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ABSTRACT

Background  Attention deficit disorder/hyperactivity
disorder (ADHD) is a pathological condition that is not
fully understood. In this study, we investigated electro-
encephalographic (EEG) power differences between
children with ADHD and healthy control children.
Methods EEGs were recorded as part of routine
medical care received by 80 children with ADHD aged
4-15 years at the Department of Pediatric Neurology in
Tottori University Hospital. Additionally, we recorded
in 59 control children aged 4-15 years after obtaining
informed consent. Specifically, awake EEG signals were
recorded from each child using the international 10-20
system, and we used ten 3-s epochs on the EEG power
spectrum to calculate the powers of individual EEG fre-
quency bands.

Results The powers of different EEG bands were sig-
nificantly higher in the frontal brain region of those in
the ADHD group compared with the control group. In
addition, the power of the beta band in the ADHD group
was significantly higher in all brain regions, except for
the occipital region, compared with control children.
With regard to developmental changes, the power of the
alpha band in the occipital region showed an age-de-
pendent decrease in both groups, with slightly lower
power in the ADHD group. Additionally, the intergroup
difference decreased in children aged 11 years or older.
As with the alpha band in the occipital region, the beta
band in the frontal region showed an age-dependent de-
crease in both groups. Unlike the alpha band, the power
of the beta band was higher in the ADHD group than in
the control group for children of all ages.

Conclusion  The observed intergroup differences in
EEG power may provide insight into the brain function
of children with ADHD.

Key words attention deficit disorder/hyperactivity dis-
order (ADHD); electroencephalography (EEG)

Attention deficit disorder/hyperactivity disorder
(ADHD) is a developmental disorder characterized by
inattention, hyperactivity, and impulsivity.! ADHD is
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frequently treated with drugs such as methylphenidate
and atomoxetine. The prevalence of ADHD among chil-
dren is 5%, with a higher occurrence rate among boys.!
The initiation of treatment is often delayed because
hyperactive children are regularly considered healthy
active children in kindergarten and nursery settings.
The ADHD Rating Scale (ADHD-RS), which is
used in the diagnosis of ADHD, is essentially a tool in
which parents or teachers assess the behavior of chil-
dren. However, this assessment tool involves a degree
of subjectivity, thus encouraging the development of
more objective assessment methods. As the symptoms
of ADHD persist into adulthood in half of children with
ADHD,! the early detection of ADHD is necessary to
prevent social maladaptation. However, neurophysio-
logical function in individuals with ADHD is poorly
understood. In an electrophysiological study of children
with ADHD, Puente et al. reported latency prolonga-
tion in waves I and III and a prolonged I-III and I-
V interwave interval in auditory brainstem responses
(ABR).? In a study conducted by Miyazaki et al., seven
of 18 children with ADHD had abnormal somatosen-
sory evoked potentials (SEP), with giant SEPs in three
of the children.? In addition, several studies have exam-
ined electroencephalograms (EEG) in individuals with
ADHD. For example, Kanazawa et al. observed epilep-
tiform discharge and slow alpha in 22.1% and 18.6%
of ADHD patients, respectively.* In addition, based
on EEG findings, Clarke et al. classified children with
ADHD into: i) a maturational lag group, characterized
by increased slow waves and decreased fast waves; ii) a
cortical hypoarousal group, characterized by increased
high amplitude theta waves and decreased beta waves;
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or iil) an over-aroused group, characterized by excess
beta activity.’

In this study, we examined differences in central
nervous system function in terms of EEG power be-
tween control children and children with ADHD who
were awake, resting, and had their eyes closed.

SUBJECTS AND METHODS

Subjects were 80 children (58 boys, 22 girls) aged 4-15
years who had been diagnosed with ADHD in accor-
dance with the Diagnostic and Statistical Manual of
Mental Disorders (DSM) at the Department of Pediat-
ric Neurology in Tottori University Hospital between
December 1993 and March 2007. We analyzed EEGs
recorded prior to treatment with methylphenidate or
atomoxetine. We included 23 children with ADHD who
had EEG signals characterized by epileptic paroxysmal
waves. For these children, we analyzed sections of EEG
data without epileptic paroxysmal waves. In addition, 59
healthy children (31 boys, 28 girls) aged 415 years vol-
unteered to participate in this study as control subjects.
The control subjects and their parents were fully edu-
cated regarding the study objectives and they provided
informed consent. To elucidate age-related changes, the
ADHD and control subjects were divided into different
age groups as follows: 4—6, 7-8, 9-10, 11-12, and 13-15
years (Table 1) and the powers were compared in each
age group. This study was approved by the Ethics Com-
mittee of Tottori University School of Medicine (approval
number 2494).

