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Purpose: This study used quantitative electroencephalography (QEEG) to investigate the characteristics of attention-deficit/hyper-
activity disorder (ADHD) subtypes in children.

Patients and Methods: There were 69 subjects (42 with ADHD and 27 neurotypical (NT)) in this study. A semi-structured interview
was conducted with each participant for psychiatric diagnostic evaluation. We measured the absolute and relative power in 19 channels
and analyzed QEEG using the following frequency ranges: delta (1-4 Hz), theta (48 Hz), alpha 1 (8—10 Hz), alpha 2 (10-12 Hz), beta
1 (12-15 Hz), beta 2 (15-20 Hz), beta 3 (20-30 Hz), and gamma (30-45 Hz). Group analyses and EEG noise preprocessing were
conducted using iSyncBrain, a cloud-based, artificial intelligence EEG analysis platform. Analysis of covariance adjusted for 1Q, age,
and sex was used.

Results: QEEG analysis revealed three ADHD subtypes, characterized by (A) elevated relative fast alpha and beta power, (B) elevated
absolute slow frequency (delta and theta power), or (C) elevated absolute and relative beta power. A significant difference was found
in the Korean ADHD Rating Scale (K-ARS) among the four groups (df=3, F=8.004, p<0.001); group C had the highest score (25.31
+11.16), followed by group A (21.67+13.18). The score of group B (12.64+7.84) was similar to that of the NT group (11.07+6.12) and
did not reach the cut-off point of the K-ARS. In the Wender—Utah Rating Scale (WURS), group B score (55.82+23.17) was
significantly higher than the NT group score (42.81£13.26).

Conclusion: These results indicate that children with ADHD do not constitute a neurophysiologically homogenous group. Children
with QEEG subtype B (elevated slow frequency) may be difficult to distinguish from normal children using the K-ARS, which is the
most common screening tool for ADHD. Moreover, parents of children with this subtype may be less sensitive to observing ADHD
Ssymptoms.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one of the most common psychiatric disorders in children and
adolescents and usually occurs in childhood.' In the Diagnostic and Statistical Manual of Mental Disorders, 5th edition
(DSM-5), it is defined as a neurodevelopmental disorder whose core symptoms are inattention and hyperactivity—
impulsivity.> According to a recent systematic review, the global prevalence of ADHD is 2-7%, with an average of
about 5%.° About 60% of patients diagnosed with ADHD in childhood continue to have ADHD symptoms into
adulthood.* In addition to the core symptoms presented in the DSM-5, symptoms such as deficits in executive function
and emotional dysregulation negatively affect patients socially, occupationally, in academic performance.*> ADHD is so
common that 60% of people have one or more comorbidities such as anxiety, depression, conduct disorder (CD),
oppositional defiant disorder (ODD), and learning disability.°
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Currently, the diagnosis of ADHD is made using interview tools such as the Diagnostic Interview Schedule for
Children Version IV’ and the Kiddie Schedule for Affective Disorders and Schizophrenia—Present and Lifetime version
(K-SADS-PL)® as well as interviews with clinicians about the symptoms and duration of ADHD based on the DSM-5. In
addition, rating scales such as the Child Behavior Checklist (CBCL)’ and ADHD Rating Scale (ARS),'® and neurocog-
nitive tests such as the Continuous Performance Test (CPT),'" are used as an aid in diagnosis. However, there are cases in
which an early and accurate diagnosis of ADHD is missed. This is because, without objective biological markers, ADHD
must be evaluated through interviews according to the categorical diagnostic criteria of the DSM-5, because ADHD has
various other symptoms in addition to the core symptoms, and there are many cases with comorbidities.'*'* Moreover,
overdiagnosis also occurs, because the tools for objective diagnosis are not clear.'*

Neuroimaging, genetic, and electrophysiological studies have been conducted aiming to discover pathophysiological
and biological markers for ADHD.">"'® Quantitative electroencephalography (QEEG) can detect subtle changes in EEG
that are difficult to discriminate visually, and it is known to have greater accessibility and safety compared with other
examination methods.'”'® Accordingly, there have been attempts to use QEEG to distinguish between normal children
and children with ADHD. Moreover, several characteristics of people with ADHD, including increases in delta and theta
waves and decreases in alpha and beta waves, are different compared to a control group.'® ' An increase in theta—beta
ratio (TBR) was spotlighted as a strong candidate applicable as a biological marker for children with ADHD;** however,
a later study showed that the false-positive rate was high, and increases in the TBR were also found in a control
group,?*** indicating that the TBR has limitations as a diagnostic index.

