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Abstract

Objectives: This study investigated the presence of EEG clusters within a sample of children with the
combined type of attention-deficit/hyperactivity disorder (ADHD).

Methods: Subjects consisted of 184 boys with ADHD and 40 age-matched controls. EEG was
recorded from 21 sites during an eyes-closed resting condition and Fourier transformed to provide
estimates for total power, and relative power in the delta, theta, alpha and beta bands, and for the
theta/beta ratio. Factor analysis was used to group sites into 3 regions, covering frontal, central and
posterior regions. These data were subjected to cluster analysis.

Results: Three distinct EEG clusters of children with ADHD were found. These were characterized by
(a) increased slow wave activity and deficiencies of fast wave, (b) increased high amplitude theta with
deficiencies of beta activity, and (c) an excess beta group.

Conclusions: These results indicate that children with ADHD do not constitute a homogenous group
in EEG profile terms. This has important implications for studies of the utility of EEG in the diagnosis of
ADHD. Efforts aimed at using EEG as a tool to discriminate ADHD children from normals must
recognize the variability within the ADHD population if such a tool is to be valid and reliable in clinical
practice.
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1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one of the most common disorders treated
by child and adolescent psychiatrists in America, with this group of children comprising as
much as 50% of child psychiatry clinic populations (Cantwell, 1996). Studies based on DSM-
IV criteria ( American Psychiatric Association, 1994) have found the prevalence of children
with ADHD to range from 3 to 6% ( Pelham and Lindgren et al., 1990), with the DSM-1V
estimating prevalence at approximately 3-5% of school-age children. A major concern with
this population is the level of subjectivity which is involved in diagnosis. At the present time,
no reliable objective measures of ADHD exist. Diagnosis is almost always based on the
observations and perceptions of the child's parents, which assumes that a parent has an
accurate knowledge of what is normal age-appropriate behaviour.

EEG research over the last 30 years has found fairly consistent group differences between
children with or without ADHD. These include increased theta activity (Satterfield; Janzen;
Clarke; Clarke and Clarke) which occurs primarily in the frontal regions ( Mann; Chabot and
Lazzaro), increased posterior delta ( Matousek; Clarke; Clarke and Clarke) and decreased
alpha and beta activity ( Dykman and Callaway), also most apparent in the posterior regions (
Mann; Clarke; Clarke; Clarke and Lazzaro). Increases in the theta/alpha ( Matousek; Ucles;
Clarke; Clarke and Clarke) and theta/beta ( Lubar; Janzen; Clarke; Clarke and Clarke) ratios
have also been found in children with ADHD compared to normal children. Although detailed
discussion is beyond the scope of this paper, these EEG differences may contribute
substantially to the auditory and visual event-related potential differences which are reported
from such children (e.g. Johnstone; Johnstone and Steger).

Following these studies, a number of researchers have investigated the utility of discriminant
function analysis of such EEG measures in the diagnosis of ADHD (Lubar; Mann; Chabot;
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Chabot; Hughes and Hoffman). However, this procedure has been criticized on the basis of
poor sensitivity and specificity ( Levy; Rey and Nuwer).

One problem with the majority of these studies is that they have conceptualized their clinical
groups as being homogenous, which may not be an accurate assumption. It is possible that the
mean group differences reported may not accurately reflect the nature of the EEG deviance
found in individual children with ADHD. Several studies have reported distinct EEG groups
within their clinical samples. Clarke; Clarke and Clarke found between 15 and 20% of
children with a diagnosis of ADHD combined type (ADHDcom) had significantly elevated
levels of beta activity in their EEG. Chabot and Serfontein (1996) and Chabot et al. (1999)
also reported the existence of distinct subsets of children with ADHD, separately
characterized by excess theta, alpha and beta activity. These studies suggest that children with
a diagnosis of ADHD may constitute a heterogeneous group with different underlying
electrophysiological abnormalities.

