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Abstract: Among neurodevelopmental disorders, attention deficit hyperactivity disorder (ADHD) is
the main cause of school failure in children. Notably, visuospatial dysfunction has also been empha-
sized as a leading cause of low cognitive performance in children with ADHD. Consequently, the
present study aimed to identify ADHD-related changes in electroencephalography (EEG) characteris-
tics, associated with visual object processing in school-aged children. We performed Multichannel
EEG recordings in 16-year-old children undergoing Navon’s visual object processing paradigm. We
mapped global coherence during the processing of local and global visual stimuli that were consistent,
inconsistent, or neutral. We found that Children with ADHD showed significant differences in global
weighted coherence during the processing of local and global inconsistent visual stimuli and longer
response times in comparison to the control group. Delta and theta EEG bands highlighted important
features for classification in both groups. Thus, we advocate EEG coherence and low-frequency EEG
spectral power as prospective markers of visual processing deficit in ADHD. Our results have implica-
tions for the development of diagnostic interventions in ADHD and provide a deeper understanding
of the factors leading to low performance in school-aged children.

Keywords: ADHD; EEG; coherence; visual perception; school-aged children

1. Introduction
1.1. ADHD in School-Aged Children

Children in elementary school not only face academic, social, and emotional challenges,
but often also neurodevelopmental disorders, which lead to educational failure or abandon-
ment. Attention deficit hyperactivity disorder (ADHD) is one such neurodevelopmental
disorder [1] that has been extensively studied, and is also epidemiologically demonstrated
to be a risk factor that determines shorter duration of education, poor long-term school
outcomes, including high rates of school failure, and work disability in adulthood [2,3].
ADHD is considered a dysexecutive syndrome, where at least three psychophysiological
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mechanisms fail: (a) frontoparietal circuit, (b) frontostriatal circuit, and (c) frontotemporal
circuit [4]. Neural circuitry integrity and organization are responsible for the appropriate
functioning of the different cognitive functions that have a developmentally dynamic re-
lationship with each other. Some studies have demonstrated cognitive comorbidities in
children and adults with ADHD [5,6]. Children with ADHD show deficits in two neuropsy-
chological mechanisms: spatial organization and behavioral modulation. Both mechanisms
are fundamental for the acquisition of learning abilities [7].

The visuospatial functions arise from two neurofunctional brain systems, denominated
ventral, and dorsal streams, differentiated by what (ventral stream) or how/where (dorsal
stream) it is processed, but intricately related anatomically and functionally [8]. For that
matter, visuospatial functioning has been implicated as one of the main abilities affected in
children with ADHD [9]

It has been previously stated that visuospatial abilities exhibit different profiles among
clinical (neurodevelopmental) groups, including ADHD. Most studies focus on the dif-
ferences in visuospatial memory and the detrimental effect it can have on daily living,
education, and working [10–12]. Research studies, focusing on local and global visual
processing by means of Navon’s paradigm (hierarchical figures), have been directed to
understand cross-disorder similarities/differences and to compare performance between
children with and without ADHD [13–15].

However, some limitations of these studies are the age range of the population con-
sidered, which is not narrow enough to avoid developmental biases, and the fact that the
authors often analyze visual processing in absence of other physiological measurements
related to brain maturation/function. The interest in EEG maturation dates to the years
following the publication of Hans Berger’s first article on EEG [16]; for example, the study
of Lyndsay [17], about alpha rhythm in normal children. In this respect, Kellaway and
Noebels [18] studied the normal alpha rhythm between the ages of 4 months to 16 years
old, in which they reported that alpha rhythm in children of 11 years is about 9.7 Hz.

1.2. EEG Research Tools in Pediatric ADHD

Despite advances in our understanding of ADHD as a neuropsychological and neu-
rodevelopmental disorder, robust biomarkers are yet to be established in clinical practice.
After almost half a century, electroencephalography-based research has culminated in the
recent Food and Drug Administration (FDA) approval of the theta/beta (EEG power) ratio
(TBR) as a diagnostic marker of ADHD [19]. For that matter, some studies have approached
markers of ADHD in children by using EEG measurements to gather information about
ADHD brain-related electrical activity subtypes and functional connectivity. Nevertheless,
such studies left aside the visuospatial function or considered it only a cognitive task, so a
relationship between functional brain dynamics and visuospatial processing in ADHD has
not yet been fully established [20–24].

Moreover, a recent systematic review study emphasized the importance of electro-
physiological measures to provide meaningful insights into the heterogeneity of ADHD,
although the direct translation of EEG biomarkers for diagnostic purposes is not yet sup-
ported. Key measures that show promise for the discrimination of existing ADHD subtypes
and symptomatology include resting state and task-related modulation of alpha, beta, and
theta power, and the event-related N2 and P3 components [25].

ADHD has been associated with atypical patterns of neural activity, measured by
electroencephalography. However, the identification of EEG diagnostic biomarkers is
complicated by the disorder’s heterogeneity [25]. Chen et al. [26], used evoked event-
related potentials (ERP) during oddball P3 task. They found that healthy children recruited
much stronger brain activity, mainly in the temporal and frontal regions, compared to
ADHD children. Saad et al. [19], proposed that a personalized theta-to-alpha cut point
or “transition frequency” is a better frame of reference for the measurement of Theta–
Beta Ratio. Such an approach is better placed to test maturational lag and cortical hypo
arousal models of ADHD and may, in turn, have greater utility in supporting diagnosis.
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Brier et al. [27], suggested that alpha rhythm over the posterior regions covary because
of the effect of visual analytic function and the influence of theta rhythm over the frontal
regions. The relations of theta–alpha may be considered as a type of functional system,
related to the task condition. In other words, the relation of theta–alpha is induced for two
possible reasons: (a) the discrimination of visual traits and (b) the control/inhibition for
not failing the test.