Specific QEEG patterns have been identified in ADHD children with heterogeneous symptoms,'” and there have been
attempts to classify the subtypes of ADHD using QEEG. Clarke et al classified three subtypes of children diagnosed with
ADHD. These were the maturational lag type, in which the slow wave increased and the fast wave decreased; the
hypoarousal type in which theta wave increased and beta wave decreased (thus, the TBR increased); and the hyperarousal
type, in which the beta wave increased.”” A later study added a subtype that had increased alpha waves.*® Loo et al used
QEEG to classify ADHD subtypes into delta, theta, alpha, beta, and no spectral elevation groups based on the highest
frequency band in each group.?’ Although, there was no specific biomarker found only in children with ADHD among
the five subtypes, there was a significant difference in behavioral and cognitive functions for each subtype. Accordingly,
Loo et al suggested that QEEG measurements could be a useful biomarker for outcomes and post-treatment responses in
ADHD, rather than a diagnostic function of ADHD. Recently, Byeon et al analyzed QEEG among children who were
either ADHD, ADHD not otherwise specified (NOS), or neurotypical (NT);*® as a result, it is now possible to classify
ADHD into subtypes with either high delta power and low theta power, high theta power and low—fast frequency, or
elevated alpha waves. The authors suggested that it is necessary to investigate whether the group with the elevated alpha
waves are a new subtype of ADHD or whether it reflects the characteristics of childhood depression. The results of the
studies analyzing subtypes of ADHD using QEEG suggest that ADHD is a physiologically heterogeneous disease
presenting with differences in behavior, emotion, and cognition for each QEEG subtype. However, the number of studies
that classify the QEEG subtypes for children with ADHD is small, making it generalization difficult. In addition, there
are not much data on the emotional and behavioral characteristics of each QEEG subtype.

In this study, the QEEG of children with ADHD and NT children were recorded, the subtypes of the ADHD group
were classified, and the QEEG characteristics for each subtype of ADHD were investigated. Using the clinical
assessment scales widely applied in clinical practice, the emotional and behavioral characteristics of the ADHD subtypes
were analyzed and compared with those of NT children.

Material and Methods

Participants

Individuals who visited the child and adolescent psychiatric clinic at Daegu Catholic University Hospital from 2018 to
2020 were considered for the study. Participants included in the study were 7—12 years of age and diagnosed with ADHD
according to the DSM-5 criteria. The ADHD diagnosis was based on the K-SADS-PL Korean version (K-SADS-PL-K),
which is a semi-structured interview tool, and these diagnoses were confirmed by more than one doctor of child and
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adolescent psychiatry. If a participant did not meet the ADHD diagnostic criteria of the DSM-5 and K-SADS-PL-K, they
were assigned to the NT group. Children were excluded from the study if they had a history of brain damage,
neurological disorders, genetic disorders, substance dependence, epilepsy, or any other mental disorder. Children were
also excluded if they had an IQ of <70 on the Korean—Wechsler Intelligence Scale for Children (4th edition) or were
receiving drug treatment. Based on these criteria, 69 participants (42 ADHD and 27 NT) were enrolled in this study.

Detailed information regarding the study was provided to the parents and children. Written consent for the medical
use of the test results and participation of the children in this study was obtained from each of the participant’s parents. In
addition, after receiving a detailed explanation of the study, each of the children participated voluntarily and provided
written consent for participation. This study was approved by the Institutional Review Board (IRB) of the Daegu
Catholic University Medical Center (DCUMC IRB approval No. MDCR-19-007) and was performed in accordance with
the Declaration of Helsinki (World Medical Association: Ethical Principles for Medical Research Involving Human
Subjects, 1964).

