulation onset. Typically, for n trials, if F,(f,
1) is the spectral estimate of trial k at frequency f and time ¢,

ERSP (f, )= Z |Fc (. 1)
k=1

To compute Fj(f, ), EEGLAB uses the short-time
Fourier transform that provides a specified time and fre-
quency resolution.
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242 | Source analysis

For the source modeling, we performed standardized
weighted low-resolution electromagnetic tomography
(swLORETA), implemented into ASA Software (ANT
Neuro, the Netherlands) (Cebolla et al., 2011, 2017; Leroy
et al., 2017; Palmero-Soler et al., 2007). As a distributed
inverse solution approach, swLORETA can model spa-
tially distinct sources of neuronal activity from EEG sig-
nals without prior knowledge about the anatomical location
of the generators. Derived from the SLORETA method
(Pascual-Marqui, 2002; Pascual-Marqui et al., 2002; Wagner
et al., 2004), swLORETA permits accurate reconstruction
of surface and deep current sources, even in the presence of
noise and when two dipoles are simultaneously active. This
was realized by incorporating a singular value decomposition
based lead field weighting that compensated for the varying
sensitivity of the sensors to current sources at different depths
(Cebolla et al., 2011; Palmero-Soler et al., 2007). The swLO-
RETA solution was obtained using a 3D grid of 2030 points
(or voxels) that represented possible sources of the signal.
Based on the probabilistic brain tissue maps provided by the
Montreal Neurological Institute (MNI) (Collins et al., 1994),
the solution was restricted to the gray matter and cerebellum.
The 2030 grid points (5.00 mm grid spacing) and recording
array (128 electrodes) were indexed by the Collins 27 MRI
produced by the MNI (Evans et al., 1993). The Boundary
Element Model (BEM) was used to solve the forward
problem (Geselowitz, 1967). The final coordinates (x, y, z,
Talairach coordinates) were obtained using ASA software
and identified as Brodmann areas based on the Talairach atlas
(Lancaster et al., 2000).

For the time source analysis of average activity, we first
characterized the ERP generators at the previously defined
time latency separately for the ADHD and the TDC groups.
The current density of every voxel of every participant was
divided by the mean current density value of all voxels of the
same participant. This gave us a normalized inverse solution
in which a voxel value greater than 1 indicates greater ac-
tivity than the mean. We then calculated the grand average
of such normalized inverse solution at a latency of interest
for each of the ADHD and TDC groups. To compare group,
we created a different image by subtracting the modulus of
the swLORETA solution of the ADHD group at the latency
of interest to the modulus of the swLORETA solution at the
same latency of the TDC group.

Concerning the time-frequency source modeling, the
ERSP in brain space over n trials was calculated as pro-
posed by Lin et al. (Lin et al., 2004) as described in detail in
Cebolla et al. (Cebolla et al., 2011, 2017): we calculated the
brain areas that exhibit ERSP around the previously defined
frequency bands of interest. To this end, the analytic signal
at the target center frequency was computed for each EEG
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sensor channel for the nth trial of the experiment. After that,
the swLORETA was applied to the analytic signals for each
individual trial. The ERSP in brain space over the n trials
were then calculated as (Lin et al., 2004):

ERSP (w, )= L+ Z diag (H, w, D H' (w, 1)),
n
n=1

where ERSP(w, f) represents the power spectrum of the
swLORETA estimates, n represents the number of trials, di-
ag(M) is a vector formed by the diagonal elements of the ma-
trix M, H,(w, t) is a row vector containing the analytic signal
from the Hilbert transform at time ¢ and frequency w of the
swLORETA estimates.