Hager et al. [28], examined the associations between executive functions (EF), neu-
ropsychological tests (including continuous performance), and ERP’s components in ADHD
as a function of age. They found that age-group effects were seen on a selection of ERP
amplitude. Ratings, test scores, and EF-related ERPs seem to capture different aspects of EF
in ADHD, and the associations differed depending on age group. The results also showed
that different measures of EF are not interchangeable and highlight the importance of age
when interpreting ERPs. On the other hand, Hager et al. [29], argued that many studies
applying EEG and neuropsychological tests found significant differences between ADHD
and controls, but the effect sizes are often too small for diagnostic purposes. For this reason,
they computed a diagnostic index for ADHD by combining behavioral test scores from a
cued visual go/no-go task and event-related potentials (ERPs). They conclude that their
diagnostic index has the potential to distinguish between ADHD and control groups.

Chen et al. [30], employed the power spectrum, complexity and bicoherence, biomarker
candidates for identifying ADHD children in a machine learning approach, to characterize
resting-state EEG (rsEEG). They conclude that the rsEEG complexity in ADHD children
was significantly lower than controls and may be a suitable biomarker candidate. On
the other hand, Furlong et al. [20], studying rsEEG connectivity in young children with
ADHD, found that increased global efficiency (which measures the efficiency of information
transfer across the entire brain) was associated with increased inattentive symptom severity.
Further, this association was robust to controls for age, intelligent quotient, socioeconomic
status, and internalizing psychopathology.

Smith et al. [31], examined the impact of an integrated brain, body, and social (IBBS)
intervention (multi-faceted treatment consisting of computerized cognitive training, phys-
ical exercise, and behavior management) on ERPs of attentional control (P3 and N2) in
children with ADHD. They conclude that prior to treatment, there was a significant differ-
ence between the ADHD group and the healthy control group for the N2 difference wave.
Children with ADHD also showed slower reaction times on behavioral measures.

Lenartowicz and Loo [32], reviewed the developments in the utility of EEG in the
diagnosis of ADHD, with emphasis on the most used and emerging EEG metrics and their
reliability in diagnostic classification. They concluded that while EEG cannot currently be
used as a diagnostic tool, vast developments in analytical and technological tools in its
domain anticipate future progress in its utility in the clinical setting.

1.3. Age-Related Changes in EEG Coherence

Coherence changes can reflect the pathophysiological processes involved in human
ageing. Barry et al. [33], studied the hemispheric and inter-hemispheric EEG coherences as
a function of age and gender in normal children. They conclude that EEG coherences in
normal children (8–12 years old) develop systematically with age. These developmental
effects varied substantially with gender, brain region, and frequency bands. Furthermore,
they investigated intra-hemispheric and inter-hemispheric EEG coherences as a function
of age in boys [34] and girls [35], with different subtypes of ADHD, in comparison to
a control group of normal boys and girls. They found that EEG coherences in normal
boys of this age range develop systematically with age in a non-linear fashion. Boys
with ADHD did not show this development. They displayed coherence anomalies, which
differ in nature between DSM-IV subtypes, suggesting differences that are not relatable
to simple symptom severity. However, girls with ADHD showed coherence anomalies
relative to age- and gender-matched controls, which differ substantially from those shown
by boys with ADHD. These coherence anomalies did not differ in nature between girls with
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different DSM-IV subtypes of ADHD, suggesting that subtype differences in girls reflect
only symptom severity.

Thatcher et al. [36], explored the human development of EEG coherence and phase
differences over the period from infancy to 16 years old. They found that large changes
in EEG coherence and phase were present from 6 months to 4 years old, followed by a
significant linear trend to higher coherence in short distance inter-electrode distances and
longer phase delays in long inter-electrode distances. The results are consistent with a
genetic model of rhythmic long-term connection formation that occurs in cycles along a
curvilinear trajectory toward adulthood. Vysata et al. [37], studied a group of 17,722 healthy
professional drivers and found a significant decrease in coherence with age in the theta
and alpha bands, and there was an increasing coherence with the beta bands. The most
prominent changes occurred in the alpha bands. The delta bands contained movement
artefacts, which most likely do not change with age.

The aim of the study was to identify ADHD-related changes in EEG characteristics
associated with visual object processing in school-aged children. Because there are very
few studies describing EEG coherence during visual object recognition tests in children
with ADHD, research in this area must be characterized, to understand their functional
brain dynamics. In this respect, electroencephalographic coherence is a useful tool to
assess connectivity and, therefore, functional brain dynamics [38–40], in combination
with paradigms assessing the visual processing of objects, which represents a promising
approach to study differences in brain function in children with and without ADHD.
Because better neural connectivity affects brain functionality and, therefore, its behavioral
performance, we hypothesize that the control group will have higher scores during visual
aspect recognition and greater overall coherence during the Navon’s paradigm task than
the experimental group.

2. Materials and Methods
2.1. Subjects

We implemented a cross-correlational study with non-probability statistical sampling
for convenience. Sixteen school-aged children (11 years old) in the 5th grade at an urban
elementary school in Puebla, Mexico, participated in this study. Age selection was in
accordance with the period of psychological development and the guiding activity of the
age range (7–11 years old). Namely, this period is when the main interest of children is
directed toward school activity, and voluntary behavior and the capacity for theoretical
individual learning of children represent desirable skills [41].

