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Abstract
Background

Early diagnosis and intervention is essential for children at risk of attention deficit hyperactivity disorder (ADHD). For
preschool-age children with ADHD, who have heterogeneous neurobehavioral de�cits, the continuous performance test and
quantitative electroencephalography (EEG) can facilitate clinical diagnosis. This study investigated EEG dynamics and task-
based EEG coherence in preschoolers with ADHD, who exhibited varying cognitive pro�ciencies.

Methods

The participants comprised 54 preschoolers (aged 5–7 years), 18 and 16 of whom exhibited high and low cognitive
pro�ciency (ADHD-H and ADHD-L, respectively). The remaining 20 children had typical development (TD). All the children
underwent the Conners’ Kiddie Continuous Performance Test and wireless EEG recording under different task conditions
(rest, fast, and slow).

Results

In the slow-rate task condition, the task-related parietal delta power of preschoolers with ADHD-L was signi�cantly higher
than that of their peers with TD. In the fast-rate condition, the preschoolers with ADHD-L exhibited higher parietal delta and
theta/beta ratio as well as lower parietal beta power than those with ADHD-H. Unlike those in the TD group, the alpha power
values of the participants in both the ADHD groups declined from rest to the task conditions. Task- related EEG beta
coherence was decreased in both ADHD groups, which were distinct with TD groups.

Conclusion

The aforementioned �ndings suggest that task-related brain oscillations were related to cognitive pro�ciency in preschool
children with ADHD. The novel wireless EEG system used was demonstrated to be convenient and highly suitable for clinical
use in preschool children. The EEG pro�les in the present study may contain speci�c neural biomarkers that can assist early
detection, diagnosis, and clinical planning for the treatment of ADHD in preschool children.

Background
Attention deficit hyperactivity disorder (ADHD), which is the most prevalent childhood-onset neuropsychiatric disorder, is
de�ned as persistent inattentiveness and/or hyperactivity that impedes not only developmental but also social functioning
[1–3]. Symptoms typically emerge early (at preschool age) and persist into adulthood [2–5]. ADHD diagnosis is maintained
over time in most individuals diagnosed as having the condition at preschool age [6–9]. The estimated prevalence rate of
preschool ADHD ranges from 2.1% to 5.7% [10, 11]. In 2011, the American Academy of Pediatrics updated the ADHD clinical
practice guidelines, recommending clinicians to evaluate for ADHD in all children from the ages of 4–5 years [12, 13].
Identi�cation of preschool children at risk for ADHD and providing early intervention are imperative [5, 13–15]. The lack of
clinical interviews and rating scales as well as the less structured nature of preschool settings, which is unfavorable for
multi-informant assessments, make the diagnosis of preschool ADHD challenging [16, 17]. To facilitate diagnosis, the
continuous performance test (CPT) and quantitative electroencephalography (QEEG), which have the advantages of safety,
low cost, high speed, and convenience, can be used to investigate individual performance on attention-demanding tasks
directly [18–24].

Conners’ Kiddie Continuous Performance Test (K-CPT) is a standardized task-oriented computerized modality that
constitutes a useful adjunct in the early identi�cation of ADHD and other attention-related conditions in children aged 4–7
years [25]. Signi�cant results on at least two of the three measures of the aforementioned test and the ADHD Con�dence
Index provide incremental predictive validity for early diagnosis [5, 26]. Notably, heterogeneous neurobehavioral de�cits in
cognitive domains have been reported in ADHD, even within a single sample [27–29]. Information on ADHD-related
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neurocognitive characteristics can be determined from the response patterns obtained in the K-CPT. Moreover, K-CPT, which
is superior to most commercial CPT paradigms, features varied and random time intervals between stimuli. These
interstimulus intervals (ISIs), through which event rates within the same paradigm are manipulated, may pose considerable
challenges to test takers. Fast-rate tasks with short ISIs require rapid information processing. By contrast, slow-rate tasks
with long ISIs necessitate alertness and focus. The overall scores on the K-CPT serve as a reference for clinicians and
specialists with regard to attention-related concerns and facilitate the design and planning of educational strategies and
interventions [25].

QEEG, which explores electrophysiological features of brain activity, is increasingly viewed as the modality of interest
through which biomarkers for the characterization of neurodevelopmental disorders can be identi�ed [18–23, 30, 31]. Power
spectral density (PSD) studies on ADHD have revealed one consistent �nding: Compared with age-matched controls,
participants with ADHD exhibit higher absolute and relative theta power and theta/beta ratio (TBR) in the frontocentral
region of the brain at rest [20, 21, 23, 30, 32–39]. Regarding the other frequency power bands, despite slightly con�icting
evidence, studies have reported that delta power is typically higher in individuals with ADHD than in healthy controls (HCs)
[21, 31, 39–42], whereas alpha and beta power are usually lower [21, 30, 31, 40, 42]. Research has indicated that
electroencephalogram (EEG) coherence, which measures similarities in electrophysiological signals between electrodes in
various brain regions at speci�c frequency bands, may be higher or lower in individuals with ADHD than in HCs depending
on variations in paired brain regions. Notably, one of the most replicated �ndings is that participants with ADHD aged 8–13
years exhibit higher theta coherence at rest than do HCs, predominantly in the frontal and central/parietal/occipital
interhemispheric connections [21, 43].