2.5 | Statistics

Differences in ERP and ERSP between groups were deter-
mined by the non-parametric permutation test (n = 800) and
false discovery rate correction provided by the EEGLAB
software (Delorme & Makeig, 2004). Considering the
number of time points, time-frequency points, and elec-
trodes for ERP, ERSP, and scalp map, respectively, false
discovery rate correction was recommended in order to
control Type I errors related to the high number of multi-
ple comparisons (Benjamini & Hochberg, 1995; Lindquist
& Mejia, 2015). For source analysis, the statistical differ-
ences between conditions were determined by the non-par-
ametric permutation method as proposed by Nichols et al.
(Nichols & Holmes, 2002) which uses the data itself to
generate the probability distribution for testing against the
null hypothesis and controls for the false positives that may
result from performing multiple hypothesis tests (Nichols
& Holmes, 2002). In order to perform the permutation, we
use the 7 test as the value of merit. We compute T-image
(T-value per voxel) by performing a one-sample ¢ test
(one-tailed) for each voxel of the source space. The null
hypothesis is that the distribution of the voxel values of
the subjects' difference images has bigger mean in ADHD
than TDC (and inversely TDC > ADHD). However, in-
stead of assuming a normal distribution to assess the sta-
tistical significance of the T score at each voxel, we used
the permutation method to create an empirical distribution
as explained in detail by Cebolla et al. (2011). The 95th
percentile of the permutation distribution was used for the
maximal statistics which defines the 0.05 level of the cor-
rected significance threshold. In other words, we can re-
ject the null hypothesis for any voxel of the un-permuted T
image with 7-values greater than the 95th percentile of the
permutation distribution of the maximal statistics (Holmes
et al., 1996).

3 | RESULTS

GO-NoGO scores are summarized in Table 1. The overall
means errors during the task were 13,1% (SD: £12,2%) in
ADHD and 5,8% (SD: +6.2%) in TDC. ADHD group showed
more commission to NoGO [F(1,29) = 4.87, p = .035] than
TDC. No significant difference between groups was found
in omission to GO [F(1,29), p = .215]. Time reaction was
significantly higher in ADHD than TDC [F(1,29) = 4.25,
p = .048] (Figure 2). While ADHD were more variable in
their response to GO, we found no significant difference in
the reaction time variability between group [F(1,29) = 1.610,
p=.221].

Analysis of ERP evoked by the Cue stimulus at each
single channel highlighted group differences obtained
in the time domain analysis between —200 and 600 ms.
Descriptively, we observed three major occipito-parietal
components, namely P100, N200, and P300. Over the cen-
tro-frontal region, ERP showed four components: N100,
P200, N300, and P400. Figure 2 provided a selection of
the ERP waveform superimposition of both groups. The
ERP traces exhibited a significantly lower voltage over
the centro-frontal regions in ADHD compared to TDC
(ADHD: -0.024 + 1.221 uV, TDC: 2.839 + 1.217 uV)
from 188 + 11.07 ms to 226 + 11.20 ms. As illustrated in
Figure 3, this difference was characterized by lower P200
amplitude over the frontal region and higher N200 ampli-
tude over the central region (Figure 3a) and was right-lat-
eralized (Figure 3b; corrected p < .05, post hoc mean
power = 0.77 + 0.13). Source analysis in both groups re-
vealed that the ERP topography at 200 ms was generated
by different generators in each group (Figure 3c). Though
the ERP scalp topography of TDC seemed to be explained
by the contribution of the bilateral associative visual cortex
(BA19: x =29.2/-17.1, y = —68.7/-80.3, z = 42.6/32.0),
the ERP scalp of ADHD patients was characterized by the
contribution of the right Broca's pars opercularis (BA44:
54.6, 15.1, 14.5) and fusiform gyrus (BA37: 53.8, —48.0,
—14.2). Comparative (ADHD > TDC) analysis of genera-
tors highlighted that the left dorsolateral prefrontal cortex
(BA46: —42.3,32.6, 7.7), premotor cortex (BA6: 6.0, 31.2,
34.3), visuo-motor coordination area (BA7: —9.7, —52.6,
68.6), anterior prefrontal cortex (BA10: —13.8, 53.2, 18.4),
angular gyrus (BA39: —38.7, —69.1, 16.9), and right supe-
rior temporal gyrus (BA22: 46.6, —34.9, 1.3) contributed
significantly more to the N200/P200 components in ADHD
than in TDC (Figure 3c, left column). The TDC > ADHD
contrast did not reveal any significant difference.