Experimental group consisted of 8 children diagnosed with ADHD by a child neurol-
ogist according to the following DSM-5 criteria: (1) lacks attention to detail, (2) difficulty
sustaining attention, (3) fails to follow through on task and instruction, (4) poor organi-
zation, (5) avoids tasks requiring sustained mental effort, (6) loses things necessary for
tasks, (7) easily distracted, (8) difficulties engaging in quiet, (9) talks excessively, (10) blurts
out answers, (11) difficulty waiting turns, and (12) fidgets with or taps hands or feet. To
double check the neurological diagnosis, we applied the neuropsychological assessment
instrument “Child Neuropsychological Battery Puebla-Sevilla” to these children. The
neuropsychological battery was designed to explore the integrity of the following neu-
ropsychological mechanism: (1) arousal, (2) proprioceptive integrity, (3) serial movements,
(4) visual and auditory memory, (5) inner images, (6) spatial organization, and (7) behav-
ioral modulation. Control group consisted of 8 healthy children without ADHD. Children
with any neurological condition, medicated and out of the established age range and school
grade were excluded from this study. A Local Committee of the Faculty of Psychology
approved the research protocol of this study on 12 January 2015. Experiments were con-
ducted in accordance with the Declaration of Helsinki 1964. All children participated only
after informed consent was obtained in written form from parents and orally from children.
Socio-demographic variables for both groups are shown in Table 1.
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Table 1. Socio-demographic variables.

Group Mean Age
(SD) School Scholarship Female Male Current

Drug Use

Control
11 (0) Elementary

Urban Public
5th grade 5 3 NO

ADHD 4 4 NO

2.2. Navon Experimental Paradigm
2.2.1. Global and Local Aspect Recognition

To measure Global and Local (analytical) Aspect Recognition in schoolchildren, Navon’s
hierarchical figures paradigm and the timeline stimulation was adapted and programmed
in the Neuroscan STIM system (Compumedics, El Paso, TX, USA). Each trial of stimulation
started with a 500 ms duration fixpoint. The screen then went blank for next 1000 ms.
Subsequently, an auditory signal of 587 Hz was sounded for 500 ms. At the end of the
auditory signal, the figure for visuospatial processing (global or local) was presented
for 100 ms. The auditory cue ensured that the responses reflected only the visuospatial
functioning and not a lack of attention. After this, the screen went blank and for 3500 ms
the child was expected to respond. Therefore, the inter-trial intervals had a duration of
5100 ms. In each trial the first 1000 ms (just before the auditory cue) was considered as the
EEG basal activity (Figure 1).

Visuospatial processing

1. Global Aspect Recognition Test: In this task children were asked to click on the
response pad as soon as they identified the large figure (independently from the
smaller figure composing it). We used 6 different types of stimuli: 2 consistent,
2 inconsistent, and 2 neutral. After the response, the entire trial began again by
presenting a different stimulus (Figure 1A,C).

2. Local Aspect Recognition Test: In contrast to the first part, children were asked to
identify the smaller figure without paying attention to the larger figure. The stimuli
presented were also 2 consistent, 2 inconsistent, and 2 neutral; however, neutral
stimuli were different for each test (global/local) (Figure 1D).

For both Local and Global Aspect Recognition Test, we presented each stimulus
50 times, so 600 stimuli were presented in total. The order in which target stimuli (consistent,
inconsistent, neutral) appeared was randomized. Scores and latencies were stored for
further analysis.

During the experimental session, the subject sat comfortably in an electrically shielded
dimly lit room and the stimuli were presented on a 24” monitor.
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Figure 1. Hierarchical Visuospatial Aspect Recognition paradigm coupled with EEG. (A) The order
and timing at which stimulus was presented were coupled with the EEG to create a window large
enough for the collection of coherence data during visual object processing. (B) The placement
of the electrodes on the scalp followed the international 10–20 system to assure standardization.
(C) The stimuli selected for the Global Aspect Recognition trials comprised two consistent stimuli,
two inconsistent and two neutral created with figures to avoid interference for the global visuospatial
analysis. (D) The stimuli selected for the Local Aspect Recognition trials were the same for the
consistent and inconsistent but differed from the global trial neutral stimuli since the global aspect
created a figure (using the letters) to avoid interference of local visuospatial analysis.

2.2.2. Recordings

During the experimental session, children sat comfortably in an electrically shielded
dimly lit room in front of a 24” monitor that displayed the stimuli. We recorded EEG (band
pass DC-200 Hz, sampling rate 1000 Hz) from 30 scalp positions referenced to earlobes
with the ground at FzA, in accordance with the 10/20 system with the amplifier SynAmps,
NeuroScan, (Compumedics, El Paso, TX, USA) (Figure 1B). Electrode impedances were
kept under 5 kOhm. We also recorded the electrooculogram (same bandpass and sampling
rate as for EEG) to exclude trials contaminated with eye movements for further analysis.
Notch filter was set at 60 Hz. Behavioral data under Navon’s paradigm were recorded in
parallel with the electrophysiological data. Data were stored and analyzed offline.
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2.3. Data Analysis
2.3.1. EEG-EEG Coherence Analysis

Data regarding EEG basal activity as well as Global and Local Aspect Recognition were
included for analysis. We excluded segments contaminated with eye movement artifacts
through visual inspection offline. EEG segments had a duration of 1000 ms, therefore,
allowing a frequency resolution of 1 Hz for spectral analysis. We partitioned data into
non-overlapping segments. The preprocess of EEG to quantify coherence was performed
as in previous works [42–44]. EEG signals were first transformed into the reference-free
current source density (CSD) distribution [45]. The CSD algorithm was estimated using the
spherical spline interpolation method [46], implemented in the commercial software “Brain
Vision 2.0.1” (Brain Vision Solutions Inc., München, Germany). For each subject, we had
sequences of 80 segments of clean EEG (80 s). The discrete 29 = 512-points Fourier transform
was computed for each segment for the whole 0–200 Hz. Moreover, data belonging to
global and local (consistent, inconsistent, and neutral) recognition from all trials were
concatenated for further statistical analysis.