With regard to ADHD heterogeneity, most studies have used the subtypes outlined in the Diagnostic and Statistical Manual of
Mental Disorders, 4th Edition, or EEG pro�le clusters for grouping, computing, and comparing the band power, power ratio, or
power synchronization of subpopulations of children with ADHD at rest [40, 42, 44–47]. However, few studies have
investigated task-based EEG coherence [46, 48, 49] or differences in PSD between rest and a task [50, 51]. Furthermore, to the
best of our knowledge, few studies have explored the brain dynamics of subgroups of preschoolers with ADHD according to
cognitive pro�ciency by manipulating task rate.

Most EEG studies on children with ADHD have used wet electrode systems with a stretch cap. Chu et al. [52], who used only
a simple index of attention and meditation, obtained brain wave signals easily by using a commercial mobile EEG headset.
In the present study, a wireless wearable EEG headset was used to quantify brain dynamics during an attention-related CPT
task. The advantage of this device is that it offers more comfort than wet electrode systems do for child participants.
Subsequently, we investigated EEG pro�les measured using dynamic EEG during different task conditions and task-based
EEG coherences among preschoolers with ADHD who had high cognitive pro�ciency (ADHD-H), ADHD who had low cognitive
pro�ciency (ADHD-L), and typical development (TD). We hypothesized that EEG pro�les during different task conditions
would be related to ADHD heterogeneity, speci�cally the varying levels of cognitive pro�ciency. The EEG pro�les in the
present study may contain speci�c neural biomarkers that can assist early detection, diagnosis, and treatment planning for
preschoolers with ADHD.

Methods
Participants

The participants comprised 54 preschoolers (aged 5–7 years), 34 of whom were diagnosed as having ADHD (26 boys and
eight girls; mean age ± standard deviation [SD]: 68.74 ± 6.55 months) and 20 of whom had TD (16 boys and four girls; mean
age ± SD: 67.80 ± 5.76 months). All the ADHD diagnoses were con�rmed in the clinical setting by the senior child and
adolescent psychiatrists. We recorded data on the participants’ birth history, including their gestational age and birth body
weight. Those who had a history of brain disorders or any other neurological disorders, chromosomal or genetic disorders,
autism spectrum disorder, learning disorder, or any other mental disorder were excluded. For children with ADHD (n = 9; four
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children with ADHD-L and �ve with ADHD-H) who had been taking short-acting methylphenidates, the effects of medicine
had been completely washed out before experiment initiation. The study was implemented according to policies on human
research and was approved by the Research Ethics Committee of the Taiwan National Health Research Institutes
(EC1070401-F). The participants’ parents or guardians provided written informed consent to the academic use of the test
results.

Apparatus

Neuropsychological measurements

Intelligence quotient test and behavioral rating scales. Cognitive function was evaluated using the Taiwanese version of the
Wechsler Preschool and Primary Scale of Intelligence–fourth edition (WPPSI-IV) [53], which was administered by quali�ed
psychologists. This version, which is recommended for children aged 2 years and 6 months to 7 years and 11 months, has
been translated and adapted from the original WPPSI-IV [54] to account for differences in language and cultural background.
We classi�ed the participants with ADHD into groups with high and low cognitive pro�ciency according to their cognitive
pro�ciency index (CPI) scores on the WPPSI-IV. Children with CPI scores of >85 and ≤85 were classi�ed into the ADHD-H (n =
18) and ADHD-L (n = 16) groups, respectively. Two versions of the Disruptive Behavior Disorders Rating Scale (DBDRS) for
parents and teachers [55] were used to evaluate ADHD symptoms.

Conners’ Kiddie continuous performance test 2nd edition. In this study, we used the 7.5-min Conners’ Kiddie Continuous
Performance Test 2nd Edition (K-CPT2) [25] to assess attention-related performance. The participants sat in front of a
computer and were instructed to respond to targets (i.e., all objects appearing on the monitor except for soccer balls, which
were nontargets) as fast and accurately as possible. As displayed in Fig. 1, the K-CPT2 involves 200 randomly presented
trials divided into �ve blocks, each of which contains two 20-trial sub-blocks involving fast- and slow-rate tasks (1.5- and 3-s
ISIs, respectively). The responses were used to compute scores re�ecting various attention aspects. The nine main
standardized scores generated for each participant help assessors interpret the nature of their attention problems (through
different aspects). Standardized T scores were de�ned as having a mean of 50 with an SD of 10. Higher scores generally
imply worse performance except in special cases, such as when the hit reaction time (HRT) is measured. For such
assessments, d’ refers to detectability or the ability to discriminate nontargets from targets. Omissions and commissions
represent missed targets and incorrect responses to targets, respectively. Perseverations denote responses made within 100
ms of stimulus presentation. The HRT indicates the mean response speed of all nonperseverative responses over the test. Its
variation and SD measure the consistency of the response speed. The HRT block change is the slope of the change in
reaction time across the �ve blocks. The HRT ISI change refers to the slope of the change in reaction time between two ISIs.