Measures

K-SADS-PL-K

The K-SADS-PL-K, a semi-structured interview tool, was administered to select participants by a psychiatrist and skilled
residents. The K-SADS-PL-K assesses the present and lifetime conditions and disease symptom severity against 32 Axis
I diseases, based on the DSM-IV diagnostic criteria developed by Kaufman.®

Korean ADHD Rating Scale (K-ARS)

The ARS is a screening measure for ADHD developed by DuPaul.'® It is designed to help parents and teachers assess
attention deficits and hyperactivity in children. In this study, we used the K-ARS, which was translated into Korean and
validated for parents and teachers by Kim et al.?’ It contains a total of 18 questions scored on a four-point Likert scale
from O to 3.

Disruptive Behavioral Disorder Scale (DBDS)
The DBDS was developed by Pelham et al to evaluate the symptoms of ADHD, ODD, and CD in children.* In this
study, we used a scale consisting of 8 items related to ODD and 15 items related to CD based on the DSM diagnosis.

Wender—Utah Rating Scale (WURYS)

131

This scale was developed by Ward et al”" and has been widely used in many studies. It is a self-reported evaluation that

can be used to measure ADHD-related behaviors retrospectively.

EEG Recordings

All subjects were instructed to relax with their eyes closed and refrain from movement and talking. EEG data were
recorded in the resting-state, eyes-closed condition from 19 scalp electrodes positioned over the whole head according to
the International 10-20 System (Fpl, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, TS, P3, Pz, P4, T6, O1, O2), using
a 64-channel Comet digital EEG (Grass, Natus Neurology, USA), with a recording frequency of 800 Hz with reference to
the ear electrode. A linked-ear reference electrode was noted if present, but not deemed mandatory for the present study,
to respect standard internal protocols of the several clinical recording units. Electrode impedance was kept below 10 kQ.
All recorded artifact-free EEG data were re-referenced offline to a common average to normalize the EEG data collected
using different reference electrodes.

EEG Preprocessing Pipeline

EEG preprocessing was performed to denoise the data and minimize the effects of artifacts. During the first stage of EEG
preprocessing, the signals were sampled at 250 Hz and filtered with a bandpass filter (1-45.5 Hz). Figure 1 shows
a schematic diagram of the pretreatment. The EEGs were then passed through a notch filter in preparation for down-
stream processing, including common average referencing, bad epoch rejection using artifact subspace reconstruction,
and adaptive mixture independent component analysis (amICA). amICA provides a generic unsupervised approach for
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Figure | EEG preprocessing flowchart.

identifying and modeling changes in EEG dynamics.’® Finally, artifacts identified via electromyogram, cardiac signal,
body movement, or electrooculogram were removed to yield cleaned QEEG normative data. All EEG preprocessing
processes, sensor-level data, and extraction were performed using the iSyncBrain cloud-based Al-driven auto-analyzing
platform (iMediSync, Inc., https:/isyncbrain.com). The iSyncBrain is an Al EEG Analytics Software used in medical

institutions such as hospitals/clinics, health check-up centers, and public health centers. It assists in the diagnosis of
various neuropsychiatric disorders such as depression and Alzheimer’s disease, through brain mapping. By automating
the entire process of EEG analytics, results can be obtained in less than 5 minutes. Recently, several papers using
iSyncBrain have been published.**3*

Feature Generation

In each case, relative power was used for features. First, the power spectral density of the EEG rhythms was computed
using Fast Fourier Transform (FFT) method with 0.25 Hz of frequency resolution using the iSyncBrain Al-driven auto-
analysis system. Then, the signal was decomposed into the following frequency bands: delta (1-4 Hz), theta (4-8 Hz),
alpha 1 (8-10 Hz), alpha 2 (10-12 Hz), beta 1 (12—-15 Hz), beta 2 (15-20 Hz), beta 3 (20-30 Hz), and gamma (30-45
Hz). For each channel and frequency band, the average power during the recording was calculated and treated as
a feature. This yielded 152 total features (19 channels x 8 frequency bands). A standardized index (z-score) for
quantitative EEG (QEEG) was used for reference the data to a resting-state, sex- and age-differentiated QEEG normative
database (ISB-NormDB). The ISB-NormDB comprises data from 1289 subjects (553 males, 736 females), aged 4.5-81
years, that met strict normative data criteria. A denoising process allowed for stratification between various age ranges of
normal healthy men and women based on QEEG variability (Figure 2).°*