2.3.2. Calculation of EEG Spectral Power and EEG-EEG Cortico-Cortical Coherence

For the EEG Spectral Power (SP) and EEG-EEG Cortico-Cortical Coherence (CCC)
calculation we apply the methodology used in previous works [42–44], which we briefly
describe below. Because coherence function requires the complex values of SP, we first
calculated SP for a given channel (c) according to the following formula:

SPC( f ) =
1
n

n

∑
i=1

Ci( f )C∗
i ( f ) (1)

where Ci represents the Fourier transformed channel c for a given segment number (i = 1,
. . . , n) and “*” indicates the complex conjugate. Then coherence values were calculated
using the following formula:

CohC1C2( f ) =

∣∣SC1C2( f )
∣∣2∣∣SPC1( f )

∣∣∣∣SPC2( f )
∣∣ (2)

where

SC1C2( f ) =
1
n

n

∑
i=1

C1i( f )C∗
2i( f ) (3)

Thus, SC1,C2(f ) is the cross spectrum for the EEG signal channels c1 and c2 at a given
frequency f, and SPC1(f ) and SPC2(f ) are the respective spectral power for c1 and c2 at the
same frequency. The asterisk represents the complex conjugate. Thus, for frequency f the
coherence value CohC1,C2(f) corresponds to the squared magnitude of a complex correlation
coefficient. The function CohC1C2( f ) is a real number between 0 and 1, where 0 indicates
absence of synchrony and 1 maximal synchrony between two signals. We considered that
the coherence was significant if the resulting value isabove the confidence level (CL) [47].

CL(α) = 1 − (1 − α)
1

n−1 (4)

where the symbol n represents the number of segments of 512 points and the symbol α is
the desired level of confidence. We considered that the coherence was significant when it
was above the 95% confidence limit. For n = 80 segments and α = 0.95, CL = 0.037.

2.4. Calculation of Mean-Weighted Coherence

For the MWC we applied a modification methodology used in a previous work [48],
which we briefly describe below. To quantify the EEG coherence, for a given pair of
electrodes, we measured the area under the coherence curve and above the significance
level. The frequency window was 1–50 Hz.
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We calculated all possible combinations (30 × 29/2 = 435) of coherence values between
the EEG pair channels, which are the number of subsets or combinations without repetition
of two elements taken from a set of 30. For a particular electrode we had 29 area values.

For each of the 30 electrodes, we averaged the sum of all 29 possible combinations
of pairwise coherence for the electrode i. In this way we defined this number as the
Mean-Weighted Coherence (MWCi i) for the electrode i, which can be written as:

MWCi =
∑30

i=1 Coh(ei, ek)

29
, (5)

where Coh(ei,ek) is the EEG coherence between electrodes ei, and ek, and WCi is the Weighted
Coherence for the electrode i,.

To obtain a general measure of the change in EEG synchronization, we defined the
Global Mean-Weighted Coherence as:

GMWC =
30

∑
i=1

29

∑
k=1

Coh(ei, ek) (6)

To visualize the areas of the Mean-Weighted Coherence, we constructed a topographi-
cal map with each of the 30 values of MWC.

2.5. Statistical Analysis

We measured the Global Mean-Weighted Coherence for Global and Local Aspect
Recognition in EEG basal activity (bEEG) as consistent (CC), inconsistent (IC), and neutral
(NC) conditions. Because we wanted to know the contrast between control and ADHD
group, we conducted statistical analysis on these two groups. Because our data were
not normally distributed (Kolmogorov–Smirnov normality test, p < 0.05) and had no
homogeneity of variances (Levene test, p < 0.05) we used a non-parametric U Mann–
Whitney test, under the null hypothesis that the dependent variables were the same across
the conditions. The statistical significance was calculated to one tail and all effects are
reported as significant if p < 0.05.

3. Results

All sixteen subjects performed the task according to the instructions. None of them
reported fatigue or anxiety during the experimental session.

For intragroup, we used Friedman’s ANOVA for contrasts within groups and Wilcoxon
test for post-hoc comparisons. Because we wanted to contrast the bEEG against the CC, IC,
and NC, we applied Bonferroni correction. We report statistical significance below 0.0167.

We calculated EEG coherence by measuring the area under the curve and above the
significance level. The frequency window was between 1 and 50 Hz. For each electrode, we
calculated all 29 possible combinations of the MWC to obtain a general measure of change
in synchronization between the different conditions for visual recognition.

Figure 2 displays the individual values of GMWC, during Global (Figure 2A,C) and Lo-
cal (Figure 2B,D) Aspect Recognition, for the control and experimental group, respectively.
In each case, the bEEG, CC, IC, and NC are displayed.
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Figure 2. Pooled data for Global Mean-Weighted Coherence (GMWC), during Global (A,C) and Local
(B,D) Aspect Recognition Test, for the control and experimental group, respectively. The individual
values for each subject are represented with a number. In each case, the basal EEG activity, consistent,
inconsistent, and neutral conditions are displayed. Note the interindividual differences. We observed
higher values of GMWC in consistent and inconsistent Global Aspect Recognition in control group in
comparison with ADHD group. Arbitrary units = a.u.; * = multiplication sign.

