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Abstract: The present research aims at examining the power spectrum and exploring functional brain
connectivity /disconnectivity during concentration performance, as measured by the d2 test of atten-
tion and creativity as measured by the CREA test in typically developing children. To this end, we
examined brain connectivity by using phase synchrony (i.e., phase locking index (PLI) over the EEG
signals acquired by the Emotiv EPOC neuroheadset in 15 children aged 9- to 12-years. Besides, as a
complement, a power spectrum analysis of the acquired signals was performed. Our results indicated
that, during d2 Test performance there was an increase in global gamma phase synchronization
and there was a global alpha and theta band desynchronization. Conversely, during CREA task,
power spectrum analysis showed a significant increase in the delta, beta, theta, and gamma bands.
Connectivity analysis revealed marked synchronization in theta, alpha, and gamma. These findings
are consistent with other neuroscience research indicating that multiple brain mechanisms are indeed
involved in creativity. In addition, these results have important implications for the assessment
of attention functions and creativity in clinical and research settings, as well as for neurofeedback
interventions in children with typical and atypical development.
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1. Introduction

Attention is a multifaceted construct that encompasses distinct sub-processes (i.e., selec-
tive attention, sustained attention, and executive control [1,2]), enabling effective information
processing and successful responses to changing demands. Furthermore, creativity has been
defined as the highest expression of new ideas, flexibility of perspectives, and the ability
to combine unrelated concepts in different ways, avoiding common paths [3,4]. Much has
been written about creativity from different social, psychological, developmental, cognitive,
and historical perspectives, and several theories have been proposed from these perspec-
tives [5-10]. However, little is still known about the brain mechanisms underlying creative
thinking, especially in children. Creativity is based on ordinary mental processes [11], making
creative cognition a part of cognitive science and, therefore, of neuroscience. Indeed any theory
of creativity must be consistent and integrated with the contemporary understanding of brain
function [12]. Measuring attention and creativity at school age is of great significance, as both
are skills related to academic performance [13,14]. Among those attentional and creativity
tasks that have received considerable interest in the neuropsychology field are the d2 test
of attention [15,16] and the CREA test [17-21], respectively.
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To study attention and creativity, various methods have been used, including neu-
rophysiological techniques, both in children with typical development [22] and those
with neurodevelopmental disorders (see e.g., [23]). Electroencephalography (EEG) ap-
proaches, in particular, provide important evidence on both the substrate of cognitive
functions in children and the way the brain-behavior relationship develops [24], through
the recording of the bio-signals generated by the groups of neurons involved in those
cognitive processes. Therefore, EEG can be used to assess cognitive functions and thus help
to expand and deepen the understanding of the relationship between brain maturation
and behavioral development [24]. In addition, its non-invasive nature makes it a suitable
technique for the assessment of cognitive processes in children [24,25].

EEG studies are usually analyzed in terms of electrophysiological frequency band
oscillations, which are categorized into delta (1-3 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta
(12-25 Hz), and gamma (35-100 Hz) bands. There is evidence that delta waves are related
to resting sleep [26] and may play a role in cognitive processes such as decision making
and attention [27]. Theta waves are associated with behavioral states, and synchronize
under conditions of attentional and emotional burden in children [28] and meditation states
in adults [29]. Alpha waves are associated with relaxation and states of inattention [30].
Finally, beta [31] and gamma [32] waves are involved in attentional processes (i.e., selective
or focused attention). Gamma-band activity, in particular, has received increasing consider-
ation in recent years due to its role in different cognitive processes [33,34]. Indeed, phase
synchronization of gamma activity seems to be involved in attentional processes [34], and
its measurement provides an important indicator of the relationship between executive
functions and the prefrontal cortex [35]. It has also been hypothesized that an optimal
level of gamma synchrony is necessary for cognitive performance [35]. This would be
consistent with previous EEG studies in children with ADHD, which have observed re-
duced resting gamma activity [36], but greater activation during active task situations [37]
compared to healthy controls. This would suggest that children with ADHD require greater
gamma activation in order to achieve and sustain accurate task performance [36]. Increased
gamma synchrony has also been observed in elderly healthy subjects, as a compensatory
mechanism due to their lower ability to integrate information [35]. In addition, alpha desyn-
chronization is also expected during concentration task performance, considering that its
synchronization is actually observed during inattention and relaxation [30] (e.g., when
practicing transcendental meditation [38]). Attenuated alpha activity has also been noticed
in children during sustained attention [39], and in adults during spatial attention alloca-
tion [40] and word fluency [41]. According to Klimesch et al. (1996) [42], during alpha
desynchronization, distinct neural populations start oscillating with different frequencies,
leading to the disappearance of the dominant alpha activity.