ADHD Subtype Grouping

ADHD grouping according to QEEG patterns was based on previous studies.”® A determining factor of the ADHD
subtype is the topological map pattern of the z-score for each frequency band. According to previous studies,”® four
ADHD subtypes can be identified using QEEG feature maps. In order to find out the ADHD phenotypes, we added a step
to verify the significance of each group as well as the topological map pattern. In particular, since the group of ADHDs
was verified as LDA (Linear Discriminant Analysis) in a previous study, the same method was utilized for the three
ADHD phenotypes. We conducted an independent #-test and ANOVA using iSyncBrain for the ADHD subtypes: ADHD
(A), ADHD (B), and ADHD (C). The LDA clustering method was applied to the significant features showing differences
in the ANOVA post-hoc analysis. In addition, features showing a significant difference were also included in the
independent #-test between ADHD (A) and ADHD (C). Thirty-nine sensor-level features were used for LDA clustering
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Figure 2 Schematic of the procedure for extracting indicators from the pre-processing of the measured EEG.

Notes: This study focused on the spectral EEG indicator of each channel of the EEG. In addition, a statistical quantification value (z-score) was evaluated by comparing the
calculated individual analysis values with a standard normDB. This helps identify the differences in the EEG patterns of participants in the standard normDB matched by age
and sex.

analysis. Supplementary Figure 1 shows the results of the clustering analysis. Three ADHD phenotypes are shown in

Supplementary Figure 2, including NT, which has a feature map close to a zero z-score. The topomap in Supplementary

Figure 2 shows the absolute power z-score for each frequency.

Statistical Analysis

An analysis of covariance (ANCOVA) was performed to test the differences among the three ADHD groups and NT
group. Post hoc tests were performed to determine specific group differences. First, the homogeneity of slopes between
the groups was assessed using Levene’s test; if slopes were found to be homogeneous, an ANCOVA test was performed
to compare the clinical variables among the four groups. When the assumption of sphericity was violated, Greenhouse—
Geisser estimates are reported. Statistical significance was set at p<0.05. To control for false positives from multiple
comparisons, we used a false discovery rate correction, in which p-values were multiplied by the number of
comparisons.”® All data were analyzed using the Statistical Package for the Social Sciences (SPSS) software, version
25.0 (IBM Corp., Armonk, NY, USA). To improve the clarity of the results, topographical plots were created from the
results of the statistical comparisons to normative values (z-scores) using iSyncBrain (iMediSync Inc., Republic of
Korea; https://isyncbrain.com/), a cloud-based, artificial intelligence EEG analysis platform.

Results

Demographic Characteristics of the Participants

The NT group had 27 participants (18 males, 9 females; mean age: 8.93+1.81 years), and the ADHD group had 42 (38
males, 4 females; mean age: 8.71+1.66 years). There was no statistically significant difference in age between the NT
group and the overall ADHD group (p=0.537). The QEEG standardized index (z-score) of the entire ADHD group was
calculated based on the resting-state, sex- and age-differentiated QEEG normative database (ISB-NormDB), and three
subtypes were classified through this. There were 15 participants in ADHD subgroup A, 11 in subgroup B, and 16 in
subgroup C. There were no differences in age (p=0.769), sex (p=0.096), or intelligence (p=0.532) between the NT group
and each ADHD subtype (Table 1).
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Table | Demographic Characteristics of Participants
NT (N=27) ADHD Subtype (N=42) Fly*> | p-value
Group A (N=15) | Group B (N=11) | Group C (N= 16)
Age, years (mean+SD) 8.93%1.8I 8.46x1.81 8.73%1.66 8.93%1.59 0.378 0.769
Sex, male (%) 18 (66.7) 13 (86.7) 10 (90.9) 15 (93.8) 6.348 | 0.096
FSIQ (mean+SD) 105.15 + 11.50 105.47 £+ 18.17 97.36 + 21.68 103.63 + 14.57 0.740 0.532

Abbreviations: NT, neurotypical; ADHD, Attention-Deficit/Hyperactivity Disorder; SD, Standard deviation; FSIQ, full-scale Intelligence Quotient.