3.1. Global Mean-Weighted Coherence
3.1.1. Intergroup Contrast: Control vs. ADHD
Global Aspect Recognition

Figure 3 shows the means ± error of the data in Figure 2. For the Global Aspect
Recognition test, the GMWC values were significantly larger in the control group than in
the experimental group for the bEEG (Mdnctl = 174.2, Mdnexp = 147.7, U = 14, z = −1.89
p < 0.05, r = −0.47), CC (Mdnctl = 173.5, Mdnexp = 135.6, U = 15, z = −1.78 p < 0.05,
r = −0.44), IC (Mdnctl = 205.0, Mdnexp = 152.2, U = 6.0, z = −2.73 p < 0.05, r = −0.68) and
NC (Mdnctl = 189.5, Mdnexp =155.2, U = 14, z = −1.89 p < 0.05, r = −0.47) (Figure 3A).
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Figure 3. Comparison of the average Global Mean-Weighted Coherence (GMWC) obtained from
control and experimental group. (A) GMWC for Global Aspect Recognition. (B) GMWC for Local
Aspect Recognition. In (A,B), the basal EEG activity, consistent, inconsistent, and neutral conditions
are displayed. Note that in A, there was a significant difference in the GMWC between the control
group and the experimental group in all conditions. p < 0.05 is marked with *.

Local Aspect Recognition

However, for the Local Aspect Recognition test, the GMWC values in the control
group did not differ significantly from the experimental group, in all conditions (bEEG, CC,
IC, and NC) (Figure 3B).
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3.1.2. Intragroup Intra-Condition Contrasts
Control Group

In Global Aspect Recognition, Friedman’s ANOVA showed that the GMWC differed
significantly in the bEEG, CC, IC, and NC, Chi2(3) = 10.95, p < 0.05. Wilcoxon tests were used
to follow up this finding. A Bonferroni correction was applied and so all effects are reported
at a 0.0167 level of significance. For the control group, the GMWC in CC (Mdn = 204.7)
was significantly higher in comparison with the bEEG (Mdn =187.3), Z = −2.4, p < 0.0167,
r = −0.59. However, we did not find significant differences in GMWC values between
bEEG and IC, and bEEG and NC.

In contrast, in Local Aspect Recognition, the GMWC values did not differ significantly
in bEEG, CC, IC, and NC, Chi2(3) = 4.95, p > 0.05.

Experimental Group

In Global Aspect Recognition, Friedman’s ANOVA showed that the GMWC values
did not differ significantly in bEEG, CC, IC, and NC, Chi2(3) = 4.35, p > 0.05.

Similarly, in Local Aspect Recognition, the GMWC values did not differ significantly
in bEEG, CC, IC, and NC, Chi2(3) = 5.75, p > 0.05.

3.1.3. Intragroup Contrasts Inter-Condition: Global vs. Local

For intragroup contrasts, between Global and Local Aspect Recognition, we used
Friedman’s ANOVA with a Bonferroni correction of 0.016.

Control Group

The Friedman’s ANOVA showed that were significant differences between all con-
ditions in global and local tasks, Chi2(8) = 24.1, p < 0.05. However, with the Bonferroni
correction, we found that the post-hoc tests were not significantly different in all compar-
isons (global bEEG vs. local bEEG, global CC vs. local CC, global IC vs. local IC, and global
NC vs. local IC).

Experimental Group

Further, the Friedman’s ANOVA showed that there were no significant differences
between all global and local conditions (bEEG, CC, IC, and NC), Chi2(8) = 10.7, p > 0.05.

3.2. MWC Maps

To have qualitative and quantitative information of coherence, we made grand average
topographic maps of MWC for all subjects in all conditions (bEEG, CC, IC, and NC), for the
control and experimental groups (Figures 4 and 5). The control group showed the highest
levels of MWC in all conditions in comparison to the experimental group. Qualitatively,
we observed, in all conditions, that the highest values of MWC were in the frontal lobe,
near FCZ.



Int. J. Environ. Res. Public Health 2022, 19, 5953 12 of 24

Figure 4. Grand average topographic maps of MWC for Global Aspect Recognition. Upper panel
shows control group in EEG baseline activity (A), Consistent (B), Inconsistent (C) and Neutral
conditions (D). Lower panel shows experimental group in EEG baseline activity (E), Consistent (F),
Inconsistent (G) and neutral conditions (H). In all cases the maximum value of the MWC was found
near FCZ located in the frontal lobe.

Figure 5. Grand average topographic maps of MWC for Local Aspect Recognition. Upper panel
shows control group in EEG baseline activity (A), Consistent (B), Inconsistent (C) and Neutral
conditions (D). Lower panel shows experimental group in EEG baseline activity (E), Consistent (F),
Inconsistent (G) and neutral conditions (H). In all cases the maximum value of the MWC was found
near FCZ located in the frontal lobe.
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3.3. Navon Scores

Figure 6 displays the individual values of Navon Scores (NS) for the processing of
Global (Figure 6A,C) and Local (Figure 6B,D) Aspect Recognition, for the control and
experimental groups, respectively. In each case, the bEEG, CC, IC, and NC are displayed.
Figure 7 shows the means ± error for the data in Figure 6.

Figure 6. Pooled data of scores for all individuals, in Global (A,C) and Local (B,D) Aspect Recog-
nition for control and experimental group, respectively. The individual values for each subject are
represented with a number. In each case, the consistent, inconsistent, and neutral conditions are
displayed. Note the interindividual differences. We observed higher values of scores in consistent
Global Aspect Recognition in both groups.
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Figure 7. Comparison of the average scores of Navon test obtained from control and experimental
group. (A) Scores for Global Aspect Recognition for consistent, inconsistent, and neutral stimulus.
(B) Scores for Local Aspect Recognition for consistent, inconsistent, and neutral stimulus. Note that
in all cases there was a significant decrease in the scores of the experimental group. p < 0.01 is marked
with **.
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3.3.1. Intergroup Contrast: Control vs. ADHD
Global Aspect Recognition

For Global Aspect Recognition, the NS were significantly larger in the control group
than in the experimental group for the CC (Mdnctl = 22.0 Mdnexp = 11.0, U = 6.0, z = −2.75
p < 0.01, r = −0.68), IC (Mdnctl = 13.5, Mdnexp = 5.0, U = 6.5, z = −2.69 p < 0.01, r = −0.67),
and NC (Mdnctl = 23.0, Mdnexp =9.5, U = 6.5, z = −2.70 p < 0.01, r = −0.68) (Figure 7A).