Wireless and wearable EEG

The apparatus used was a novel eight-channel wearable and portable EEG system [56, 57] that consisted of a wireless EEG
device and laptop computer (Fig. 2). The device included four components: eight semidry hygroscopic sponge-electrode
sensors, an EEG data acquisition module, a Bluetooth transition module, and a rechargeable battery. The advantages of
these sensors are described in the following text. First, the skin-contacting part is made of soft sponge, which prevents
discomfort during EEG recording. Second, the sensors simply require a small amount of water to work, instead of the
complex skin preparation and gel application process in conventional wet electrode systems. Third, the sensors can be easily
and quickly assembled and �t appropriately into the original device. Fourth, the sensors provide excellent conductivity for
EEG signal acquisition, with the signal quality being comparable with that of the Neuroscan system [57]. In addition, the EEG
data can be used to develop a real-time detection algorithm in a more natural and comfortable state during daily life.

Procedure and EEG recording

Figure 3 illustrates the EEG recording procedure. The participants sat in a sturdy, comfortable chair in a quiet room in a
relaxed state. To establish baseline resting power, resting-state EEG signals were recorded over 1 min with the participants’
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eyes open. Subsequently, an instructor informed the participants of the experimental rules and provided them the opportunity
to practice prior to o�cial initiation of the K-CPT2. Raw EEG recording data were obtained from eight electrode sites on the
scalp (Fp1, Fp2, Fz, C3, C4, Pz, O1, and O2) according to the standard international 10/20 system at a 1000-Hz sampling
rate. The scalp–electrode impedance of the sponge electrodes used in our previous study [57] and the present study was
relatively higher (approximately up to 120 k Ohm) than that in the conventional wet electrode system (typically
approximately 20 k Ohm). However, in a circuit design containing an ampli�er with an input impedance of approximately
200 M Ohm, a scalp–electrode impedance of up to 200 k Ohm is allowed for accurate signal acquisition with an
approximate error rate of 0.1% [58]. In the present study, the linked earlobes were used as reference sites, and the impedance
of each electrode was controlled below 100 k Ohm throughout the EEG recording session.

Data preprocessing and processing

We used MATLAB software (MathWorks, MA, USA) to preprocess and process the EEG data. We extracted the data on rest
and task-related power for analysis, eliminating artifacts from eye blinks and muscle movement. EEG experts identi�ed and
eliminated the components corresponding to muscle artifacts related to the participants’ restless movements during the
experiment. According the sequences of ISIs within sub-blocks (Fig. 1), we further divided the task data into two epochs: 5
min of slow-rate task data comprising all segments with a 3-s ISI and 2.5 min of fast-rate task data comprising all segments
with a 1.5-s ISI (Fig. 4). Four frequency bands were defined for spectral analyses: delta, theta, alpha, and beta (0–3, 4–7, 8–
12, and 13–30 Hz, respectively). We determined the PSD of the EEG data by using the short-time Fourier transform
spectrogram function in the MATLAB signal processing toolbox. We analyzed the relative power, which was computed by
dividing the absolute power in a designated frequency band by the sum of all the measured frequency bands and then
multiplying the result by 100. Relative power is independent of bone thickness, skull resistance, and impedance variability. In
addition, relative power is a more discriminative variable than absolute power in ADHD evaluation studies [50, 59]. Regarding
task-related coherence, the data on task-related power were Fourier-transformed using a Hamming window. We also
analyzed 28 electrode pairs from eight recording sites.

Statistical analysis

The demographic and test data and the QEEG spectra of the three groups were compared using analysis of variance
(ANOVA). Comparison analysis of categorical variables (e.g., sex) was conducted using chi-square tests. To avoid the type I
error associated with multiple comparisons, we performed Bonferroni correction and considered differences to be signi�cant
at p < 0.01. Raw p values between 0.01 and 0.05 are presented as trend-level �ndings. To evaluate alterations in spectral
power, we performed a three-way repeated-measures ANOVA, with condition (rest, slow-rate task, and fast-rate task) and
region (Fp1, Fp2, Fz, C3, C4, Pz, O1, and O2) as within-subject factors and group (ADHD-H, ADHD-L, and TD) as a between-
subject factor. To assess between-group differences in task-related coherence, we performed nonparametric analysis with a
median test. Spearman’s correlation analysis was conducted to evaluate the relationship between selected task-related
coherence and the DBDRS scores. The signi�cance level was set as p < 0.05. All the analyses were performed using IBM
SPSS Statistics for Windows, version 22 (IBM Corp., Armonk, NY, USA).

Results
Between-group differences in neuropsychological measurements

Table 1 presents the comparison of the demographic and neuropsychological measurements between groups. The mean
full-scale intelligence quotient of the ADHD-L group was lower than that of the TD group (p = 0.013); however, the verbal
comprehensive index did not differ among the groups, which con�rmed that all the participants completely comprehended
the test instructions. CPI differed signi�cantly between groups; speci�cally, the ADHD-L group performed worse than the TD
and ADHD-H groups (p < 0.001 for both).