Furthermore, EEG studies on creativity have shown changes in neural activity during
creative activity in divergent thinking tasks, creative ideation, remote associations, creative
stories, metaphors, paintings, and melodies [43-58]. Research in young people and adults
on the power spectrum has shown increased power in certain brain areas during creativity
tasks [46,47,51,54,58], specifically in the alpha band, in the frontal, parietal-occipital, and
right hemispheric regions [47,51,54,59]. The changes in alpha seem to be due to attention,
which is more inwardly focused [60], further allowing it to successfully inhibit information
that is not relevant. In fact, it has been found that when people focus outward, alpha
decreases [61,62]. EEG studies in older adults also revealed connectivity in the alpha band
associated with individual creativity, but the power spectrum did not actually show any
relationship with creative ability [63], so it seems that age is an important factor to be con-
sidered. Events related to alpha band desynchronization and synchronization are especially
sensitive to the performance of cognitive tasks and higher cognitive abilities [64,65]. In gen-
eral, studies show that a lower alpha power is observed during the performance of simple
association creativity tasks than during the performance of more demanding creative idea
generation tasks, with alpha being more synchronized with divergent thinking than with
other creative ideation tasks [59]. However, alpha is not the only band in which changes
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are found in creativity tasks. Studies report changes in the delta, theta, beta, and gamma
bands [53]. These studies have shown increases in the power of beta and gamma bands
in the temporal region [46] and a decrease in the power of theta in the central and parieto-
occipital areas [66]. In addition, in the latter work, an increase in connectivity in the alpha,
beta, and gamma bands was observed with coherence analysis during the creative task.
Connectivity changes in delta and theta have also been reported [67,68]. Specifically, theta
has shown increased fronto-occipital functional connectivity in more creative individu-
als [68], becoming a band that has been found to be associated with cognitive control [69].
Another interesting work carried out by Razumnikova et al. (2009) [57], who found that
theta power decreases during figural tasks and increases in verbal ones, compared to
baseline. In contrast, a coherence study showed an increase in the theta band in figural
tasks and a decrease in verbal ones. The beta band also increased in figural tasks relative to
baseline. Along these lines Volf and Tarasova (2010), [58] studied the theta and beta bands
during creativity task performance, observing that a high level of creativity in men and
women is associated with these bands” activity in the occipital and lateral frontal region.
In general, there is a great heterogeneity of findings in EEG studies in relation to creative
cognition in adults. These issue makes it difficult to draw solid conclusions regarding
the impact or direction of alpha activity and the other bands, as well as its timing and its
localization in the frontal, posterior, or even lateral hemispheric cortexes. This is because
creativity can be viewed from many conceptual levels, including transient creative states,
creative potential, and creative achievement, among others. Furthermore, creativity can
refer to different definitions, (i.e., divergent thinking, imagination, and cognitive flexibility)
and can be related to different domains, such as storytelling, story writing, poetry creation,
drawing, or musical improvisation [70]. In this regard, Dietrich and Kanso (2010) [44]
mention that correlations between neural activity and all these creative processes cannot
be expected to be consistent. Moreover, when relationships are found, they seem to be
mediated by talent [52,71], personality [49], gender [56,58], and age [72,73]. Considering
the aforementioned reasons, it is necessary for the research conducted to be very clear
about the definition of the construct, as well as the differentiation between creativity and
other classical mental constructs or abilities, such as intelligence [50]. It is also important
that the creativity construct can be decomposed into definable neurocognitive processes
(e.g., [44]), while maintaining the valid and reliable psychometric properties of the tasks
used, as in the case of divergent thinking tests such as the Creative Thinking Test [74]
and the CREA [75]. In this sense, the EEG technique provides an environment with better
conditions for studying creativity [50].

To our knowledge, no research has examined brain connectivity/disconnectivity
during these two performances in typically developing children. The study of brain
connectivity /disconnectivity is of great relevance, as it allows quantification of those brain
areas that have more/less information exchange during a cognitive task in relation to
the basal state, thus improving knowledge of the brain—behavior relationship. Therefore,
this work aims at analyzing power spectrum characteristics and functional inter- and
intrahemispheric brain connectivity /disconnectivity during d2 and CREA test performance
in children. Examining brain activity in two tasks that place demands on different cognitive
processes will not only provide insight into the processes underlying each task, but also
validate the scanning method employed, as it is hypothesized that different brain regions
should be activated during the execution of each task (i.e., d2 vs. CREA).