ERSP revealed significant differences in the beta band
(15-25 Hz) between 80 and 250 ms, with a greater beta
power spectrum in ADHD than TDC (Figure 4a; F4:
p = .006, CP4: p = .003). We also noted a significantly
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(a) ERP calculated in the CP4and FC4 electrodes in response to cue stimuli in ADHD and TDC. CP4 mean amplitude on time

interval was —2.063 + 4.70 pV in ADHD and 0.943 + 3.10 uV in TDC (p = .042). FC4 mean amplitude on time interval was —0.56 + 3.18 uV
in ADHD and TDC = 2.54 +4.22 uV (p = .024). N200/P200 time points significance is marked by the gray bar and asterisks (p < .05, corrected
permutation test). (b) ERP scalp map around 200 ms (50ms interval) in ADHD and TDC. Significant electrodes are marked by a red dot in the third

map (corrected permutation test). (c) Source reconstruction at 200 ms (50ms interval) in ADHD and TDC and in contrast ADHD > TDC in the

third column. Colors indicate significant areas (corrected permutation test). Note that the TDC > ADHD contrast did not have significant results

and is not reported here

lower high-beta/low-gamma (30-35 Hz) power at 400 to
600 ms in ADHD patients compared to TDC (Figure 4a;
CP4: p = .013, F4: p = .014). Scalp maps of beta ERS
indicated that this difference was marked over the right
centro-frontal regions (Figure 4b). Beta power spectrum
source analysis (Figure 4c) revealed that the right inferior
temporal gyrus (BA20; 45.1, —23.3, —17.7) and fusiform
gyrus (BA37; 46.0, —52.1, —16.0), as well as the left asso-
ciative visual cortex (BA19; —30.4, —77.9, 7.1) were more
involved at 130 ms in ADHD than TDC. At approximately
200 ms, these prominent areas in ADHD extended to the
angular gyrus (BA39; —47.3, —49.7, 16.9) and the somato-
sensory association cortex (BAS; —0.5, —31.8, 50.5). In
contrast, TDC exhibited a greater contribution of the supra-
marginal gyrus (BA40; 38.0, —37.4; 30.0) at 130 ms, and
the frontal eye fields (BAS; 18.8, 33.5, 44.3) and dorsolat-
eral prefrontal cortex (BA9; 16.0, 53.1, 19.1) at 200 ms.
Source reconstruction sweeping from 50 ms to 500 ms
of the ERP (Figure 5) revealed different generators in chil-
dren with ADHD compared to TDC (ADHD > TDC) along
periods. After stimulus onset (50 to 100 ms), swLORETA
results indicated a higher contribution of the fusiform gyrus
(BA37: 28.1, —43.6, —7.3), and greater activation of the left
ventral anterior cingulate cortex (BA24: —0.4/16.7, 14/3.3,
20/29) and left premotor cortex (BA6: —0.8, —20.8, 54.3) in
ADHD than TDC. At 130 ms, the somatosensory association
cortex (BA5: —19.1, —42.8, 69.5) and visuo-motor coordi-
nation area (BA7; 10.3 —-61.1, 50.6) increased in ADHD (>
TDC). At approximatively 200 and 250 ms following stimu-
lus onset, the left premotor cortex (BA6: —0.8, —20.8, 54.3),
dorsal prefrontal cortex of the left side (BA46: —42.3, 32.6,
7.7), anterior prefrontal cortex (BA10; —13.8, 53.2, 18.4) and
the angular gyrus of the left side (BA39: —56.1, —58.7, 9.9)
contributed more in the ADHD group than TDC. Around
300 and 350 ms, the medial temporal gyrus (BA21: 53.7 7.9
—17.2) and the orbitofrontal area (BA11: 0.7, 36.6, —14.5)
of the right side contributed more in the ADHD group with
respect to TDC. We also found increased the activation of
the associative visual cortex (BA19: 31.1, —57.2, 4.4) and
the dorsal anterior cingulate cortex (BA32: 14.9, 30.4, 26.0)
at about 350 ms in ADHD. Then, greater involvement of the
right dorsolateral prefrontal cortex (BA9: 7.0, 31.2, 34.3)
emerged until 450 ms. Finally, activation appeared bilaterally
in insula (BA13: —32.0, 23.9, 8.7) at 450 ms, and in the right