QEEG Characteristics by Each ADHD Subtype

Compared with the NT group, the characteristics of the three ADHD subtypes were as follows: ADHD subgroup A had
significant differences in the relative power of the alpha 2, beta 2, and beta 3 bands, mainly in the temporal region. In
ADHD subgroup B, the absolute power of the delta and theta bands were high in most cerebral regions; however, the
relative powers of the beta 2 band in the occipital region and the alpha 2 band in the frontal region were significantly
lower than that of the NT group. In ADHD subgroup C, the absolute power of the beta band was significantly higher in
most areas of the cerebrum, and the relative power of the beta band was significantly higher in most areas except the

occipital region (Figure 3). The results comparing the EEG power values of each ADHD subgroup and the NT group are
presented in supplementary Tables 1-3.

Clinical Characteristics of Each ADHD Subtype

To compare the clinical characteristics between the three ADHD subtypes and the NT group, ANCOVA was performed
using age, sex, and intelligence as covariates. It was found that there was a significant difference between groups in
K-ARS, a measure by which parents evaluated their children’s ADHD symptoms (F=8.004, p<0.001). When Bonferroni
post-hoc analysis was performed, the K-ARS scores of ADHD subgroups A (21.67£13.18) and C (25.31+11.16) were
significantly higher than that of the NT group (11.074+6.12); the scores of ADHD subgroup B (12.64+7.84) was
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Figure 3 The difference in topography between the three ADHD subtypes and the NT group divided by cluster analysis of QEEG.
Notes: (GI) represents the NT group, and (G2) represents each presented ADHD group.
Abbreviations: ADHD, attention-deficit/hyperactivity disorder; QEEG, quantitative electroencephalography; NT, neurotypical.
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significantly lower than that of subgroup C (25.31£11.16). There were no significant differences between the scores of
ADHD subgroup B and the NT group.

There was a statistically significant difference between the three ADHD subtypes and the NT group for the DBDS,
which is used to evaluate children’s behavioral problems (F=3.527, p=0.020). However, there was no significant
difference between groups in Bonferroni’s post-hoc test. The DBDS scores of the three ADHD subgroups (A: 8.67
+7.01, B: 8.36+6.05, C: 8.50+£6.83) were each higher than that of the NT group (3.56+4.85).

There was a significant difference among the four groups in WURS, a measure of parental recall of ADHD-related symptoms
when they were young (F=2.872, p=0.043). In Bonferroni’s post hoc test, the WURS score of ADHD subgroup B (55.82+23.17)
was significantly higher than that of the NT group (42.81+13.26). There were no significant differences in scores between ADHD
subgroup A (45.40+11.68) and the NT group, or subgroup C (44.13+£18.37) and the NT group. There were no significant
differences between the groups in Children’s Depression Inventory (CDI), Barratt Impulsiveness scale (BIS), Young Internet
Addiction Scale (YIAS), Screen for Child Anxiety Related Emotional Disorders, Early Trauma Inventory, Peer-Victimization
Scale, and Bullying Behavior Scale, which are the other commonly used children’s clinical assessment scales. In addition, there
were no significant differences between groups in the Beck Depression Inventory-II, Beck Anxiety Inventory, BIS, or Korean
Adult Attention-Deficit/Hyperactivity Disorder Scale, which are measures that parents used to evaluate themselves (Table 2).