2. Materials and Methods
2.1. Participants

The sample consisted of 15 children, aged between 9 to 12 years, from Argentina
(M =10.33, SD = 1.11), of middle-socioeconomic-status families. Children’s parents or legal
guardians received a note on the research characteristics and the assessment implemen-
tation. It was clarified that participation was voluntary and anonymous. Finally, parents’
or legal tutors” written consent was obtained prior to assessment. The acquisition data
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for the children was approved by “Research Ethics Committee of the Facultad de Cien-
cias de la Salud, Universidad Adventista del Plata (UAP)” (approval code: 5.7/2019).
The evaluation was conducted individually, at two different times, in a suitable location.
The EEG-recording Emotiv Epoc+ and its functioning was made available to parents upon
request. Upon consultation, all parents and children expressed that they felt comfortable
working with the Emotiv device. The inclusion criteria were: (a) children with no known
history of neurological or psychiatric treatment; (b) normal hearing and normal or corrected-
to-normal vision; (c) regular school attendance; and (d) no school repetition. In addition, IQ
and levels of inattention and hyperactivity-impulsivity were assessed. Parents’ educational
level was categorized by means of a 5-point scale, as follows: 1. primary level; 2. secondary
level; 3. more education than secondary school, but less than a university degree; 4. univer-
sity degree; 5. master’s degree or higher education. Table 1 shows the sociodemographic

characteristics of the sample.

Table 1. Demographic characteristics of the sample and descriptive statistics of measures.

M =+ SD or %

Age (M £+ SD) 10.33 £1.11
Gender (% girls) 46.7
Father educational level 32+1.22
Mother educational level 3.46 £0.92
Gestational age (<37 weeks) 100% full-term
Weight at birth 3.37(0.41)
Breastfeeding

Exclusive 73.3

Mixed 26.7
Dominant hand 100% right-handed
Foreign language study 66.7

Years studying a foreign language 226 +2.52
Extracurricular activities

Soccer or volleyball 46.7

Skate or dance school 33.3

Choir combined with some sport 20

Years practicing extracurricular activities 4+1.06
Raven (percentile) 55.53 + 30.55
SNAP-IV

Inattention 0.60 £ 0.67

Hyperactivity-impulsivity 0.60 £ 0.65

Combined ADHD 1.20 +0.86
d2 test

Total efficiency of the task 112.53 £ 26.33

Concentration performance 280.00 £ 57.96

Fluctuation rate 11.13 +£2.72
CREA (percentile) 83.20 +26.33

2.2. Data Acquisition

The Emotiv Epoc + [76] device was used to collect EEG data. It includes 14 electrodes
(AF3, F3, F7, FC5, T7, P7, O1, O2, P8, T8, FC6, F8, F4, AF4) and 2 additional references
placed according to the international 10-20 system (see Figure 1). The device filters the sig-
nals in a frequency range of 0.2-45 Hz, which enables up to 128 samples per second on
each channel (sf = 128 Hz). Earlier research has indicated that the Emotiv Epoc EEG head-
set generates patterns of brain activity of good resolution [77] and has good test-retest
reliability [78] properties.
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Figure 1. Scheme of the experiment and data recording during d2 and CREA test. (A) Illustration
of the Emotiv Epoc device placed on a child. (B) Example of the worksheet useded in the D2 attention
test. (C) Example of an illustration used in the creativity CREA test. (D) Extract of EEG signal
acquired by the device. (E) Distribution of EEG acquisition channels of the Emotiv Epoc.

2.3. Raven Test of Progressive Matrices

The Raven test of progressive matrices [79] provides a measure of general intellectual
ability (fluid intelligence). According to the age of the children’s sample, it used either
the colored scale (RCPM), made up of three series for children aged between 5 and 11 years,
or the general scale (RPM), composed of five series for children aged 12 years old.

2.4. Swanson, Nolan, and Pelham Rating Scale, Fourth Version (SNAP-1V)

This scale assesses children’s hyperactivity, impulsivity, and attention deficit. It in-
cludes two versions, one for parents and one for teachers. Symptoms are evaluated on
a scale of 0 to 3 points, with nine items related to attention and nine for hyperactivity—
impulsivity. The range of severity goes from 0 to 27. The scale that has been used in Ar-
gentina is the teachers’ version, and it has been used as an instrument for detecting ADHD
in Argentinian children between 4 and 14 years of age [80].
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2.5. d2 Attention Test

The d2 test of Attention [81] offers a measure of selective attention, inhibitory control
and mental concentration ability, by means of a selective search for relevant stimuli. The test
includes a total of 658 items, organized in 14 lines, each containing 47 letters. The stimulus
comprises the letters “d” and “p” with one or two dashes, placed either individually
or in pairs above or below each letter (see Figure 1). Subjects have to search across the lines,
s0 as to recognise and cross all instances of the letter “d” with two dashes (they may appear
either above or below the letter) during 20 s per line. The test presents a high degree
of internal consistency (r > 0.90), regardless of the statistic (two-half method and odd-even)

and the sample used [81].