Local Aspect Recognition

For Global Aspect Recognition, the NS were significantly larger in the control group
than in the experimental group for the CC (Mdnctl = 7.5, Mdnexp = 5.0, U = 13.0, z = −2.02
p < 0.01, r = −0.68), and NC (Mdnctl = 15.5, Mdnexp = 4.0, U = 6, z = −2.74 p < 0.01,
r = −0.68). However, there were no differences in IC (Mdnctl = 8.5, Mdnexp = 4.0, U = 19.5,
z = −1.32 p > 0.05, r = −0.67) (Figure 7B).

3.3.2. Intragroup Intra-Condition Contrasts
Control Group

In Global Aspect Recognition, Friedman’s ANOVA showed that the NS differed
significantly in the CC, IC, and NC, Chi2(2) = 11.8, p < 0.05. Wilcoxon tests were used to
follow up this finding. A Bonferroni correction was applied, so all effects are reported
at a 0.025 level of significance. The values of NS in the NC were significantly larger
(median = 23.0) than in the IC (median = 13.5), Z = −2.37, p < 0.025, r = 0.6 (Figure 7A).
However, there were no differences between NC and CC.

On the other hand, in the Local Aspect Recognition, the NS differed significantly in
the CC, IC and NC, Chi2(2) = 7.2, p < 0.05. Wilcoxon tests were used to follow up this
finding. A Bonferroni correction was applied and so all effects are reported at a 0.025 level
of significance. The values of NS in the NC were significantly larger (median = 15.0) than
in the IC (median = 8.5), Z = −2.33, p < 0.025, r = 0.58 (Figure 7A). However, there were no
differences between NC and CC.

Experimental Group

In Global Aspect Recognition, Friedman’s ANOVA showed the NS differed signifi-
cantly in the CC, IC, and NC, Chi2(2) = 8.4, p < 0.05. Wilcoxon tests were used to follow up
this finding. A Bonferroni correction was applied and so all effects are reported at a 0.025
level of significance. However, with the Bonferroni correction, we found that the post-hoc
tests were not significantly different in all comparisons (NC vs. CC, and NC vs. IC).

3.3.3. Intragroup Contrasts Inter-Condition: Global vs. Local

For control intragroup contrasts, between Global and Local Aspect Recognition, we
used Friedman’s ANOVA for contrasts within groups, with a Bonferroni correction of 0.016.

Control Group

The Friedman’s ANOVA showed that there were significant differences in NS in global
and local tasks in all conditions, Chi2(8) = 34.9, p < 0.05. Wilcoxon tests were used to follow
up this finding. The values of NS in the global NC were significantly higher (median = 22.0)
than in the local NC (median = 7.5), Z = −2.52, p < 0.025, r = 0.63 (Figure 7A). Further, NS
in global IC (Median = 13.5) were significantly higher than in the local IC (median = 8.5),
Z = −2.52, p < 0.025, r = 0.63 (Figure 7A). However, there were no differences between
global CC vs. local CC.

Experimental Group

The Friedman’s ANOVA showed that there were significant differences in NS in global
and local tasks in all conditions, Chi2(8) = 33.8, p < 0.05. Wilcoxon tests were used to follow
up this finding. However, with the Bonferroni correction, we found that the post-hoc tests
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were not significantly different in all comparisons (global CC vs. local CC, global IC vs.
local IC, and global NC vs. local IC).

3.4. Latencies

Figure 8 displays the individual values of latencies for the processing of global
(Figure 8A,C) and local (Figure 8B,D) visual stimuli, for the control and experimental
groups, respectively. In each case, the consistent, inconsistent, and NCs are displayed.

Figure 8. Pooled data of latencies for all individuals in Global (A,C) and Local (B,D) Aspect Recog-
nition for control and experimental groups, respectively. The individual values for each subject are
represented with a number. In each case, the consistent, inconsistent, and neutral conditions are
displayed. Note the interindividual differences. We observed higher latencies in control group than
in experimental group.

Figure 9 shows the means ± error for the data in Figure 8.
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Figure 9. Comparison of the average latencies obtained from control and experimental groups. (A) La-
tencies for Global Aspect Recognition for consistent, inconsistent, and neutral stimulus. (B) Latencies
for Local Aspect Recognition for consistent, inconsistent, and neutral stimulus. Note that in all cases
there was a significant decrease in the latencies of the experimental group. p < 0.05 is marked with *
and p < 0.01 is marked with **.
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3.4.1. Intergroup Contrast: Control vs. ADHD
Global Aspect Recognition

For the Global Aspect Recognition, the latencies were significantly larger in the control
group than in the experimental group for the CC (Mdnctl = 393.5 ms, Mdnexp = 192.4 ms,
U = 10, z = −2.31 p < 0.05, r = −0.57), IC (Mdnctl = 358.9 ms, Mdnexp = 151.6 ms, U = 7.0,
z = −2.63 p < 0.01, r = −0.66), and NC (Mdnctl = 442.7 ms, Mdnexp =160.3, U = 10.0,
z = −2.31 p < 0.05, r = −0.57) (Figure 9A).

Local Aspect Recognition

For the local visual processing, the latencies were significantly larger in the control
group than in the experimental group for the CC (Mdnctl = 305.8 ms, Mdnexp = 116.0 ms,
U = 8.0, z = −2.52 p < 0.01, r = −0.63), IC (Mdnctl = 338.8 ms, Mdnexp = 125.1 ms, U = 12,
z = −2.10 p < 0.05, r = −0.52), and NC (Mdnctl = 326.0 ms, Mdnexp = 74.8 ms, U = 9,
z = −2.41 p < 0.05, r = −0.60).