We recorded EEGs using the Neurofax EEG-1200
monitoring system (Nihon Kohden, Tokyo, Japan) with
the time constant set at 0.3 sec, high cut filter at 60 Hz,
sensitivity at 10 uV/mm, and sampling frequency at 200
Hz. In accordance with the international 10-20 system,
disc electrodes were placed on the head of each subject,
who was asked to rest in a supine position with their
eyes closed. Contact impedance was set below 20 kQ).
We used MATLAB 8.1.0.604 software to analyze the
spectra offline, and we calculated the mean power from

Table 1. Profiles of study subjects

ten 3-s epochs that were on the power spectrum of EEG
with no paroxysmal waves and few artifacts.

The head was divided into the frontal (Fpl-F3,
Fp2-F4), central (F3-C3, F4-C4), parietal (C3-P3, C4-
P4), and occipital (P3-O1, P4-02) regions, and bipolar
leads were used to record the delta (0—4 Hz), theta (4-8
Hz), alpha (8-13 Hz), beta (13-20 Hz), and gamma
(20—40 Hz) waves in each brain region. We compared
the powers of the above frequency bands between
ADHD and control children. However, the gamma band
was difficult to discern, and so we only compared this
variable between 41 ADHD and 49 control children who
had less electromyographic noise in their EEGs. Before
comparing the powers between the control and ADHD
groups, we compared the powers between children with
ADHD who had or did not have epileptic paroxysmal
waves in their EEGs.

We averaged the power of the alpha band in the left
and right occipital (P-O) regions and that of the beta
band in the left and right frontal (Fp-F) regions, and
then compared the mean powers between the ADHD
and control groups.

Statistical analyses were performed using the SPSS
Statistics 21 software (IBM, Tokyo, Japan). We used the
Mann-Whitney U test with the significance set at P <
0.05.

RESULTS
We did not observe any significant differences between
the ADHD group with epileptic paroxysmal waves and
the ADHD group without epileptic paroxysmal waves,
for all regions and frequency bands (P > 0.05). There-
fore, children with ADHD with epileptic paroxysmal
waves were included as ADHD subjects in this study.
Compared with the control group, the ADHD group
had significantly higher mean delta (Fig. 1A) and theta
(Fig. 1B) powers in the frontal and parietal regions.
Children with ADHD also had significantly higher beta
power (Fig. 1D) in all regions except for the occipital re-
gion, while alpha (Fig. 1C) and gamma (Fig. 1E) powers

Control ADHD
Age group (year)
Number Male : Female Average age (year) Number [EPW+] Male : Female Average age (year)

Total 59 31:28 8.7 80 [23] 58:22 8.3
4-6 14 8:6 5.1 14 [4] 10:4 5.5
7-8 12 2:10 74 3719] 27:10 75
9-10 17 10:7 9.3 18 [6] 12:6 94
11-12 10 73 11.3 6 [3] 6:0 11.5
13-15 6 42 13.8 511] 32 13.6

ADHD, attention deficit disorder/hyperactivity disorder; EPW, epileptic paroxysmal wave.
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Fig. 1. Mean powers in different brain regions. o, healthy children; e,
children with ADHD. *P < 0.05, **P < 0.01, ***P < 0.001.

A: Comparison of delta power in different brain regions between the
ADHD and control groups. The power of the delta band was significant-
ly higher in the frontal (Fpl-F3, Fp2-F4) and parietal (C3-P3, C4-P4)
regions in the ADHD group compared with the control group.

B: Comparison of theta power in different brain regions between the
ADHD and control groups. The power of the theta band was signifi-
cantly higher in the frontal (Fpl-F3, Fp2-F4), right central (F4-C4) and
parietal (C3-P3, C4-P4) regions in the ADHD group compared with the
control group.

C: Comparison of alpha power in different brain regions between the
ADHD and control groups. The power of the alpha band was signifi-
cantly higher in the frontal (Fpl-F3, Fp2-F4) and right parietal (C4-P4)
regions in the ADHD group compared with the control group.

D: Comparison of beta power in different brain regions between the
ADHD and control groups. The power of the beta band was significant-
ly higher in the frontal (Fpl-F3, Fp2-F4), central (F3-C3, F4-C4) and
parietal (C3-P3, C4-P4) regions in the ADHD group compared with the
control group.

E: Comparison of gamma power in different brain regions between the
ADHD and control groups. The power of the gamma band was signifi-
cantly higher in the frontal (Fp1-F3, Fp2-F4) regions in the ADHD group
compared with the control group.