This study aimed to investigate EEG similarities and differences within a group of boys with
ADHDcom to determine whether their EEG profiles clustered into meaningful groups. Such

clusters could form the basis for an EEG-defined subtyping of ADHD children and assist our
understanding of brain dysfunction in the disorder.

2. Method
2.1. Subjects

Subjects in this study consisted of 184 children with a diagnosis of ADHDcom and 40 age-
matched control subjects. All children were between the ages of 8 and 12 years and were
right-handed and right-footed. Subjects had a full-scale Weschler Intelligence Scales for
Children (WISC)-I11 1Q score of 85 or higher. The children with ADHD were drawn from
new patients presenting at a Sydney-based paediatric practice for an assessment for ADHD.
The clinical subjects had not been diagnosed as having ADHD previously, had no history of
medication use for the disorder, and were tested before being prescribed any medication. All
children between the ages of 8 and 12 years were invited to participate, with no patients
refusing. All patients who presented to the practice over a 3 year period, and met the inclusion
criteria, were used as subjects in this study. The control group consisted of children from local
schools and community groups.

Inclusion in the ADHD group was based on clinical assessments by a paediatrician and a
psychologist; children were included only where both agreed on the diagnosis. DSM-1V
criteria were used and children were included only if they met the full diagnostic criteria for
the diagnosis of ADHD, combined type, which includes hyperactive, inattentive and
impulsive behaviours. A structured clinical interview was used which incorporated
information from as many sources as were available. The interview included a description of
the presenting problem and a medical history given by a parent or guardian, a physical
examination, assessment for neurological ‘soft signs’, review of school reports for the past 12
months seeking behavioural/learning problems, reports from any other health professionals,
and behavioural observations during the assessment. Children were also assessed using the
WISC-III, Neale Analysis of Reading and the Wide Range Achievement Test (WRAT-R)
spelling test. The Conners' Rating Scale was also used (Conners, 1990). Children were
excluded from the clinical groups if they had a history of a problematic prenatal, perinatal or
neonatal period, a disorder of consciousness, a head injury with cerebral symptoms, a history
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of central nervous system diseases, convulsions or a history of convulsive disorders,
paroxysmal headaches or tics.

Inclusion in the control group was based on an uneventful prenatal, perinatal and neonatal
period, no disorders of consciousness, head injury with cerebral symptoms, history of central
nervous system diseases, obvious somatic diseases, convulsions, history of convulsive
disorders, paroxysmal headache, enuresis or encopresis after the fourth birthday, tics,
stuttering, pavor nocturnes or excessive nail-biting, obvious mental diseases, conduct
disorders, and no deviation with regard to mental and physical development. Control subjects
had to also score in the normal range on the measures of accuracy and comprehension on the
Neale Analysis of Reading, and have a standard score of 90 or above on the WRAT-R
spelling test. Assessment for inclusion as a control was based on a clinical interview with a
parent or guardian similar to that of the ADHD subjects, utilizing the same sources of
information, and the same psychometric assessment as was used for the clinical subjects.

Any children who showed signs of depression, anxiety, oppositional behaviour or syndromal
disorders were excluded from this study. Children were also excluded if spike wave activity
was present in the EEG.

2.2. Procedure

Both the ADHD and control subjects were tested in a single session lasting approximately 2.5
h. Subjects were first assessed by a paediatrician, where a physical examination was
performed and a clinical history was taken. Subjects then had a psychometric assessment
consisting of a WISC-I11, Neale Analysis of Reading and WRAT-R (spelling). At the end of
this assessment, subjects had an electrophysiological assessment consisting of a visual-
auditory oddball evoked potential and an EEG. The EEG was recorded at the end of this
session in an eyes-closed resting condition, while subjects were seated on a reclining chair.
Electrode placement was in accordance with the International 10-20 system, using an
electrocap produced by Electrocap International. Activity in 21 derivations was recorded from
Fpl, FP2, Fpz, F3, F4, F7, F8, Fz, C3, C4, Cz, T3, T4, T5, T6, P3, P4, Pz, 01, 02 and Oz. A
single electrooculogram (EOG) electrode referenced to Fpz was placed beside the right eye
and a ground lead was placed on the left cheek. A linked ear reference was used with all
EEGs, and reference and ground leads were 9 mm tin disk electrodes. Impedance levels were
set at less than 5 kQ.