Table 2 Comparison of Clinical Assessment Between the NT and ADHD Subtype Groups

NT ADHD Subtype F p-value | Post Hoc (Bonferroni)
Group A Group B Group C
Children
CDI 10.04+6.78 11.4046.33 9.7316.74 12.94+4.77 | 0.654 0.538
BIS-C 30.44£10.84 | 35.80+12.13 | 34.73%9.17 32.56x9.91 | 0.675 0.570
YIAS 33221111 | 31.27£15.73 | 26.18+15.56 | 34.75£20.69 | 0.711 0.549
SCARED 20.63+9.52 | 20.60+12.19 | 16.73£11.58 | 24.13£9.69 | 1.468 0.232
ETI 1.74+2.10 4.13+6.82 2.64+3.14 4.25+3.11 1.992 0.124
PVS-sum 11.74£3.20 11.93+£3.28 12.09+2.98 12.69+2.21 | 0315 0.814
BBS-sum 10.93+4.40 10.40+4.19 10.00+3.49 13.56+£3.58 | 2.213 0.096
Parents
K-ARS 11.07£6.12 | 21.67+13.18 | 12.64+7.84 | 25.31%11.16 | 8.004 | <0.001** NT < Group A, C
GroupB < C
DBDS 3.56+4.85 8.67+7.01 8.36+6.05 8.50+6.83 3.527 | 0.020%
BDI-II 17.96£10.08 | 14.33+5.31 14.18+5.56 11.63£429 | 1.465 0.233
BAI 11.56+8.56 9.73+£5.96 9.27+5.93 10.06£6.51 | 0.144 0.933
BIS-P 28.15+6.29 27.80+6.88 29.36+7.66 | 28.56%11.52 | 0.214 0.886
WURS 42.81+13.26 | 45.40+11.68 | 55.82+23.17 | 44.13+£18.37 | 2.872 0.043* NT < Group B
K-AADHDS | 4.56£3.96 8.9318.15 6.82+5.90 6.8818.62 1.243 0.302

Notes: All variables are presented as meanzstandard deviation. ¥p<0.05; *¥p<0.001.

Abbreviations: NT, neurotypical; ADHD, Attention-Deficit/Hyperactivity Disorder; CDI, Children’s Depression Inventory; BIS-C, Barratt
Impulsiveness scale—children version; YIAS, Young’s Internet Addiction Scale; SCARED, Screen for Child Anxiety Related Emotional Disorders; ETI,
Early Trauma Inventory; PVS-sum, Peer-Victimization Scale-sum; BBS-sum, Bullying Behavior Scale-sum; K-ARS, Korean attention-deficit/hyperactivity
disorder Rating Scale; DBDS, Disruptive Behavioral Disorder Scale; BDI-Il, Beck Depression Inventory-Il; BAl, Beck Anxiety Inventory; BIS-P, Barratt
Impulsiveness Scale-parents version; WURS, Wender—Utah Rating Scale; K-AADHDS, Korean Adult attention-deficit/hyperactivity disorder Scale.
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Discussion
Using the K-SADS-PL-K, QEEG, and clinical assessment scales, three subtypes of ADHD were identified. The clinical
characteristics of each subtype are defined through comparison with NT children.

First, there were no differences in age, sex, or intelligence between the NT group and each ADHD subtype. ADHD is
more common in males, and depending on the region or sample population; the male to female ratio may range from 2:1
to 16:1.%° In this study, the sex ratio of the ADHD group (38 males and 4 females) was 9.5:1.

Second, using the QEEG, it was possible to classify the study participants into three ADHD subtypes. In group A,
significant differences in alpha 2, beta 2, and beta 3 relative powers were found mainly in the temporal region. There are
research results in which the alpha wave is increased in the ADHD group compared to a control group,'®® but there are
also studies that found no significant difference;*’ > therefore, the relationship between ADHD and alpha waves is not
clearly established. Although local alpha waves were increased significantly in our study, and we recommend that more
research results should be accumulated on the relationship between ADHD and alpha waves. In group B, the absolute
powers of the delta and theta bands were high in most cerebral regions, and the relative powers of the beta 3 band in the
occipital region and alpha 2 bands in the frontal region were significantly lower than those of the NT group. This ADHD
subtype was previously named the “maturational lag type”.*> In general, EEGs change with increasing age from
a predominantly slow wave to a dominant fast wave,*® but this name was given because the slow wave is dominant
compared to normal children of the same age. According to Clarke et al, as the name suggests, this subtype showed
a preference for associating with children younger than their age.?® In a study by Loo et al,?” the groups in which delta
and theta waves were dominant were actually younger than the groups in which alpha and beta waves were dominant.
Additionally, in a study by Markovska-Simoska et al, the absolute power of delta and theta bands increased in children
ADHD patients compared to adult ADHD patients.*' Consistent with this study, it was possible to classify the types in
which the slow wave increased and the fast wave decreased in children with ADHD; however, there was no age
difference between group B and the other groups in our study. In Group C, the absolute and relative powers of the beta
band were found to be significantly higher in most areas. In early studies, increases in theta waves and decreases in alpha
and beta waves were recognized as typical QEEG findings in ADHD; however, later studies showed excess beta waves in
children with ADHD.'?>?742 This study accounts for the results of previous studies by classifying subtypes in which
excess beta waves are dominant as subgroup C.