ADHD, attention deficit disorder/hyperactivity disorder.
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Fig. 2. Mean power in different age groups. @ Qp @, control group; e=@=s, ADHD group. *P < 0.05.

A: Age-related changes in occipital alpha power. The power of the alpha band in the occipital region decreased age-dependently in both
the ADHD and control groups. Although occipital alpha power was lower (although this was not significant) in the ADHD group during
early development, this difference decreased after the age of 11-12 years.

B: Age-related changes in frontal beta power. The power of the beta band in the frontal region decreased age-dependently in both the
ADHD and control groups. For all age groups, children with ADHD exhibited higher power compared with the control group.

ADHD, attention deficit disorder/hyperactivity disorder; y, year(s).

were significantly higher in an area that encompassed
the frontal region. We observed significant group dif-
ferences for the central theta and parietal alpha bands in
the right hemisphere only.

To clarify developmental changes in background
EEG activity, we analyzed the mean power of the alpha
band in the occipital region (Fig. 2A) in all age groups.
The results revealed an age-dependent decrease in
occipital alpha power in both the ADHD and control
groups. This power was lower in children aged < 10
years in the ADHD group compared with those in the
control group, although this finding was insignificant.
The intergroup difference diminished in older age
groups. As with the occipital alpha band, the beta pow-
er in the frontal region (Fig. 2B), where the intergroup
difference was prominent, decreased with age in both
groups. However, unlike the occipital alpha band, the
intergroup differences among children with ADHD
were higher in all age groups, and we observed signifi-
cant differences in the 4—6 and 9-10 years groups.

DISCUSSION

Epileptic paroxysmal waves are known to be more fre-
quently in children with ADHD compared with healthy
children.? In this study, we observed epileptic parox-
ysmal waves in 23 of the 80 children with ADHD. We
decided to include children with ADHD who had EEG
epileptic paroxysmal waves in our analysis because we
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found no significant differences in EEG power between
children with ADHD with and without epileptic par-
oxysmal waves. This was the case when comparing by
region and frequency band.

Comparison by region revealed that the powers
of all frequency bands in the frontal region were sig-
nificantly higher in children with ADHD compared
with control children. This indicates the presence of a
functional abnormality in the frontal brain area of chil-
dren with ADHD. Shaw et al. conducted a magnetic
resonance imaging (MRI) study and reported that the
maturity of the prefrontal lobe in children with ADHD
lags by up to 5 years.® Decreased blood flow during a
continuous performance test’ and decreased activity in
the prefrontal lobe during the stop and delay task® have
also been reported in children with ADHD.

In terms of the parietal region, we found signifi-
cantly higher delta, theta, alpha, and beta band power in
the ADHD group compared with the control group. In
a study conducted by Booth et al., functional magnetic
resonance imaging (fMRI) revealed reduced brain ac-
tivity in the parietal lobe among children with ADHD.’
This may reflect a functional abnormality in the parietal
lobe in children with ADHD.

Comparisons by hemisphere revealed significant
intergroup differences in central theta and parietal al-
pha power in the right hemisphere only. Consistent with
this, cortical thinning in the right dorsolateral prefrontal
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cortex' and a volume reduction in the right striatum'!
have been reported in autopsy studies of children with
ADHD.

As in the present study, many previous studies
have reported global high theta wave power in children
with ADHD.">"'7 Elevated theta power in individuals
with ADHD may reflect the maturational delay of the
ADHD brain.!® Furthermore, our study revealed that the
beta power was higher in the ADHD group in all brain
regions except for the occipital region. It is generally
known that mental excitability and tension increases
the beta power. For example, Clarke et al. reported that
moody children had increased beta wave activity.” The
increased beta power found in this study suggests a
functional relationship between beta power and mental
state in individuals with ADHD.

We compared developmental findings in different
age groups. An intergroup difference in occipital alpha
power was apparent in children aged < 10 years, but not
> 11 years. This may be consistent with the Maturation
Lag Model, which proposes that ADHD is caused by
a maturational delay of the central nervous system.?’
Conversely, frontal beta power was higher in children
with ADHD compared with control children in all age
groups. This may reflect the Developmental Deviation
Model, which proposes that ADHD is caused by a func-
tional abnormality in the central nervous system.? Addi-
tionally, these findings suggest that occipital alpha power
may reflect the hyperactivity characteristic of ADHD, as
this generally decreases to normal levels during develop-
ment, while frontal beta power may reflect an attention
deficit, which seldom changes during development.

The authors declare no conflict of interest.
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