Page 6/28

Signi�cant between-group differences were observed in the DBDRS and K-CPT2 scores. Regarding the DBDRS, the
participants in the two ADHD groups were rated higher scores than those in the TD group on the inattentive dimension by
both parents (13.11 ± 4.35 in ADHD-H, 14.69 ± 5.10 in ADHD-L, 10.75 ± 4.61 in TD, p = 0.047) and teachers (15.28 ± 5.00 in
ADHD-H, 17.13 ± 4.16 in ADHD-L, 9.10 ± 5.97 in TD, p < 0.001). On the hyperactive dimension, teachers gave the participants
with ADHD higher scores than those in the TD group (13.39 ± 5.78 in ADHD-H, 14.19 ± 6.03 in ADHD-L, 8.25 ± 7.74 in TD, p =
0.017). Regarding the K-CPT2, the ADHD-L group exhibited inferior HRT performance (i.e., had higher HRT scores) to other
groups (53.28 ± 5.94 in ADHD-H, 63.75 ± 7.51 in ADHD-L, 55.05 ± 5.84 in TD, p < 0.001). The ADHD-L group performed worse
(i.e., scored higher) than the TD group in detectability (54.38 ± 8.30 in ADHD-L, 48.10 ± 6.21 in TD, p = 0.035), omission
(55.06 ± 9.59 in ADHD-L, 47.90 ± 9.34 in TD, p = 0.047), HRT SD (55.56 ± 10.79 in ADHD-L, 46.95 ± 6.72 in TD, p = 0.007),
and HRT ISI changes (56.38 ± 11.33 in ADHD-L, 49.00 ± 7.12 in TD, p = 0.031). Although the ADHD-H group exhibited a
poorer performance than the TD group did, the K-CPT2 scores of these groups did not differ signi�cantly (Table 1).

Between-group differences in resting relative spectral power and power ratios

Data on the relative powers of delta, theta, alpha, beta, and the TBR on eight electrodes (Fp1, Fp2, Fz, C3, C4, Pz, O1, and O2)
at rest indicated no signi�cant differences between the groups (Supplemental Table 1).

Between-group differences in CPT-task-related relative spectral power and power ratios

Between-group differences in CPT-slow-rate task-related relative spectral power and power ratios

The relative powers of delta, theta, alpha, beta, and the TBR on eight electrodes (Fp1, Fp2, Fz, C3, C4, Pz, O1, and O2) in the
slow-rate task condition among the three groups were compared (Supplemental Table 2). Table 2 and Fig. 5 present the
signi�cant results from the analysis of between-group differences in the slow-rate task-related PSD. The ADHD-H group had
a trend of higher delta values than the TD group did on the C4 electrode (p = 0.023), and the ADHD-L group had signi�cantly
higher delta values than the TD group did on the Pz electrode (p = 0.007). The ADHD-L group had a trend of lower alpha
power values than the TD group did on the Pz electrode (p = 0.040). The beta power values on the Pz electrode tended to be
lower in the ADHD-L group than in the TD group (p = 0.025). Overall, trends of between-group differences were observed in
the TBR (p = 0.030).

Between-group differences in CPT-fast-rate task-related relative spectral power and power ratios

Table 2 and Fig. 5 present the signi�cant results from the analysis of between-group differences in the task-related PSD. The
relative powers of delta, theta, alpha, beta, and the TBR on eight electrodes (Fp1, Fp2, Fz, C3, C4, Pz, O1, and O2) in the fast-
rate task condition among the three groups were compared (Supplemental Table 3). The delta power values were
signi�cantly higher in the ADHD-L group than in the ADHD-H group (p = 0.003), and presented a trend to have higher values
than did the TD group on Pz electrode (p=0.033). A trend which the ADHD-L group had higher values than did the TD group
(p=0.021) and the ADHD-H group (p=0.023) on O1 electrodes was observed. Regarding the alpha power, the ADHD-L group
had a trend of lower values than did the ADHD-H group on Pz electrode (p=0.048). Moreover, the beta power values on the Pz
electrode were signi�cantly lower in the ADHD-L group than in the ADHD-H group (p = 0.003). Signi�cant differences
between ADHD-L and ADHD-H were observed on Pz TBR (p=0.003); a trend of difference between ADHD-L and ADHD-H were
observed on C3 TBR (p=0.028).

EEG spectral power alterations of groups under three conditions

Relative delta

Signi�cant main effects were noted for region (F = 2.922, p = 0.006). Speci�cally, a signi�cant difference was noted between
the Pz and O1 electrodes (p = 0.001). No other significant main effects or interactions were observed.

Relative theta
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Signi�cant main effects were noted for region (F = 3.019, p = 0.004). Speci�cally, a signi�cant difference was noted between
the Fp2 and Pz electrodes (p = 0.042). Moreover, a significant interaction effect was observed between condition and region
(p = 0.001).

Relative alpha

Signi�cant main effects were observed for condition (F = 19.791, p < 0.001). The post hoc test revealed signi�cant shifts
from rest to the slow-rate task and from rest to a fast-rate task (p < 0.001 for both). Main effects were also observed for
region (F = 3.222, p = 0.003), and the post hoc test revealed signi�cant differences between the Pz and O1 electrodes (p =
0.024) and between the Pz and O2 electrodes (p = 0.046). Significant interaction effects of condition and region were also
noted (p = 0.012). Notably, condition and group had a significant interaction effect (p = 0.040), and the post hoc test
indicated that the ADHD-L group experienced a decline in alpha power during the shift from rest to the slow-rate task (p =
0.003) and from rest to a fast-rate task (p < 0.001). A reduction in alpha power was observed in the ADHD-H group during the
transition from rest to the slow-rate task (p < 0.001). The aforementioned results were distinct from those obtained for the
TD group, which exhibited no obvious differences in transition patterns. Figure 6 presents the transition patterns of the three
groups in the three conditions.