cerebellar hemisphere (34.5, —31.0, —31.8) at 500 ms. This
later cerebellar activity was accompanied by contributions of
the left supramarginal gyrus (BA40: —50.3, —50.2, 17.8) and
primary visual cortex (BA17: —8.8, —94.2, —4.7).

Statistical reconstruction of the TDC > ADHD contrast
did not reveal any difference from the 50 to the 250 ms pe-
riods, excepted at 130 ms where the secondary visual cortex
(BA18: —8.4, —75.1, —2.4) was activated in TDC > ADHD.
At 300 ms, the left motor cortex (BA4: —40.4, —15.0, 38.1)
and dorsal cingulate cortex (BA31; —1.3, —39.4, 36.4), and
then at 350 ms the left primary somatosensory cortex (BA2:
—41.2, —20.3, 28.6) and insula (BA13: —30.5, —12.5, 21.2)
were more involved in TDC than in the ADHD group. Finally,
at 400 and 450 periods, the ventral and dorsal posterior cin-
gulate cortex (BA23: —0.7, —28.3, 19.3; BA31: —4.4, —-70.0,
25.6), as well as the visuo-motor coordination area (BA7:
—4.6, —60.6, 41.7), associative visual cortex (BA19: 37.4,
—83.8, 7.2; BA18: —7.7, —93.3, 13.7) and bilateral supra
marginal gyrus (BA40: 65.0/-50.9, —24.9/-30.8, 18.3/26.7)
contributed more in TDC than in the ADHD group.

4 | DISCUSSION

In this study, we explored activity sources involved in the
visual cue processing of the Go/Nogo paradigm, which repre-
sents the warning stimuli encouraging the participant to focus
their attention on the task. In accordance with our hypothesis,
we demonstrated that the areas contributing to ERP in ADHD
and TDC differ from early steps of visuo-attentional process-
ing revealing altered time sequence processing in the ADHD
group. First, our ERP analysis indicated that N200/P200
components evoked by the neutral cue were significantly
modified in the absence of any type of final intention (to
go or not to go). We observed 54.5% higher parieto-central
N200 amplitude and 37.4% lower centro-frontal P200 ampli-
tude in ADHD compared to TDC. Second, we demonstrated
that ERP modification at 200 ms over the right centro-frontal
regions is accompanied by significant changes in the under-
lying generators situated in the left premotor cortex (BA46,
BA44) and the supplementary motor area (BA6) in children
with ADHD. Third, the overtime source identification high-
lighted a stronger activity of the ventral anterior cingulate
cortex (BA24) and fusiform gyrus (BA37) at 50-100 ms,
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FIGURE 4
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(a) ERSP recorded in the CP4 and FC4 electrodes in response to cue stimuli in ADHD and TDC. Time-frequency significance

between groups is highlighted in the third panel (corrected permutation test). (b) 20 Hz scalp map around 130 ms and 200 ms (50 ms interval)

in ADHD and TDC. Significant electrodes are marked by a red dot in the third map (corrected permutation test). (¢) Source reconstruction of
20 Hz around 130 ms and 200 ms (50 ms interval) in ADHD > TDC and TDC > ADHD contrasts, respectively. Colors indicate significant areas

(corrected permutation test)

prolonged by the activation of sensory-motor areas (BAS,
BA6, BA7) and the dorsolateral prefrontal cortex (BA9,
BA46) in ADHD compared to TDC.