2.6. CREA (Creative Intelligence) Test

From the divergent thinking approach, the purpose of this instrument is to assess
creative intelligence according to the indicator of question generation in the theoretical
context of problem search and solution [82]. The CREA offers a unique and indirect measure
of creativity, in that it forces the activation of the mechanisms involved in the creative act,
but does not strictly imply a productive creative performance. The test consists of three
stimulus sheets (A, B, and C) that are used according to age; each has a drawing from
which the interviewee must formulate as many questions as possible within a set time
(see Figure 1). It can be applied individually or collectively and can be used from the age
of six. The ability to ask questions is a procedure for measuring creativity, which derives
from the work of Torrance [83] with the Creative Thinking Test, but unlike the latter,
each question posed in the CREA needs to be supported by a new cognitive schema;
the generation of cognitive schemas is what becomes of interest in this instrument, but
not the question itself as a creative product [75]. From the practical evidence, the test has
proven to be predictive with respect to other creativity tests and differential regarding
the measurement of 1Q. From the statistical point of view, the test has shown convergent
and divergent validity, as well as reliability. The test has norms for the Spanish and
Argentinean samples of both sexes from 6 years of age onwards [82].

2.7. Data Analysis

The pre-processing was conducted using MATLAB® software and the free access
package EEGLAB (https:/ /scen.ucsd.edu/eeglab/index.php). The raw data were filtered
using a finite impulse response (FIR) bandpass filter (0.5-45 Hz). Electrode impedance
was visually monitored using the Emotiv software and decreased until the required level
was reached, ensuring good contact quality. Bad channels were manually removed and
estimated using an interpolation algorithm. The signal was divided into epochs of 5 s
length. A visual estimation of the signals was performed, eliminating the epoch that
contained artefacts from movement or other acquisition problems. The mean number
of epochs per subject was 52 £ 7. Finally, an independent component analysis (ICA) was
used to eliminate the components associated with myographic, cardiac, and ocular artifacts.
Once the pre-processing was concluded, the epochs were grouped according to the two
states, baseline (BL) and d2/CREA task.

In each study, we analyzed the relative difference power spectrum density (PS) between
the BL state and d2/CREA. The PS was calculated considering the power of the full band
of delta (1-3 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-25 Hz), and gamma bands
(3040 Hz). The calculation was like the above, that is, it was calculated by epoch, and then
a mean value was computed for all subjects” epoch. Finally, the relative difference of power
was calculated as (PSgy,crea — PSpr)/PSpL for each band. In this case, the results were
plotted using the function of the eegLab topoplot package, which allows observing the results
of PS distributed topographically in the cerebral cortex. To find out whether the differences
between BL and d2 are significant, a statistical study was carried out. To test for data
normality, a one-sample Kolmogorov-Smirnov Test was conducted. Since the data were not
normally distributed (p < 0.01), we employed the non-parametric Mann-Whitney U test.
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To study the functional connectivity, we implemented the phase lag index [84] in order
to measure the extent to which a distribution of phase angle differences is allocated toward
positive or negative sides of the imaginary axis on the complex plane. The fundamental
idea here is to disregard phase locking that is centered around 0 phase difference as a
means of excluding the volume conduction effect. This also applies to phase locking at 7,
27, and so on (i.e., repeating at every 7, also given as 0 mod 7). Mathematically, this can
be expressed as follows:

n
PLIT = |n~1 ngn(imag(A(pij)) 1)
t=1

where Ag¥ = ¢ — ¢/ is the phase difference between two signals and the signum function
that discards the phase difference of 0 mod 7t. The PLI ranges between 0 and 1, with 0
indicating no coupling or instantaneous coupling due to volume conduction and 1 indi-
cating true, lagged interaction.PLI is a useful tool for the functional analysis of specific
brain functions, as it enables to reflect brain anatomical boundaries due to its high intrinsic
synchronization [85]. Unlike other EGG connectivity brain measures, such as coherence
(i.e., [86]), PLI does not rely on stationarity, and it is enough to conclude that two brain
regions interact [87] either directly or through other groups of neural networks. Therefore,
PLI would be a more suitable analysis than coherence when working with nonlinear and
nonstationary signals, such as those of EEG [88]. Furthermore, as it has the additional bene-
fit of enabling the detection of zero-phase lag events, it would be more useful in the study
of how information is transferred and integrated in the brain [38] .