Relative beta

Signi�cant main effects were observed for region (F = 2.040, p = 0.049), and a signi�cant difference was noted between the
Pz and O1 electrodes (p = 0.006). No other significant main effects or interactions were observed.

Between-group differences in task-based coherence and their correlations with behavioral rating scores

We compared the task-related coherence of all 28 electrode pairs in the four frequency bands among the three groups (Fig.
7). Table 3 lists the signi�cant results from the analysis. Regarding beta coherence, the ADHD-H group had signi�cantly
lower values than the TD group on the Fp2–O2 electrode pair (p = 0.028). On the C3–C4 electrode pair, the ADHD-L group
had signi�cantly lower beta coherence values than TD group (p = 0.022). The correlation analysis indicated signi�cant
negative correlations between the beta coherence on the C3–C4 electrode pair and all DBDRS scores except the
inattentiveness dimension score rated by the parents (Table 4).

Discussion
To the best of our knowledge, this study is the �rst to construct EEG pro�les under various task conditions for preschoolers
with ADHD exhibiting varying cognitive pro�ciencies by using wireless EEG headsets. The EEG dynamics during task
conditions (i.e., slow- and fast-rate tasks) were related to the cognitive pro�ciency of the participants with ADHD, whose task-
related beta coherence was distinct from that of their TD peers. This result indicates that speci�c brain oscillations are
related to the heterogeneity in the neurobehavioral functions (e.g., working memory and processing speed) of children with
ADHD. The research results contribute to the understanding of task-related brain dynamics and connectivity, particularly
concerning preschool ADHD. The EEG pro�les in the present study may involve speci�c neural biomarkers that can assist
early detection, diagnosis, and clinical treatment planning for preschoolers with ADHD.

Notably, differences in centroparietal delta power in the slow-rate task condition were observed between the two ADHD
groups and the TD group. This result is partially inconsistent with the �ndings of previous studies that have indicated that
the resting frontocentral theta power and TBR of children with ADHD are different from those of their TD peers [20, 21, 23,
30]. This discrepancy can be attributed to between-study differences in the EEG measurement conditions. Because brain
attention dysfunction is usually more evident during cognitive tasks, electrophysiological recordings conducted during task
conditions can act as discriminants for the diagnosis of ADHD [60]. Attention functions involve several brain areas, and
altered parietal activity in ADHD may indicate abnormalities in the posterior visual attention system that affect performance
monitoring, attention reallocation, and visuospatial attention as well as motor mapping within the peripersonal space [61,
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62]. We infer that the K-CPT involves visual-input and motor response tasks that require respondents’ vision attention. This
phenomenon is completely different from that observed in the resting condition. Parent behavioral training (PBT)
interventions have strong evidence of effectiveness in the treatment of preschoolers at risk of ADHD [4, 5, 14]. On the basis
of EEG pro�les, PBT should involve slow-rate task training, such as delayed conditioning practice, for children with ADHD
who have various severities.

Compared with the ADHD-H group, the ADHD-L group exhibited a higher parietal delta power and TBR and lower beta power.
These results can be explained by the fact that children with ADHD of low CPI are less able to process rapidly presented
stimuli than those with high CPI. On the basis of the hypothesis that ADHD results from neurodevelopmental or
neurocognitive de�cits, various early interventions have been developed to target these presumed core de�cits [5]. Specialists
have employed computer-driven, play-based, and exercise programs in early intervention to enhance cognitive ability in
young children with ADHD [5, 63–66]. Therefore, according to these EEG pro�les, in addition to behavioral training, mental
processing speed (particularly on fast-rate tasks) tailored to the individual should constitute a crucial component of
cognitive training for young children with ADHD who have low CPI scores [67].

In this study, both ADHD groups exhibited an overall reduction in alpha powers in the shift from rest to the slow-rate task.
Moreover, in the shift from rest to the fast-rate task, the ADHD-L group exhibited a reduction in alpha power. These results are
in line with those of a study by Swartwood et al. [51], in which the alpha power in posterior regions at baseline was higher in
boys (aged 9–11 years) with ADHD than in age-matched controls. The aforementioned researchers also reported reductions
in alpha power in the left frontal region in the ADHD group during the cognitive task of reading. Our �ndings suggest that
preschoolers with ADHD exhibiting both high and low CPI have di�culty maintaining alertness and performing stable
executive function during shifts to slow-rate task conditions. Furthermore, the levels of cortical activation in children with
ADHD of low CPI are insu�cient to meet the cognitive requirements during shifts from rest to fast-rate task conditions. The
EEG transition pro�les indicate that PBT should be performed through approaches such as practice repetition, strategy
guidance, and task prompting to enhance the ability to adjust to slow-rate task shifting for all children with ADHD, regardless
of cognitive pro�ciency, to adjust to slow-rate task shifting. PBT is also recommended for parents of children with ADHD of
low CPI to help the children improve their ability to shift to fast-rate task conditions.