Following the recommendation of Albares et al., (2015),
the present methodology combined the use of data processing
giving a view on time and time-frequency domains as well as
the source of electrophysiological activity. The source analysis
using successive 50 ms data slices has previously been intro-
duced in MEG studies (Abeles, 2014; Tal & Abeles, 2016) al-
lowing the identification of the signal dynamics reflecting the
short transient local field potentials in the underlying genera-
tors. With such procedure, Tal & Abeles (Tal & Abeles, 2016)
showed that brief sharp waves of ~20 ms differently distributed
over the cortex depending on the different mental tasks can be

BA10

observed in MEG signals. Few studies (Burwell et al., 2019;
Chmielewski et al., 2018, 2019; Doehnert et al., 2010; Janssen
et al., 2016; Khoshnoud et al., 2018) have previously evaluated
the event-related EEG sources in children with ADHD, but
none of them have specifically focused on the time decomposi-
tion during early visual processing. Doehnert et al. (2010) and
Janssen et al., (2016) focused on the source localization of the
P3 alteration related to target stimuli during CPT and the oddball
task, respectively, in ADHD compared to TDC. Chmielewski
et al. (2018, 2019) investigated source localization related to
the modulation of inhibition processes in the Go/Nogo task.
Khoshnoud et al. (Khoshnoud et al., 2018) investigated ERP
and ERSP independent component clusters during the encoding
and reproduction phases of the time reproduction task. Burwell
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Time reconstruction of ERP sources involved from 50 to 500 ms with respect to cue stimuli. Scalp topography show a repartition

of potential in time periods of 50 ms around the mentioned latency in ADHD and TDC group separately. Sources were reconstructed in the same

time periods and showed ADHD > TDC and TDC > ADHD sources on top and bottom panel, respectively. Colors indicate significant areas

(corrected permutation test)
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et al. (Burwell et al., 2019) highlighted brain-independent com-
ponent processes during the error stimuli-response interval of
flanker task performance in ADHD.

The present ERP alterations at 150-250 ms corroborated
previous studies on attention processing in ADHD (Baijot
et al., 2017; Banaschewski et al., 2003; Brown et al., 2005;
Buchsbaum & Wender, 1973; Callaway et al., 1983; DeFrance
et al., 1996; Lawrence et al., 2005; Lenartowicz et al., 2014;
van Mourik et al., 2007; Robaey et al., 1992; Satterfield
et al., 1994; Senderecka et al., 2012; Steger et al., 2000).
While N200 was long considered as a correlate of inhibition
processes, evidence showed that N200 was evoked by a wide
variety of paradigm demonstrating that it was also driven
by the engagement of high attentional or working memory
resources (Albares et al., 2015). In case of ADHD studies,
though auditory stimuli evoked generally higher frontal P2
in ADHD than TDC (van Mourik et al., 2007; Satterfield
et al., 1994; Senderecka et al., 2012), various visual tasks
have been reported to elicit smaller P2 components in the
patient group. Specifically, children with ADHD exhibited
smaller frontal selection positivity at approximately 200 ms
after the stimulus in selective visual tasks compared to control
(Jonkman et al., 1997, 2004; van der Stelt et al., 2001), with
no differences in later executive or control processes. This
was interpreted as an early filtering deficit and explained by
posterior-medial dipole alterations (Jonkman et al., 2004).
Reduced P2 amplitude in response to a visual non-target
stimulus of the oddball task was reported in ADHD chil-
dren compared to control (Brown et al., 2005), which was
interpreted as a general deficit in stimulus registration, fa-
cilitation, and processing. More recently, Lenartowicz et al.
(Lenartowicz et al., 2014) demonstrated smaller frontal P2
in alerting stimuli preceding the onset of the encoding phase
of the working memory task in ADHD compared to TDC,
which was related to higher vigilance in the latter group.