Where A¢'l = ¢' — ¢/ is the phase difference between two signals and the signum
function that discards phase difference of 0 mod 7r. The PLI ranges between 0 and 1,
with 0 indicating no coupling or instantaneous coupling due to volume conduction and 1
indicating true, lagged interaction. The calculation of the PLI index was applied to the same
EEG bands that were used in the power analysis. In each band, all possible signal pairs
were calculated. The mean value of the PLI obtained was then estimated for the epoch time
length. This procedure was performed in both states and for each epoch; then, the average

was calculated in each subject. Finally, for all subjects, the mean value y;j and the standard

deviation 0'517 were calculated, being the s state s = bl,d2/CREA and the ij of the two
channels compared with i # j (i,j = 1,...,14). We argue that two channels ij are more

connected or disconnected during d2 task performance when the < ;4;]2 JCREA > 1s greater

(i-e., connected) or lower (i.e., disconnected) than a threshold Th = yblij + 0,17 (see full
description in [89,90]). Although our synchrony analysis reveals only correlations between
phases of oscillations, we used the term “connectivity”, as this analysis allows us to infer
that these correlations could underlie some degree of connectivity [90].

3. Results
3.1. d2 Test

All children performed the d2 task accurately, with a performance that fell in the av-
erage range (CPyean = 280.00, SD = 57.96; TN — Ejean = 112.53, SD = 26.33) but was
higher than the 50th percentile according to the developmental norms provided in the
d2 manual and a recent normative study with Spanish-speaking children. The average 1Q
was estimated at the 55.53 percentile (SD = 30.5). Finally, no child had a profile consistent
with ADHD (i.e., children had neither high levels of inattention and hyperactivity or impul-
sivity), according to the SNAP IV scale. Table 1 provides descriptive statistics for d2 task,
intelligence, and behavioral measures.

The relative power spectrum was applied explained in Section 2.7, for the different
physiological bands delta, theta, alpha, beta, and gamma. In Figure 2, the delta band
shows no significant changes except for the F7 channel. The theta band shows a significant
increase in the prefrontal cortex electrodes, but no changes are shown for the other areas.
The alpha band shows a significant power decrease in overall channels during the d2 task.
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The beta band doesn’t present significant changes between states. Finally, the gamma band
shows an increase in power in the left fronto-parietal and right parieto-occipital areas.

Left Right

Figure 2. Relative difference of PS between BL and d2 state for the different frequency bands.
The values are expressed in log(uV?/Hz).

For the connectivity analysis, the PLI index was calculated from all possible pairwise
signal combinations employing the procedure detailed in the Section 2.7. As explained
in the methods section, the connectivity /disconnectivity during the d2 task performance
was calculated with respect to the baseline state. The frequencies band analyzed were
the same as the PSD. Figure 3 (left panel, blue line) shows the relative connected channels
during the d2 test for the different frequency bands. The delta band shows a connectivity
between the frontal and left temporal channels with the right temporal areas. In the theta
and alpha bands, there is no higher connectivity than in the baseline state. The beta band
presents greater intra-hemispheric connectivity in the frontal channels. The gamma band
shows a marked global connectivity, both inter- and intra-hemispheric, in the frontal,
temporal, and occipital areas. On the other hand, Figure 3 (right panel, red dotted line)
shows the relative disconnectivity between channels on the frequency bands mentioned
before. The delta band presents an inter-hemispheric disconnectivity in the prefrontal
channels. The theta band shows a high disconnectivity between the frontal and occipital
areas with the left temporal lobe. The alpha band has a global disconnection between
the frontal, temporal, and parietal areas. In the beta band, the disconnectivity occurs
between the left occipital area and the frontal areas. In the gamma band, no significant
disconnections between the channels are observed.
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Figure 3. Connectivity/disconnectivity analysis for d2 task. Left panel: the blue lines represent
the existence of a greater connectivity between brain areas during d2 performance with respect to
the baseline state. Right panel: the red dotted lines represent the disconnection between brain areas
during d2 performance with respect to the baseline state.

3.2. CREA Test

For the power spectrum analyses in the CREA test, the same bands as those analysed
for the d2 test were used. Figure 4 shows that during the CREA task, there is a significant
power increase in the frontal area in Delta band. Similarly, for the theta band, an increase
in the frontal area is observed, especially in the electrodes F8, F4, and F7. In the alpha band,
no significant changes are observed at most electrodes, except for a small decrease in power
at the frontal levels. The beta band shows an increase in power at the electrodes located
in the right parieto-occipital area, and a slight increase in the right frontotemporal area.
Finally, for the gamma band, we have an increase in the electrodes in the right occipital area.