Third, for the clinical assessment scale of the QEEG-classified ADHD subtypes, subgroup A did not show any
significant difference compared with other ADHD subtypes. Clarke et al found that there was no subtype with increased
alpha waves when comorbid psychiatric disorders were excluded®”; however, in a subsequent study by the same research
team, a subtype that showed an increase in alpha waves in children with ADHD was confirmed when comorbid
psychiatric disorders were not excluded.® These results suggest that the increase in the alpha wave is related to other
psychiatric disorders accompanying ADHD; an increase in the alpha wave is also observed in patients with
depression.**** In a study by Byeon et al, the ADHD group showed the highest rate of being diagnosed with ADHD
NOS among the subtypes with an elevated alpha wave.”® Accordingly, the authors suggested that the reduced attention
and concentration symptoms of the subtypes were the result of childhood depression, or that ADHD and depression
coexisted. In this study, the CDI score, which is a self-reported scale for identifying children’s depressive symptoms, was
11.40+6.33 in group A, which was not different from the other groups. In addition, this score did not reach 15,* which is
the cut-off score for mild depression on the Korean version of the CDI, indicating that there were no clinically
meaningful depressive symptoms in group A. However, since the alpha wave in group A increased in a relatively
localized brain region, it is difficult to conclude from this result alone that there is no relationship between an elevation of
the alpha wave and symptoms of depression.

The value of the K-ARS score of group B was significantly lower than that of groups A and C, but it was similar to
the NT group. The K-ARS score of group B (12.64+7.84) was lower than the cut-off score (19) of the K-ARS parent’s
version.”” Two factors can be considered for this result. First, it is possible that the parents in group B underestimated
their children’s ADHD symptoms. K-ARS has a disadvantage in that scores are not consistent between evaluators even
for the same child.?* However, the WURS score of group B (55.824+23.17) was significantly higher than that of the NT
group (42.81+13.26) and the WURS cut-off score of 46.*' This suggests that the parents of the group B children
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experienced more ADHD-related symptoms when they were young than the parents of the NT group did. Parents with
ADHD tend to be inattentive and lax in parenting®®; accordingly, the parents of group B did not carefully observe or
might have neglected their children’s ADHD symptoms, resulting in a K-ARS score that may be underestimated. Second,
in the B subtype, the symptoms that can actually be distinguished using K-ARS are not prominent; therefore, it is
possible that the score was low. K-ARS is a tool for evaluating inattention and hyperactivity—impulsivity, which are core
symptoms of ADHD; it can be easily evaluated in clinical practice, and is the most-often used screening tool for ADHD
due to its high sensitivity and predictive accuracy.*” However, since only the narrow symptoms of ADHD defined by the
DSM are evaluated, and ADHD is known to have various symptoms other than the core symptoms, it is not easy to
evaluate broader symptoms of ADHD using only the K-ARS. Because of these shortcomings, K-ARS in clinical practice
is used in conjunction with broadband rating scales such as CBCL or cognitive assessment tools such as CPT.***? We
found no significant difference between group B and other ADHD subtypes in clinical assessments other than K-ARS
and WURS. Therefore, it was not possible to determine whether group B had any symptoms other than those presented in
K-ARS. In future studies, it will be necessary to more systematically identify the clinical characteristics of children with
the EEG patterns of group B. Considering the clinical characteristics of group B in this study, it is expected that QEEG
will be clinically helpful for diagnosing ADHD children of the group B subtype that cannot be detected using K-ARS.