The EEG was recorded and Fourier transformed by a Cadwell Spectrum 32, software version
4.22, using test type EEG, montage Q-EEG. The sensitivity was set at 150 uV/cm, with a low
frequency filter 0.53 Hz, a high frequency filter of 70 Hz and a 50 Hz notch filter. The
sampling rate of the EEG was 200 Hz and the Fourier transformation used 2.5 s epochs.

Thirty 2.5 s epochs were selected from the live trace and stored to floppy disk. Epoch
rejection was based on both visual and computer selection. Computer reject levels were set
using a template recorded at the beginning of the session and all subsequent epochs were
compared to this. The EOG rejection was set at 50 uV. The technician also visually appraised
every epoch and decided to accept or reject it. These were further reduced by a second
technician to 24 epochs (1 min) for Fourier analysis. The EEG was analyzed in 4 frequency
bands, Delta (1.5-3.5 Hz), Theta (3.5-7.5 Hz), Alpha (7.5-12.5 Hz) and Beta (12.5-25 Hz),
for relative power, as well as the total power of the EEG (1.5-25 Hz). The theta/beta ratio



coefficient was also calculated by dividing the power in the theta band by the power in the
beta band.

2.3. Statistical analysis

Initially, the data from the ADHDcom group were converted to Z scores based on the data
from the control group. This gave comparable estimates of excesses or deficiencies of power
for each frequency band at each site for each ADHD child compared to normal children.

Principal component analysis with varimax rotation was then performed on the z-transformed
power estimates at the 21 electrode sites in each frequency band, in order to explore ways of
reducing the number of variables by grouping sites into regions. Each EEG measure was then
averaged in each region for further analysis. In the next stage, subjects were grouped with
Ward's method of cluster analysis using the squared Euclidean distance as the measure of
dissimilarity. The variables used in the cluster analysis were regional averages for total power
and power in each of the 4 frequency bands, as well as the child's age (included in the analysis
to control for maturational effects). Discriminant function analysis was performed on the
subject clusters identified in the cluster analysis to determine the level of correct classification
of subjects based on the EEG data.

Finally, independent sample t tests were used to compare the activity in each region for total
power and power in each frequency band, as well as for the theta/beta ratio, between the
subgroups and the control subjects (to determine how each group differed from the control
subjects), and one-sample t tests between the ADHD cluster subgroups and the total ADHD
group were used to determine the amount of variability within the ADHD group, using full-
head topographic maps to assist in illustrating these differences.

3. Results

Principal component analysis identified two similar factors within each frequency band (see
Table 1). The first factor primarily loaded on the frontal electrode sites and the second factor
loaded on the posterior sites. However, there was a relatively high but inconsistent loading of
the central sites and T3 and T4 on both factors. Rather than exclude these sites, it was decided
to include them as a third regional grouping. The factor analysis thus suggested the grouping
of scalp sites into 3 sagittal regions, frontal (Fp1, Fp2, Fpz, F3, F4, F7, F8, Fz), central (T3,
T4, C3, C4, Cz), and posterior (T5, T6, P3, P4, Pz, O1, 02, Oz). There was no suggestion of
any grouping in the lateral dimension. EEG measures were averaged across electrodes within
each of these regions for further analysis.