Intrahemispheric fronto-occipital and interhemispheric central beta coherence were lower in the ADHD groups than in the TD
group. Furthermore, signi�cant correlations were observed between DBDRS scores and interhemispheric central beta
coherence. Most EEG coherence studies on ADHD have examined resting states [43, 45, 68]. Few studies have assessed task-
based connectivity [46, 48, 69]. EEG coherence in children with ADHD may be increased or decreased depending on the
paired brain regions and conditions for recording [21]. Our �ndings are partially compatible with those of previous studies
that observed reduced interhemispheric temporal alpha coherence and central/parietal/occipital beta coherence [43, 45, 68].
This partial discrepancy may be due to between-study differences in the methodology, the sample, and task characteristics.
Because beta coherence is a robust and speci�c marker of motor status [70], reduced task-related beta coherence may be
indicative of impaired motor responses in children with ADHD, especially those with low CPI. Accordingly, EEG coherence
may constitute another neural marker for early detection of ADHD in preschoolers.

The wearable wireless semidry-electrode EEG recording system used in the present study has none of the drawbacks of
conventional wet electrode EEG systems. Specialists typically �nd it challenging to monitor the attention status of young
children during task performance due to poor compliance and unnatural situations. In our experiences with using the
semidry-electrode system, children do not need to endure the lengthy preparation procedure involved in wet electrode
systems (which exacerbates impatient and �dgety behavior in children). Notably, the participants noted that wearing the
system was comfortable, similar to wearing stylish headphones. They also mentioned that the wireless design made task
performance feel easy and free; thus, the adopted system promoted the cooperation of the participants in the
measurements. Most importantly, the data collected using the adopted system is equivalent in quality to that produced by
wet electrode systems. In summary, the adopted system is highly suitable for clinical use in young children.
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The relatively small sample size used is a limitation of this study. Nevertheless, we believe that our �ndings are clinically
relevant to the understanding of the underlying mechanisms of ADHD, particularly preschool ADHD, and can serve as a
reference for clinicians and researchers with regard to the potential neural biomarkers.

Conclusion
The EEG pro�les in the present study re�ect the heterogeneity of ADHD. EEG dynamics and coherences are related to
cognitive heterogeneity in individuals with ADHD. EEG dynamics in the slow-rate task and in the shift from rest to the slow-
rate task were impaired in children with either high and low CPI scores. EEG dynamics in the fast-rate task and in the shift
from rest to the fast-rate task were impaired in children with ADHD who had low CPI scores. The acquisition of EEG pro�les
by using the novel wireless system is convenient and e�cient for clinical use in children. These pro�les can provide
clinicians and researchers with information on potential neural markers that aid in the early detection, diagnosis, and
planning of interventions for preschool ADHD, including individual training and educational programs. Future studies should
attempt to use the aforementioned system to measure brain activity and provide real-time neurofeedback during game
therapy according to the selected neural biomarkers. This system can also be applied to various attention-related tasks in
which children engage, such as reading and writing.
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Mean±S.D. ADHD-H (n =
18)

ADHD-L (n = 16) TD (n = 20) p ADHD-
H vs
TD

p

ADHD-L
vs TD

p

ADHD-H
vs
ADHD-L

p

Age 68.50±6.14 69.06±7.18 67.80±5.76 0.836      

Sex (male:
female)