The K-ARS of group C was higher than that of the NT group; there was no significant difference in the post-hoc
analysis, but the DBDS score, a measure of behavioral problems, was also higher than that of the NT group. Previously,
several studies have suggested a relationship between behavioral problems and an increase in beta activity. Clarke et al
found that children of the subtype with increased beta waves showed increased delinquent behavior and a tendency to
feel less guilty than other subtypes, suggesting that the increase in the beta wave is related to children’s antisocial
behavior.?® Loo et al reported that the diagnosis rate of conduct disorder was highest in the ADHD subtype in which the
alpha wave and the beta wave were elevated.?” Another study suggested that an increase in beta activity in adolescent CD
patients was associated with psychopathic traits.’® A study on adults found an excessive increase in beta waves in adult
males with ADHD with delinquent behavior, as compared to adult males with ADHD without delinquent behavior.”! In
general, ADHD is well known as a risk factor for delinquent behavior,”* and the increase in K-ARS and DBDS scores in
our study supports this. However, there was no significant difference in the DBDS scores in group C when compared
with the other ADHD subtypes. Therefore, although more behavioral problems occur in children with ADHD than in NT
children, it seems that it cannot be concluded that this clinical characteristic distinguishes the excessive beta group from
other ADHD subtypes; this is inconsistent with previous studies. In addition, a significant increase in group B was not
observed in the emotion-related scales of this study; this is a different from Clarke et al** who found that children of this
subtype are moodier and have more temper tantrums than children with other ADHD subtypes. In addition, Park et al>
reported that beta waves were increased in adolescents with ADHD accompanied by internet gaming disorder (IGD); in
our study, there was no significant increase in YIAS, a measure related to internet addiction. QEEG studies on ADHD
accompanied by IGD are few; therefore, this requires further study.

In addition, in this study, BIS-C, a measure related to children’s impulsivity, and PVS-sum and BBS-sum, which
evaluates the behavioral problem between peers, showed no significant difference in any subgroups of NT and ADHD.
These results contrast with previous studies that expected high BIS-C scores in ADHD children because impulsivity is
a key symptom of ADHD and showed more peer victimization®® and bullying behavior experience® in ADHD
adolescents than in normal controls. The reason for these results is that BIS-C, PVS-sum, and BBS-sum are measures
evaluated by the children themselves, so it is possible that the reliability was somewhat low. Therefore, when evaluating
these behavioral problems, it is necessary to comprehensively evaluate the information provided by the children and
various information providers such as parents, teachers, and peers.

This study has several limitations. First, the number of participants was relatively small, and the number of samples in
the NT group and the ADHD group was dissimilar. There were no statistically significant differences, but the age and sex
of the NT and ADHD groups did not match exactly. Second, the clinical characteristics of each group were evaluated
mainly using a self-reported scale. While this evaluation method has the advantage of requiring less time and simple test
execution and scoring, the self-report format may lack objectivity when evaluating symptoms. In addition, since the self-
reported scale identifies clinical trends, it is disadvantaged in diagnosing comorbidities of children with ADHD. Third,
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although the diagnostic interviews were conducted through the K-SADS-PL-K, the NT group comprised children who
were contacted through advertisements about ADHD research in the hospital; therefore, they might tend to have lower
attention spans than are typical.

This study is meaningful in that it explored the characteristics of QEEG in children with ADHD, and the clinical
2628 4o+

identified only the subtypes of children with ADHD or evaluated only the clinical characteristics of children, this study

characteristics of each ADHD subtype was classified based on these characteristics. Unlike previous studies

also identified the clinical characteristics of children’s parents for each subtype. If the results on QEEG subtype
classification and the relationship between emotion/behavior and a specific EEG band are studied in a sufficient number
of children with ADHD, electrophysiological evaluations could improve the current categorical diagnostic criteria for
ADHD. Additionally, since EEGs are known to change as children grow,* it could be misleading to determine the
ADHD subtype using an EEG taken at one specific time; the results of QEEG may be different as age increases and the
ADHD presentation type may change. Therefore, it is important to identify the QEEG pattern through regular QEEG
measurements and determine a therapeutic approach accordingly.

Conclusion

Children with ADHD could be classified into three subtypes based on their QEEG characteristics. Among the three
subtypes, the subtype with an increased slow wave and decreased fast wave had a lower K-ARS score and higher
parental WURS score compared to other ADHD subtypes. The results of this study suggest that K-ARS has limitations in
evaluating the ADHD subtype with an increased slow wave, and that parents of this subtype may have lower sensitivity
to ADHD symptoms. Therefore, when using QEEG to evaluate children with ADHD, electrophysiological heterogeneity
must be considered, and the use of clinical assessment scales to supplement diagnosis is important.
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