Here, the specific contribution of the left premotor cortex
(BA46, BA44) and supplementary motor area (SMA, BA6)
at about 200 ms suggests an early contribution of the motor
network in ADHD, whereas a visual area (BA19) explained
the analogous potential topography around 200 ms in TDC
that is generally implicated in “what-decision” processing
(Adelhofer et al., 2019). We hypothesized that this motor
activation could be related to ADHD impulsivity (Fenollar-
Cortés et al., 2017), which could explain the task-irrelevant
motor activation (mu rhythm suppression) induced by at-
tended non-target features of stimuli in selective attentional
tasks (Yordanova et al., 2013) and corroborate the differential
independent mid-frontal sources previously reported between
ADHD and TDC at 200-400 ms in a time reproduction task
(Khoshnoud et al., 2018). This is yet to be tested, as one of
the limitations for the generalization of this study is the ab-
sence of the hyperactive ADHD subtype and limited total
number of participants.

At the same time, we revealed a significant increase in
the centro-frontal beta ERS associated at 130 ms by greater
activation of the associative visual cortex (BA19), temporal
gyrus (BA20), and fusiform gyrus (B37), and then at 200 ms
by greater activation of the associative somatosensory area
(BAS5) and Wernicke area (BA39) in ADHD compared
to TDC. Beta oscillations were generally associated with
GABAergic activity and sensorimotor processing (Jensen
et al., 2005), but studies demonstrated that beta oscillations
were also implicated in cue anticipation and processing
and seems reflecting large-scale communication between
sensorimotor and other areas (Kilavik et al., 2013). It has
been suggested that the increase of beta-band activity could
mark deterioration of flexible behavioral and cognitive
control (Engel & Fries, 2010). More recently, alpha-beta
decrements have been reported as a rhythmic signature of
the encoding of working memory in healthy adolescents
(Zammit et al., 2018). Taken together, these observations
provided converging evidence to an impairment in early
cognitive control in ADHD consistent with a compensa-
tory mechanism that tries to alleviate the issues with early
attention-related processing, as previously observed during
working memory tasks (Lenartowicz et al., 2016). In con-
trast, contribution of the left supramarginal gyrus (BA40)
implicated in visual task selection (Donner et al., 2002), as
well as the dorsolateral prefrontal cortex (BA9) and supe-
rior and middle prefrontal regions (BAS8), suggesting high
cognitive evaluation of the cue in TDC. BAS8 was recently
reported to contribute to the prefrontal P2 component and
recognized as a reflection of pre-decision processing in the
Go/Nogo task (Adelhofer et al., 2019), which are effec-
tively present in TDC and absent in ADHD patients. This
should indicate that this area is already active at the time of
the cue only in TDC.