12:6 14:2 16:4 0.330      

GA 38.83±0.99 38.63±1.63 38.85±1.14 0.846      

BBW 3243.89±366.89 3106.75±465.14 3100.70±454.62 0.532      

FIQ 99.61±12.79 89.13±14.27 103.28±14.08 0.013* 1.000 0.013* 0.092

VCI 101.39±12.36 96.94±14.70 103.89±14.64 0.349      

CPI 99.21±6.93 75.80±7.29 101.75±13.47 <0.001** 1.000 <0.001** <0.001**

DBRSiP 13.75±4.12 14.69±5.10 10.75±4.61 0.034* 0.059 0.014* 0.569

DBRShP 14.06±5.43 12.69±6.82 9.55±5.58 0.073 0.028* 0.122 0.516

DBRSiT 15.28±5.00 17.13±4.16 9.10±5.97 <0.001** 0.001** <0.001* 0.303

DBRShT 13.39±5.78 14.19±6.03 8.25±7.74 0.017* 0.021* 0.010* 0.728

d' 50.39±7.02 54.38±8.30 48.10±6.21 0.039* 0.986 0.035* 0.332

omission 49.44±6.29 55.06±9.59 47.90±9.34 0.043* 1.000 0.047* 0.182

commission 48.56±7.86 52.00±10.00 46.85±7.85 0.203      

perseveration 49.22±5.80 50.25±7.77 46.10±3.74 0.090      

HRT 53.28±5.94 63.75±7.51 55.05±5.84 <0.001** 1.000 0.001** <0.001**

HRT SD 50.50±6.36 55.56±10.79 46.95±6.72 0.009** 0.539 0.007** 0.217

variability 52.11±10.68 51.75±9.03 48.10±7.01 0.321      

HRT block
change

50.00±6.51 50.63±11.38 49.85±4.64 0.953      

HRT ISI
change

52.06±5.86 56.38±11.33 49.00±7.12 0.036* 0.778 0.031* 0.401

**p < 0.01, *p < 0.05

K-CPT, Conners’ Kiddie Continuous Performance Test; SD, standard deviation; ADHD, attention de�cit hyperactivity disorder;
ADHD-H, ADHD with high cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency ; TD, typical development; GA,
gestational age; BBW, birth body weight; FSIQ, full-scale intelligence quotient; VCI, verbal comprehension index; CPI, cognitive
pro�ciency index; DBDRS-P-i, Disruptive Behavior Disorders Rating Scale parent version inattentiveness dimension; DBDRS-
P-h, Disruptive Behavior Disorders Rating Scale parent version hyperactivity dimension; DBDRS-T-i, Disruptive Behavior
Disorders Rating Scale teacher version inattentiveness dimension; DBDRS-T-h, Disruptive Behavior Disorders Rating Scale
teacher version hyperactivity dimension; d’, detectability; HRT, hit reaction time; ISI, interstimulus interval

Table 2Between-group differences in the PSD under different frequency and conditions
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Mean±S.D ADHD-H (n =
18)

ADHD-L (n =
16)

TD (n =
20)

Overall

p

ADHD-H vs
TD

p

ADHD-L vs
TD

p

ADHD-H vs
ADHD-L

p

Slow rate
task

             

C4 delta 33.54 ±1.46 33.01 ±0.96 32.27
±1.65

0.026* 0.023* 0.375 0.822

Pz delta 33.20 ±0.89 33.95 ±1.38 32.60
±1.41

0.009** 0.427 0.007** 0.265

Pz alpha 22.62 ±0.45 22.29 ±0.47 22.72
±0.57

0.039* 1.000 0.040* 0.189

Pz beta 16.25 ±1.34 15.34 ±1.60 16.85
±1.89

0.030* 0.810 0.025* 0.335

Pz TBR 1.73 ±0.19 1.87 ±0.23 1.68
±0.23

0.030* 1.000 0.029* 0.198

Fast rate
task

             

Pz delta 32.69 ±1.47 34.23 ±1.00 33.11
±1.26

0.003** 0.926 0.033* 0.003**

Pz alpha 22.79 ±0.81 22.26 ±0.41 22.62
±0.55

0.049* 1.000 0.266 0.048*

Pz beta 16.65 ±1.92 14.88 ±0.67 16.06
±1.52

0.004** 0.678 0.067 0.003**

O1 delta 32.26 ±1.29 33.40 ±1.15 32.27
±1.12

0.010* 1.000 0.021* 0.023*

O1 beta 17.01 ±1.88 15.67 ±1.18 16.82
±1.70

0.045* 1.000 0.123 0.062

C3 TBR 1.64 ±0.24 1.84 ±0.18 1.73
±0.19

0.033* 0.611 0.398 0.028*

Pz TBR 1.70 ±0.23 1.93 ±0.12 1.77
±0.20

0.004** 0.696 0.064 0.003**

**p < 0.01 is the signi�cance level; *p < 0.05 is the trend level, Signi�cant differences are indicated in bold. P < 0.05/5, PSD,
power spectral density, SD, standard deviation; ADHD, attention de�cit hyperactivity disorder; ADHD-H, ADHD with high
cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency; TD, typical development; TBR, theta/beta ratio

Table 3 Between-group differences in task-related coherence in various frequency bands on different paired electrodes
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Median ADHD-H (n =
18)

ADHD-L (n =
16)

TD (n = 20) Overall

p

ADHD-H vs
TD

p

ADHD-L vs
TD

p

ADHD-H vs
ADHD-L

p

C3-O1
delta

0.11 0.18 0.18 0.050* 0.581 1.000 0.118

  (0.011-0.475) (0.006-0.924) (0.005-
0.974)

       

Fp2-Fz
alpha

0.35 0.20 0.51 0.049* 0.581 0.133 0.508

  (0.003-0.902) (0.001-0.838) (0.003-
0.601)

       

Fp2-O2
beta

0.06 0.08 0.19 0.034* 0.028* 0.133 1.000

  0.003-0.944 0.009-
0.707

0.002-
0.915

       

Fz-O2 beta 0.12 0.04 0.29 0.049* 0.581 0.133 1.000

  0.007-0.871 (0.002-0.862) (0.002-
0.979)

       

C3-C4
beta

0.38 0.36 0.53 0.010* 0.581 0.022* 1.000

  0.063-0.689 0.187-
0.932

0.012-
0.997

       

*p < 0.05, Signi�cant differences are indicated in bold.