The connectivity /disconnectivity analysis was implemented in the same bands used
for the d2 study. Figure 5 (left panel, blue line) shows the connected channels during
the CREA test for the different frequency bands. We can observe that there is a high fronto-
occipital connectivity for the theta band. For the alpha band, connectivity is observed
between electrode F7 and the frontal and temporal electrodes. Gamma has a higher
connectivity between electrode P8 and the fronto-temporal electrodes. For the delta and
beta bands, no major changes in connectivity are seen.

For the case of disconnectivity, except for the alpha band in some particular channels,
there are no significant changes in any band.
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Figure 4. Relative difference of PS between BL and during CREA test for the different frequency
bands. The values are expressed in log(uV?/Hz).
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Figure 5. Connectivity/disconnectivity analysis for CREA task. Left panel: blue lines represent
the existence of a greater connectivity between brain areas during CREA performance with respect
to the baseline state. Right panel: red dotted lines represent the disconnection between brain areas
during CREA performance with respect to the baseline state.
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4. Discussion

The aim of the present study was to explore the power spectrum density and the func-
tional brain connectivity and disconnectivity during CP, as measured by the d2 and CREA
tests. On the one hand, power spectral density reflects the “frequency content” of the signal,
or the distribution of signal power over frequency [91]. On the other hand, the phase
locking index (PLI) [84] measures the phase difference between two neuroelectric signals,
and it could be interpreted in the context of neural integration [87]. The fundamental
idea about PLI is to disregard phase locking that is centered around 0 phase difference
as a means of excluding volume conduction effects (at the risk of ignoring true instanta-
neous interactions) [85]. Unlike other EEG connectivity brain measures, such as coherence
(i.e., MSC; Clifford Carter, 1987), PLI does not rely on stationarity, and it is enough to con-
clude that two brain regions interact [87] either directly or through other groups of neural
networks. Therefore, PLI is a more suitable analysis than coherence when working with
nonlinear and nonstationary signals, such as those of EEG [88]. Furthermore, as it has
the additional benefit of enabling the detection of zero-phase lag events, it would be more
useful in the study of how information is transferred and integrated in the brain [38].

4.1. d2 Study

Our results showed global gamma-phase synchrony and a regional increase in beta-
and delta-band phase synchrony. In addition, we observed a general desynchronization
of alpha activity and a regional one of the beta, delta, and theta bands. Gamma phase
synchronization has been reported in previous studies during attentional conditions [31,34],
as a mechanism for large-scale cognitive integration across brain areas [92,93]. Several
hypotheses have been proposed to explain synchronous gamma-band activity, including
increased attention, increased alertness, and the binding hypothesis [34,94]. Beta-frequency
phase synchronization during attention paradigms is also supported by earlier studies
(see [31]). For example, beta band oscillations are observed when subjects are engaged
in problem-solving activities or tasks that demand critical thinking [95] (e.g., during math
performance [96] or visual spatial attention [97]). Finally, delta-band synchronization
during CP is also consistent with studies that have found increased delta coherence during
word fluency tasks [41] and attentional processes (for a review, see [27]). Furthermore,
frontal coherence in both delta and beta frequencies has been positively associated with
executive function performance [98]. Thus, our results are in line with previous studies
showing that gamma- [34], beta- [31], and delta-band [27] synchronization play a role
in attentional processes. Alpha desynchronization during d2 task performance is also
consistent with studies that have examined the role of alpha-band activity during attention
and cognitive functions.

For instance, earlier research reported a decrease in the alpha band during visual
spatial attention [97] and word fluency [41]. It has been argued that while alpha desyn-
chronization indicates external attention and cognitive processing, alpha synchrony reflects
internal attention [99]. We also observed regional theta desynchronization during CP. A de-
crease in frontal theta coherence has also been observed during VF tasks [41]. These results
support the hypothesis that increased arousal reduces the activity in the theta band, further
shifting it towards the beta band [100]. Indeed, there is evidence that ADHD children
show increased theta activity [100], suggesting cortical hypoarousal [101]. Consistently,
a decrease in alpha [30] and theta activity [100] has been noticed after methylphenidate
(MPH) administration, probably due to an increase in cortical arousal [102]. The theta band
also increases during nondirective meditation [29], when subjects” attention is focused on
their breathing without external instructions [103], and during states of internalized atten-
tion and positive emotional experiences [28,104]. In this sense, as with alpha activity [99],
theta activity has a differential role in internal vs. external attention. Thus, our results
regarding alpha and theta desynchronization could be interpreted as a greater cortical
activation during external attention. Interestingly, when comparing the two EEG analyses
performed in the current study, that is, power spectrum and PLI synchrony, the most
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significant differences with respect to the BS were found in the alpha and gamma bands,
supporting earlier reports that alpha and gamma rhythms are frequently inversely cou-
pled [105,106]. Specifically, for the alpha band, a decrease in power was observed during
d2 task performance in the right frontal, temporal, and parietal channels. Interestingly,
our results of PLI synchrony analysis regarding the alpha band show a significant discon-
nection between the frontal, temporal, and parietal channels during d2 task. Concerning
the gamma band, the power increases during the d2 task across all channels. Earlier studies
have also consistently observed an association between gamma power and EF [107-109].
For the gamma band, our synchrony study shows high connectivity between all channels
during d2 task performance.