3.4.2. Intragroup Intra-Condition Contrasts
Control Group

In Global Aspect Recognition, Friedman’s ANOVA showed that latencies did not
differ significantly in the CC, IC, and NC, Chi2(2) = 3.25, p > 0.05.

On the other hand, in Local Aspect Recognition, latencies did not differ significantly
in the CC, IC, and NC, Chi2(2) = 0.75, p > 0.05.

Experimental Group

In Global Aspect Recognition, Friedman’s ANOVA showed that latencies did not
differ significantly in the CC, IC, and NC, Chi2(2) = 4.75, p > 0.05.

On the other hand, in Local Aspect Recognition the latencies did not differ significantly
in the CC, IC, and NC, Chi2(2) = 0.25, p > 0.05.

3.4.3. Intragroup Contrasts Inter-Condition: Global vs. Local Condition
Control and Experimental Group

Friedman’s ANOVA showed that in control group, latencies did not differ significantly
in the CC, IC, and NC in Global and Local Aspect Recognition, Chi2(2) = 4.43, p > 0.05.
Further, in the experimental group, latencies did not differ significantly in the CC, IC, and
NC in Global and Local Aspect Recognition, Chi2(2) = 10.8, p > 0.05.

4. Discussion

We focused on studying coherence at a wide bandwidth (1–50 Hz), with the purpose
of having a general indicator for global-weighted coherence, leaving, for future studies, a
more local analysis in certain frequency bands. We analyzed up to 50 Hz because the origin
of frequencies beyond this value is not considered to be of physiological origin.

Coherence is a dimensionless measure of synchrony between two signals (labeled in
the text as arbitrary units = a.u.), while other technics, such as ERPs, are time-averaged
events and only give an indicator of neuronal ensemble activation. Other technics to
analyze EEG include Spectral Power, which provides an indicator for the energy captured
by the electrode at a certain frequency.

We analyzed EEG in this study with Cortico-Cortical Coherence. However, a disad-
vantage of EEG coherence is that the recording electrodes are not in direct contact with the
nerve or neuronal assemblies and, therefore, there is a medium of some sort separating
the two sites of recording. This is why, to reduce the volume conductor, EEG signals were
first transformed into the reference-free current source density (CSD) distribution [45]. On
the other hand, one advantage of coherence is that it allows us to have an indicator for the
degree of synchrony in the electrical activity of the neuronal assemblies underlying the
registration site. This synchrony is interpreted physiologically and functionally as neuronal
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connectivity. Our goal, in this study, was to give a global perspective about this functional
connectivity, in the context of Navon’s paradigm.

In this work, we were able to identify changes in coherence from electroencephalo-
graphic signals in a sample of school-aged children diagnosed with ADHD, associated with
visual aspect recognition. We found a statistically significant lower global coherence in
children with ADHD in comparison to healthy children, during Global Aspect Recognition
in the consistent, inconsistent, and neutral conditions. Furthermore, in the ADHD group,
we found that their scores were characterized by lower efficiency and lower latencies for all
stimuli, in comparison with control. A possible explanation is that lower latencies are due
to the impulsivity of the children and possibly that they were not medicated. This in line
with Sayal et al. [49], who reported that patients with ADHD are characterized by being
impulsive. In contrast with our results, Smith et al. [31], reported slower reaction times on
behavioral measures in children with ADHD.

ADHD errors can be caused by the lack of an organized and precise perception for
the dominant characteristics of an object. Luria [50] stated that the perception of visual
information is an active process of selection of both essential and differential meanings
of visual objects, in which the comparison of perceived details (i.e., the formation of a
hypothesis about the meaning of the whole) and the choice of them, give a general meaning
of the complete image, from several possible alternatives.

Likewise, the low performance obtained by the children with ADHD may be due to
little active object exploration. It was observed that participants with ADHD did not carry
out a systematic process of visual analysis of the determining details in the image, they
did not compare or submit the details of their analysis, and their last hypothesis did not
arise from a complex activity of investigative orientation, for which reason, the responses
emitted are the product of an immediate impression (impulsive) by the perception of a
single fragment of the image.

This in line with previously reported studies in the neuropsychological literature
of patients with ADHD, who are characterized by being impulsive, excitable, lacking
self-control and reflecting on their own disorganized behavior [49].

Although the sample size was small, still, implications of specific results can be drawn,
as follows. Global Aspect Recognition in the control group induced greater coherence in
the frontal medial and central leads, mainly in the consistent and inconsistent condition.
This suggests that concentrated (focal) activation in these areas is necessary for global
processing. These areas seem to organize a kind of open and dynamic exploration. On the
other hand, visual stimuli of a local nature in the control group, under the consistent and
inconsistent experimental conditions, induced greater coherence in the frontal medial and
central leads but also over the polar frontal, inferior frontal and left temporal leads in both
groups. This activation requires a greater effort and expenditure of neuronal resources. One
possible interpretation could be that visual scanning (medial frontal) attempts to identify
stimuli that are familiar or have been previously recorded (medial temporal areas).

In contrast, for the ADHD group, global visual stimuli produced greater coherence in
the medial frontal. The analysis of visual stimuli of a local nature in this group generated
greater coherence in the medial frontal, inferior frontal, and polar frontal leads, but less
coherence compared with the control group over the left temporal leads, predominantly in
the left hemisphere.

The results suggest that visual processing is not an isolated function and that it also
requires motor control and rapid stimuli encoding. This evidence seems to suggest that
tasks that require greater cognitive effort per attention induce greater coherence in brain
systems that are evolutionarily essential to meet these demands.