In the same line of evidence, the stronger activity of the
fusiform gyrus (BA37) and ventral anterior cingulate cortex
(BA24) at 50-100 ms are in accordance with studies showing
that BA37 is involved in visual recognition and BA24 in at-
tention allocation and reward anticipation (Bush et al., 2002;
Pardo et al., 1990), and both areas are known to be differ-
entially organized in ADHD (Hoogman et al., 2019; Saad
et al., 2017). We also noted a significantly higher contribu-
tion of the Wernicke area (BA39) and middle temporal gyrus
(BA21) at 200 and 300 ms in children with ADHD com-
pared to TDC. Both of these areas are implicated in the se-
mantic deficit reported in ADHD (Krauel et al., 2009; Mohl
et al., 2015; Segal et al., 2015), and their relevant activities
here argue in favor of the "short-circuiting”" model of ADHD
syndrome (Fontenelle & Mendlowicz, 2008). Moreover, mid-
dle temporal gyrus (BA21) and the orbitofrontal area (BA11,
also active at this latency) have been reported to present
lower connectivity in ADHD than controls in the adolescent
population (Cabrejo et al., 2019). In addition, an ERP source
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study indicated that BA10, BA11, and BA39 are implicated
in P3b deficit during an oddball task in ADHD (Janssen
et al., 2016). Finally, the late activity of the right lateral cer-
ebellum and left supramarginal gyrus (BA40) implicated in
visual task selection (Donner et al., 2002) is in agreement
with the right-hand laterality of all of the participants, and
corroborated previous studies demonstrating that the cer-
ebellum was recruited differently in ADHD (Bruchhage
et al., 2018; Kucyi et al., 2015; Stoodley, 2016). In contrast,
TDC did not show specific activity compared to ADHD chil-
dren until 300 ms. However, TDC showed higher activity of
the posterior cingulate cortex (PCC; BA23, BA31) from 300
to 450 ms. These areas are known to be a central node of the
default mode network and dorsal attention network (which
include insula (Fox et al., 2005) and cerebellum as well
(Brissenden et al., 2016)). These both networks are highly re-
lated to attention, but show anti-correlated activity. Relative
to them, the PCC is hypothesized to play a regulatory role
in the balance between internal and external attention, and
in arousal (Leech & Sharp, 2014). Studies showed structure
and function abnormalities of PCC in ADHD (Castellanos &
Proal, 2012; Nakao et al., 2011). In our attentional-demand-
ing context, contributions of PCC, insular, and cerebellum
suggested that the dorsal attention network activity began at
about 300-350 ms in TDC, and was delayed at about 450 ms
in ADHD. Taken together, the overtime analysis of gener-
ators seems to suggest an overinvestment of executive net-
works that interfere with the activity of the dorsal attention
network in children with ADHD.

Based on the biological variability encountered in ADHD
(gene X environment interactions) the degree to which the
present results can be generalized (external validity) (Voelkl
et al., 2020) was limited because of the relative small cohorts
and complicated by the age range (8 to 15 years old) which
encompass the critical transition between childhood and ad-
olescence. Notably, homotypic continuity has been found
in childhood depression throughout adolescence (Gaffrey
et al., 2018). Stable trajectories of ADHD during this critical
period have also been described by O’Neill et al. (O’Neill
et al., 2017). In addition, age-related effects primarily impact
the strength of the connection instead of their organization
(Faghiri et al., 2018), and neural networks involved in senso-
rimotor and visual processing remain stable from 9 to 25 years
of age (Brookes et al., 2018). Although this later MEG study
demonstrated an increase in functional connectivity and dy-
namic stability for alpha and beta oscillations between 9 and
25 years of age, these values are not significantly changed
between 9 and 15 years old (Brookes et al., 2018). Another
important, and possibly more determinant, factor that should
be addressed in detail is the socioeconomic and parental in-
fluence during the childhood-adolescence transition (O’Neill
et al., 2017). Notably, the fact that some subjects were from
sibling pairs could represent a confound factor of our study
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(Greven et al., 2015). Similarly, although that medication was
stopped 48 hr before experiment, regularly methylphenidate
treatment of six children with ADHD may interfere in regards
to our source localization analysis. The normalization effect
of long-term medication on brain structure was a debate in
the literature (Hoogman et al., 2017; Nakao et al., 2011).
Methylphenidate seems normalize the functional connectiv-
ity in ADHD (Rubia et al., 2009). The longitudinal study in
rodents confirmed the link between long-term stimulant treat-
ment and striatal hypertrophy (Biezonski et al., 2016), which
is recognized as reduced in ADHD (Hoogman et al., 2017).
Given the preliminary nature of this study and the heteroge-
neity of ADHD, its generalization to all ADHD children must
be treated with caution. Although, the different types and
levels of cognitive dysfunction reported in ADHD (Coghill
et al., 2014; Coghill, Seth, Pedroso, et al., 2014) and the pres-
ent inclusion of 5 inattentive and 10 combined ADHD chil-
dren, the behavioral score remained homogeneous and not
statistically worse than those reported in TDC participants.
This limits the possibility that the results may be driven by
a subset of participants with one type of ADHD or by a side
effect of drowsiness due to medication withdrawal.
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