These data have important clinical and educational implications for the neuroscience
field. First, to our knowledge, while the role of gamma activity in children’s cognitive and
behavioral outcomes has been mainly assessed under resting conditions [36,110] and after
auditory task stimuli [37], there are no studies on brain connectivity in children during
a “state of concentration” that study all frequency bands through phase synchrony analysis.
This is important, considering that only synchrony measures (unlike power spectral) “bear
directly on the possible role of gamma activity in cognition”, as they provide direct evidence
about electrode pairs and their local location ([93], p. 433). Therefore, only synchrony
measures can be considered as indicators of long-range synchrony [88]. Thus, our data help
to enhance knowledge of the role of gamma activity during CP in children under different
conditions and analysis methods. Our results also have important implications for neuro-
feedback interventions in children with attentional and executive problems. The d2 test
is widely used as part of the neurofeedback protocol treatment in ADHD children [111]
and for the study of the relationship between CP and MPH-induced power changes [30].
However, although it is considered an indicator of attentional ability in children, both
for diagnostic purposes and rehabilitation, to our knowledge, no study has previously ex-
amined the brain activity elicited during its execution in children. Thus, the current study is
of great relevance, as it provides not only evidence on the validity of the d2 as an attentional
measure, but also enables one to make inferences about the brain changes that underlie
cognitive performance following interventions targeting cognitive development. Indeed, it
has been hypothesized that changes in attentional functions, as measured by d2 and fol-
lowing meditation and coordinative exercise interventions, could be due to structural and
functional brain changes [112] and the facilitation of neuronal networks that would lead to
a pre-activation of the cortical activities underlying attention [113]. In addition, although
neurofeedback may not affect the power spectrum of EEG signals, an improvement in d2
performance has been noticed after beta/theta training in children with ADHD [114]. This
is consistent with our results regarding a greater connectivity in the frontal area for the beta
band and theta-band desynchronization during d2 performance. Thus, our data could be
useful in selecting cognitive measures to examine training effectiveness and understanding
the nature of brain changes, after applying neurofeedback protocols, mindfulness practices,
and other interventions aimed at improving attention and EF in children.

4.2. CREA Study

Power spectrum analysis showed that during the CREA task, there was a significant
increase in the bands: delta in the left frontal area, theta in the fronto-temporal areas of both
hemispheres, beta in the right hemisphere, and gamma in the left parieto-occipital and right
frontal-parietal region. In general, power spectrum studies show improvements in neural
activity in the alpha band in creativity tasks [47,51,72,73]. However, in this power study, no
activity was found in alpha, but in delta, theta, beta, and gamma.

Delta and subdelta frequencies are the quietest frequencies in the human brain. When
globally distributed, the brain usually goes into sleep [115]. These waves are also involved
in decision making after a new or unexpected signal [116], and in cognitive flexibility
in sudden task switching [115]. In turn, cognitive flexibility is important for divergent
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thinking [117], with the CREA task being a divergent thinking one, which requires asking
questions in the face of a stimulus.

Theta activity is related to novelty detection [118] and to the imagination of fictitious
scenes [119]. In the CREA task, questions are asked about a scene, which often leads to
imagining fictitious elements of what is happening in the image. In terms of evidence, an
increase in power has been found in verbal creative tasks compared to visual ones [57].

Beta has been suggested to be involved in the encoding of acquired experiences, and
changes in rhythms have been associated with the perception of simple and complex
stimuli, as well as attention and wakefulness levels [58,120,121]. This band is related to
externally focused attention [122], sensory processing, and sensorimotor control [123],
as well as processing tasks [124], and it also reflects psychomotor speed in intelligence
tests [125]. Evidence has shown an increase in the power of this band in creative verbal
tasks compared to baseline [57,58]. While Beta does not commonly appear in creativity
studies, and in many cases has shown ambiguous results [66], in this work the CREA task
requires processing an image and writing questions about that image as fast as possible,
thus requiring external focused attention and psychomotor speed, as subjects must write
the questions in a given time.