Abnormal functional brain connectivity is a candidate factor in brain development
disorders associated with cognitive dysfunction. Murias et al. [22], compared the EEG of
children with ADHD with a healthy group. In response to visual stimulation, the ADHD
group exhibited an increase in spectral power and an increase in elevated frontal coherence.
Only the increase in the coherence of the control group in the upper alpha band was
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discriminated according to the degree of medication in the ADHD group. The results
suggested a static state of poor connectivity in ADHD and a state of stimulus-induced
hyperconnectivity, within and between frontal hemispheres. Moreover, Sehatpour et al. [51],
found coherence in the beta band during the processing of fragmented recognizable images.
This coherence was significantly lower compared to visual processing of the same figure
but unrecognizably fragmented. Long-range wobble synchronization has been proposed as
a better way to coordinate a distributed network. It is likely that the low levels of coherence
we found in the ADHD group during visual recognition, in comparison with the control
group, are due to the mechanisms proposed by Murias et al. [22], and Sehatpour et al. [51].

Other experimental paradigms have been used to study the neural basis of visual
processing in different contexts. For example, Brummerloh et al. [52], used attention based
on visual processing of the characteristics (rotation and color) of an object (square) to
study temporal neural dynamics. Their study concluded that timing is important, as
brief stimulus presentations, in the range of a few hundred milliseconds, resulted in the
integration of object features. However, when the stimulation time was longer, attentional
mechanisms based on the characteristics of the object predominated, resulting in the specific
prioritization of the characteristic to be attended to within an object. This is in line with our
results, since the stimulation time in our paradigm was short (100 ms) and the subjects in
the control group correctly integrated the characteristics of the figures.

Coherent neural oscillations correlate with all cognitive functions, mediating local and
long-range neural communication and affecting synaptic plasticity. Although we know that
the EEG changes with age (and, therefore, all the observables associated with it, such as
Spectral Power, coherence, wavelets, LORETA, etc.), EEG behavior depends on the context
of the investigation. In our research, age was homogeneous for all participants (11 years old),
so the differences in brain maturation would not affect our results interpretations. However,
it is unclear how very rapid and complex changes in functional neuronal connectivity are
required for cognition, mediated by dynamic patterns of neuronal synchrony, which could
be explained exclusively by well-established synaptic mechanisms [53].

In our study, we found the highest levels of global-weighted coherence in the control
group during the Global Aspect Recognition. Furthermore, in this group, we found the
highest scores from the Navon test. However, we did not find any correlation between
them. Several studies suggest that both task-relevant and task-irrelevant features of an
object will be processed together without specific prioritization [54,55].

Rizkallah et.al. [56], questioned whether the dynamic brain modular organization
changes during the recognition of meaningful and nonsense visual images. Their results
showed a difference in the characteristics in the modular organization of both conditions, in
terms of integration (interactions between modules) and occurrence (average probability of
two brain regions to fall on the same module during the task). Integration and occurrence
were higher for images without meaning than with meaning. Their findings also revealed
that occurrence within the right frontal and left occipital-temporal regions can help predict
the brain’s ability to recognize and name visual stimuli. They speculate that these observa-
tions could be applicable not only to other fast-demanding cognitive functions but also to
detect rapid disconnections that can occur in some brain disorders.

Gorantla et al., [57], conducted a study in 10 medical students, in which they measured
the EEG three days before an anatomy exam. This research found that decreased theta–beta
ratio (TBR) is an indicator of attentional control and was associated with higher alpha
and beta interhemispheric coherences, measured with eyes open at sites covering the
frontal, temporal, and occipital cortices. These authors concluded that changes in EEG
and TBR coherence may be useful as neurophysiological measures of neuroplasticity and
the efficacy of strategies to prevent academic underachievement and to improve academic
achievement strategies.
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4.1. Limitations

One limitation of our study resides in the size of the population included. We expect
that, when broadened in future studies, differences in the coherence patterns observed so
far would be observed. In this way valuable information regarding specific patterns related
to ADHD could be obtained in future research if the examination of data is broadened in
such a direction.

4.2. Open Questions for Further Research

Overall, more research along these lines is needed, especially with larger samples,
but the results obtained so far imply that it is possible to delineate an ADHD-specific
pattern of coherence that will aid in clinical diagnosis and allow for the creation of tailored
rehabilitation and educational intervention programs, based on the neurobiology and
neuropsychology of the disorder. We also believe that future work should include a more
specific analysis in the Delta (0.5–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz), Beta (12–30 Hz),
and Gamma (30–45 Hz) bands. Therefore, specific MWC estimates for these frequency
bands could discover more detail on the observed effects. Moreover, further analysis
should include wavelet analyses to extract quantitative indicators from EEG segments
to classify the characteristics of the child population with ADHD, in a similar way to
how Aidyn et al. [58], classified the emotional characteristics of patients diagnosed with
first-episode psychosis, using Cortical Correlations in the wavelet domain.

5. Conclusions

Using the proposed algorithm, we showed that, in principle, it is possible to recognize
if every single task of Global Aspect Recognition in Navon’s experiment has been solved
by a mentally healthy child or a child diagnosed with ADHD. We conclude that while our
promising classification results obtained using a small EEG database cannot currently be
used as a diagnostic tool, the information encoded in the signals is highly discriminative
and we plan to extend the study, analyzing information in a larger population, towards
the goal of developing a tool that can be used in educational and clinical settings. Specifi-
cally, given the problematic situation of ADHD sufferers in the school system, technical
approaches, such as the one presented here, with EEG-based data, could pave the way
towards the identification of risk for a student and development towards an individualized
teaching approach.
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