Table 1. Factor loadings are shown at each electrode sitea

Full-size table (<1K)

View Within Article



http://www.sciencedirect.com.ezproxy.is.cuni.cz/science?_ob=ArticleURL&_udi=B6VNP-448YK7H-G&_user=1490772&_coverDate=11%2F30%2F2001&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000053052&_version=1&_urlVersion=0&_userid=1490772&md5=a2e0848128aa3eda281c35dadb1630cc#tbl1
http://www.sciencedirect.com.ezproxy.is.cuni.cz/science?_ob=ArticleURL&_udi=B6VNP-448YK7H-G&_user=1490772&_coverDate=11%2F30%2F2001&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000053052&_version=1&_urlVersion=0&_userid=1490772&md5=a2e0848128aa3eda281c35dadb1630cc#tblfn1
http://www.sciencedirect.com.ezproxy.is.cuni.cz/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6VNP-448YK7H-G&_image=tbl1&_ba=&_user=1490772&_coverDate=11%2F30%2F2001&_rdoc=1&_fmt=full&_orig=search&_cdi=6184&_issn=13882457&_pii=S138824570100668X&view=c&_isTablePopup=Y&_acct=C000053052&_version=1&_urlVersion=0&_userid=1490772&md5=61ef606c7577ccdbd34e508a6d1989d6
http://www.sciencedirect.com.ezproxy.is.cuni.cz/science?_ob=ArticleURL&_udi=B6VNP-448YK7H-G&_user=1490772&_coverDate=11%2F30%2F2001&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000053052&_version=1&_urlVersion=0&_userid=1490772&md5=a2e0848128aa3eda281c35dadb1630cc#tbl1

The frontal, central and posterior regional means for total power, relative power in the delta,
theta, alpha, and beta bands, and the age of the child were subjected to cluster analysis. This
identified 3 main groups which accounted for 95.1% of the total variance. No significant
differences in age were found between any of the ADHD clusters and the total ADHD
sample, or between the total ADHD sample, ADHD clusters, and the control group.

Cluster 1 consisted of 42.3% of the sample of children with ADHD. Compared to control
subjects, this cluster of children had increased total power, relative theta and theta/beta ratio,
as well as decreased relative delta and beta across all regions (see Table 2 and Fig. 1 and Fig.
2). In comparison to the total sample of ADHD children, the group had increased relative
alpha and decreased relative delta and beta activity across all regions, decreased posterior
theta, and increased central and posterior total power. Cluster 2 contained 37.5% of the
ADHD sample. These children had increased relative theta activity, increased theta/beta ratio,
a decrease in relative alpha across all regions, decreased fronto-central beta activity, increased
central/posterior delta, and a decrease in posterior total power, compared to the control group.
In comparison to the total sample of children with ADHD, the group had increased slow wave
activity (relative delta and theta), increased theta/beta ratio, decreased fast wave activity
(relative alpha and beta), and decreased total power across all regions. Cluster 3 accounted for
20.2% of the sample. Compared to the control group, this cluster had an increase in relative
beta, decreased relative alpha activity, and a decreased theta/beta ratio across all sites, and
increased total power and decreased relative delta in the frontal and central regions. In
comparison to the total ADHD sample, these children had a general increase in relative beta
activity, decreased relative theta activity, decreased theta/beta ratio, and decreased frontal and
central relative delta.

Table 2. Mean Z scores for each cluster and the total samplea
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Fig. 1. Topographic group differences in total power and relative power.
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Fig. 2. Topographic group differences in theta/beta ratio coefficients.
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The total sample of children with ADHD had a general increase in theta and decease in alpha
activity, increased theta/beta ratio, decreased frontal delta and increased frontal and central
total power relative to the control group.
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The data set was also cluster analyzed using 4 and 5 clusters. The 4 cluster analysis split
cluster 1, identifying a small subgroup (6% of the total sample) characterized by identical
topography to the original cluster, except for more extreme EEG abnormalities in comparison
to control subjects. The 5 cluster analysis resulted in the same groups as the 4 cluster analysis,
except that another small subgroup (3.8% of the total sample) was split from cluster 3, again
on the basis of the extremity of the EEG abnormality. As these two additional clusters
contained only a small number of children, and had identical topographies to the larger
clusters they were drawn from, the 3 cluster analysis was retained. Essentially, little additional
information was gained by further subdivision.