Finally, gamma activity may be due to the fact that this band is involved in many cog-
nitive, sensory, and memory processes, and it is related to a state of arousal, alertness, and
attention [115]. The occurrence of this band should not be considered in relation to specific
mental states, but to the organization and maintenance of brain system activity [126,127].
Studies of creativity that have included this band have found, as with beta, ambiguous
results, which could be due to task specificity or factors not controlled for in the experi-
ment [66]. Similarly, in this study, the occurrence of gamma is consistent with the internal
processes involved in CREA.

On the other hand, connectivity analysis showed that during the creativity task,
there was marked connectivity between frontal and fronto-occipital channels in theta,
high fronto-temporal connectivity in alpha, and higher connectivity in the right fronto-
temporal and right parietal areas in gamma. Connectivity was also present in the delta
and beta bands. There were no major changes in brain disconnectivity. Regarding theta,
an increase in frontal-occipital functional connectivity has been found to be associated
with an increase in creativity [68]. Furthermore, this band is found to be associated with
increased cognitive control, which plays an important role in creative divergent thinking
tasks [69,128]. Coherence studies have shown an increase of this band in a creativity task,
relative to baseline in women [129], as well as an increase of delta and theta in creative
figure tasks in adults [130].

In relation to alpha, increased connectivity in this band has been shown in a va-
riety of creativity tasks [48,59,60,131], and it has even been reported to appear in both
divergent and convergent thinking tasks, due to the internal processing demands that
the latter require [61]. In this work, alpha connectivity may indicate that children are able
to exclude interfering external stimuli in order to generate creative responses. Indeed,
Benedek et al. (2011) mention that attention seems to play a key role in alpha fluctuations
related to creativity. Outward-facing attention largely involves visual processing, and has
been found to reduce alpha activity during divergent thinking; conversely, when attention
is inward-facing, alpha potency increases. Simply closing the eyes has also been shown to
improve divergent task performance [132].

As for gamma, as mentioned above, it is a band that encompasses many cognitive pro-
cesses, and the results found so far are somewhat ambiguous. A coherence study reported
an increase in the interaction of the gamma, beta, and alpha bands during the performance
of a creativity test, compared to the control [66].

In relation to beta, coherence studies have shown an increase of this band in creativity
tasks compared to baseline [57,129]. Finally, although studies with the delta band are
scarce, an increase of this band has been found in visual divergent thinking tasks [133].
On the other hand, Bechtereva and Nagornova [130], through a coherence study in adults,
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found an increase in delta and theta, but a decrease in alpha, beta, and gamma bands
in a creative task vs. baseline. In addition, Bhattacharya and Petsche [88] found that art
students exhibited better delta synchronization in frontal regions when performing a men-
tal composition drawing, while non-artists exhibited beta and gamma synchronization.
Creative work is a complex activity that involves different mental processes depending on
the type of task to be performed. In our work, the task of creativity requires the processing
of an image and its interpretation in a given time, which requires attention, speed, flexi-
bility of thought to change the questions asked about the image, capacity for association,
originality, and other processes that the child must carry out in order to write the answer.
All of these activities could be activating a variety of processes associated with almost
all EEG bands. Although this work is preliminary, it is necessary to continue performing
studies of creativity in children with other types of divergent thinking tasks.

This work has some important limitations that need to be addressed. Firstly, and
mainly because we are working with children, eye and head movements introduce large
artefacts to EEG recordings. This resulted in the need to discard many epochs during
the pre-processing stage. Secondly, our EEG results should be observed as preliminary
because of the small sample size. Finally, as only TD children with ages ranging from 8 to 13
years were included, the generalization of findings to other age ranges and clinical samples
is limited. Future research would benefit from examining the electrophysiological correlates
during concentration performance and creativity in older children and in children with
atypical development.

5. Conclusions

In summary, our electrophysiological data revealed that d2 task performance increased
brain gamma and beta-band synchronization. Besides, there was a global desynchronization
in alpha-band and, to a lesser extent, in theta activity. These results contribute to the neu-
roscience and developmental neuropsychology fields, by providing not only evidence
in favor of the validity of the d2 as a measure of attention and concentration in school-age
children, but also further understanding of the neural processes involved in selective at-
tention during childhood. Furthermore, the electrophysiological study of CREA showed
changes in the spectral power of beta, delta, theta, and gamma, which could be due to
the multiple cognitive and emotional factors at stake when performing a creative task.
In addition, unlike d2, theta, alpha, and gamma waves showed high connectivity in frontal
areas, which are regions associated with cognitive control that play an important role
in creative processes. In general, findings in terms of connectivity are consistent with
the demands of the task in terms of the requirements of attention, concentration, insight,
and creativity for the generation of ideas, also providing validity for the CREA test, as a
measure of creativity from divergent thinking. Taken together, this research provides useful
data to outline tests to be included in neurofeedback training protocols for children with
typical development and children with neurodevelopmental disorders.
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