ADHD, attention de�cit hyperactivity disorder; ADHD-H, ADHD with high cognitive pro�ciency; ADHD-L, ADHD with low
cognitive pro�ciency

Table 4 Spearman’s correlations between speci�c coherence and behavioral rating scales (n = 54)

  Beta coherence

Fp2-O2 Fz-O2 C3-C4

DBRSiP 0.049 −0.039 −0.167

DBRShP 0.122 0.014 −0.340*

DBRSiT 0.037 0.029 −0.298*

DBRShT 0.112 0.007 −0.401**

Signi�cant correlations are indicated in bold

**p < 0.01; *p < 0.05

Abbreviations: DBDRS-P-i, Disruptive Behavior Disorders Rating Scale parent version inattentiveness dimension; DBDRS-P-h,
Disruptive Behavior Disorders Rating Scale parent version hyperactivity dimension; DBDRS-T-i, Disruptive Behavior Disorders
Rating Scale teacher version inattentiveness dimension; DBDRS-T-h, Disruptive Behavior Disorders Rating Scale teacher
version hyperactivity dimension
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Data representation: correlation coe�cient of task-related beta coherence on selected paired electrodes (horizontal axis) and
four behavioral rating scores (vertical axis) of all the participants

Figures

Figure 1

Structure of the K-CPT2. The K-CPT2 involves 200 randomly presented trials divided into �ve blocks, each of which contains
two 20-trial sub-blocks containing fast- and slow-rate tasks (1.5-s and 3-s ISIs), respectively [25]. K-CPT2, Conners’ Kiddie
Continuous Performance Test 2nd Edition
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Figure 1

Structure of the K-CPT2. The K-CPT2 involves 200 randomly presented trials divided into �ve blocks, each of which contains
two 20-trial sub-blocks containing fast- and slow-rate tasks (1.5-s and 3-s ISIs), respectively [25]. K-CPT2, Conners’ Kiddie
Continuous Performance Test 2nd Edition
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Figure 2

Wireless EEG device. A wireless and wearable EEG headset (top) and novel hygroscopic sponge electrodes (bottom). EEG,
electroencephalogram
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Figure 2

Wireless EEG device. A wireless and wearable EEG headset (top) and novel hygroscopic sponge electrodes (bottom). EEG,
electroencephalogram
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Figure 3

EEG recording procedure. A participant wearing the wireless EEG device sat in front of a computer. She was instructed to
respond as fast and as accurately as possible when any pictures, except soccer balls, appeared on the monitor (left). Two
EEG epochs were recorded during the assessment. The �rst epoch was 1 min in a resting state, and the second epoch was
the 7.5-min K-CPT2 (right). EEG, electroencephalogram; K-CPT2, Conners’ Kiddie Continuous Performance Test Second
Edition
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Figure 3

EEG recording procedure. A participant wearing the wireless EEG device sat in front of a computer. She was instructed to
respond as fast and as accurately as possible when any pictures, except soccer balls, appeared on the monitor (left). Two
EEG epochs were recorded during the assessment. The �rst epoch was 1 min in a resting state, and the second epoch was
the 7.5-min K-CPT2 (right). EEG, electroencephalogram; K-CPT2, Conners’ Kiddie Continuous Performance Test Second
Edition
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Figure 4

Data preprocessing and processing. K-CPT, Conners’ Kiddie Continuous Performance Test; ADHD, attention de�cit
hyperactivity disorder; ADHD-H, ADHD with high cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency; TD,
typical development; EEG, electroencephalogram
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Figure 4

Data preprocessing and processing. K-CPT, Conners’ Kiddie Continuous Performance Test; ADHD, attention de�cit
hyperactivity disorder; ADHD-H, ADHD with high cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency; TD,
typical development; EEG, electroencephalogram

Figure 5

Topography of relative power in two conditions: slow-rate task (left) and fast-rate task (right). ADHD: ADHD: attention de�cit
hyperactivity disorder; ADHD-H: ADHD with high cognitive pro�ciency; ADHD-L: ADHD with low cognitive pro�ciency; TD:
typical development
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Figure 5

Topography of relative power in two conditions: slow-rate task (left) and fast-rate task (right). ADHD: ADHD: attention de�cit
hyperactivity disorder; ADHD-H: ADHD with high cognitive pro�ciency; ADHD-L: ADHD with low cognitive pro�ciency; TD:
typical development

Figure 6

Relative alpha power alterations among groups under three conditions (rest, slow-rate, and fast-rate task). ADHD, attention
de�cit hyperactivity disorder; ADHD-H, ADHD with high cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency;
TD, typical development. *p < 0.01
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Figure 6

Relative alpha power alterations among groups under three conditions (rest, slow-rate, and fast-rate task). ADHD, attention
de�cit hyperactivity disorder; ADHD-H, ADHD with high cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency;
TD, typical development. *p < 0.01
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Figure 7

Task-related coherence in the three groups. ADHD, ADHD: attention de�cit hyperactivity disorder; ADHD-H, ADHD with high
cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency; TD, typical development
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Figure 7

Task-related coherence in the three groups. ADHD, ADHD: attention de�cit hyperactivity disorder; ADHD-H, ADHD with high
cognitive pro�ciency; ADHD-L, ADHD with low cognitive pro�ciency; TD, typical development

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementtable131201.docx

supplementtable131201.docx

https://assets.researchsquare.com/files/rs-125027/v1/12ffe402892c0f03f7249736.docx
https://assets.researchsquare.com/files/rs-125027/v1/0bc457442ecec0b834303d0c.docx