4. Discussion

EEG studies of children with ADHD have typically found increased theta activity (Satterfield,;
Mann; Janzen; Chabot; Lazzaro; Clarke; Clarke and Clarke), increased posterior delta (
Matousek; Clarke; Clarke and Clarke), decreased alpha and beta activity ( Dykman;
Callaway; Mann; Clarke; Clarke; Clarke and Lazzaro), and an increase in the theta/beta ratio (
Lubar; Janzen; Clarke; Clarke and Clarke) compared to normal children. In the present study,
the total sample of children with ADHD had a generalized increase in theta and decease in
relative alpha activity, increased theta/beta ratio, decreased frontal delta and increased frontal
and central total power. These results are typical of other studies that have presented group
means. However, as can be seen from this study, group means may not accurately portray
individual differences within the diagnosis. The cluster analysis identified 3 groups, with each
cluster having components which were significantly different from the mean of the total
sample. This indicates that the combined type of ADHD does not represent a homogenous
group of children, as different electrophysiological components appear to be present in each
of the 3 groups. These groups did not differ on age, so that simple maturational differences do
not underlie this heterogeneity.

The DSM-1V lists criteria for ADHD based exclusively on behaviour, not on aetiology. This
means that a number of different causes, which could be reflected in the different EEG
profiles, may result in similar behaviours. It is important to note that all groups did have EEG
profiles that were substantially different from the control group. This would suggest that
although there may be different underlying causes for the obtained behaviour profiles, the
disorder is based in central nervous system dysfunction.

Cluster analysis indicated the presence of 3 electrophysiologically distinct groups of children
with ADHD of the combined type. The first two groups were highly consistent with the
typical profile found in ADHD, with both groups having increased theta and decreased beta
activity. However, the profiles of each group were different.

Cluster 1 had a predominance of high amplitude theta activity, particularly in the frontal
regions, and reduced amounts of delta and beta activity. In this group, alpha activity was at a
normal level. A specific link between power in the theta and beta bands has been found in
other studies of ADHD, which is the basis for a number of researchers using calculations of
the theta/beta ratio to differentiate ADHD and normal children, rather than separate frequency
bands (Lubar and Janzen). Beta activity increases during both physical and mental activity (
Andreassi; Ackerman and Ackerman), and a number of studies have found that children with
ADHD have lower levels of beta activity during cognitive tasks ( Lubar and Mann). This
decrease in beta activity has been interpreted as cortical hypoarousal ( Lubar, 1991), which is
supported by studies that have assessed ADHD children using skin conductance ( Satterfield
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and Dawson, 1971), as well as regional cerebral blood flow and positron emission
tomography ( Lou; Lou; Lou and Zametkin). From these results, cluster 1 appears to be
associated with cortical hypoarousal.

Cluster 2 had increased slow wave activity in both the delta and theta bands, and reduced fast
wave activity. While this cluster has some of the features of cluster 1 (increased theta and
decreased beta), the EEG abnormality in this cluster has other features that are congruent with
a maturational lag. Maximal differences were found between the cluster and the control group
in the posterior regions in relative delta and alpha, and central regions in relative beta. The
topography of these differences is typical of the results that would be obtained from normal
younger children, with delta and alpha maturing earliest in the posterior regions and beta
maturing earliest in the central regions (Gasser and Clarke). However, the amount of theta
activity in this group is slightly higher than would normally be expected in younger normal
children. In a previous study ( Clarke et al., 2001b) we found that there were two distinct
components in the EEG of children with ADHDcom. The first was associated with the
inattentive component of the diagnosis, which did not normalize with age. The second
component was associated with the hyperactive/impulsive aspect of the diagnosis, which did
mature with age. These two components appeared to overlay as additional levels of EEG
abnormality, resulting in children with both components of the diagnosis having more
abnormal EEGs than children with a single component. As the children in this study had both
the hyperactive/impulsive and inattentive aspects of the disorder, it is possible that when the
inattentive component of the EEG is taken into account, a maturational lag can still account
for some of the EEG abnormality found in this group.

The third cluster was characterized by high power beta activity, with deficiencies in delta and
alpha activity. Excess beta activity has been reported in other studies (Chabot; Clarke; Clarke
and Clarke) with prevalence rates of between 13 and 20% being reported. Clarke et al.
(2001d) found that children in this group were more prone to temper tantrums compared to
ADHD children with the more typical profile of excess theta activity. The present study found
that 20.2% of the sample had this profile. The dominant beta band in this cluster has similar
topography to the dominant theta band in cluster 1. This would suggest that similar systems
are being identified in the two clusters but they are functioning in very different ways. If
cluster 1 had a deficiency of beta activity, which is possibly associated with hypoarousal, then
cluster 3 may be associated with cortical hyperarousal. Hyperarousal could easily cause the
hyperactive and inattentive problems found in ADHD, which was what Satterfield, J. and
Dawson, M., 1971. Electrodermal correlates of hyperactivity in children. Psychophysiology 8,
pp. 191-197. Full Text via CrossRef | View Record in Scopus | Cited By in Scopus
(57)Satterfield and Dawson (1971) initially expected to find in their skin conductance study.
This hypothesis needs to be tested.

Chabot and Serfontein (1996) and Chabot et al. (1999) reported that nearly one-third of their
sample of ADD children had excess alpha activity. No children in the present sample were
found to have this profile, and it has not been reported in other studies. This group may have
resulted from some demand characteristic of their studies and needs further investigation in
other independent samples.

The present results have important implications for the use of EEG in the diagnosis of ADHD.
A number of studies have reported high sensitivity and specificity using EEG measures in
discriminant function analyses (Lubar; Mann; Chabot; Chabot; Hughes and Hoffman).
However, EEG measures of ADHD have been criticized on the grounds of showing poor
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sensitivity and specificity, and are not recommended for use in clinical practice ( Levy; Rey
and Nuwer). This is understandable if studies seek to identify ADHD individuals based on the
assumption that all ADHD children will show the same EEG profile, an assumption falsified
by our findings. The present results did indicate that all groups had EEG abnormalities, and as
such, should be identifiable by an EEG assessment. For optimal sensitivity to be obtained, the
present results suggest that any discriminant function analysis would need to accommodate
more than one electrophysiological subtype of the disorder. This may mean that multiple
discriminant functions should be applied to the same person. This would not be without
precedent in medicine as many disorders have multiple subtypes which require independent
testing for correct classification.

A second approach may be to find measures that are discrepant in all children with ADHD.
The theta/beta ratio has been found to differentiate between children with and without ADHD
(Lubar; Janzen; Clarke; Clarke and Clarke). In this study, the theta/beta ratio was abnormal in
all 3 of the ADHD clusters, although it was abnormally high in two and abnormally low in the
third cluster (see Fig. 2). This may prove to be a useful marker of ADHD which can be used
to identify cases from a single discriminant analysis.

In the initial stage of the data analysis, factor analysis was performed on the 21 electrode sites
for each frequency band. Subsequently we chose to group the electrodes into 3 clusters,
frontal, central and posterior. This has important implications for clinical use. Within research
settings, there is an ever-increasing move towards the use of greater numbers of electrodes in
data acquisition. In contrast to this, many clinicians are choosing to use relatively small units,
with only 2, 4, or 8 recording channels. From the present results, a small number of channels
would still provide the clinician with a substantial amount of information, and could be
satisfactory for clinical use.

This study investigated the presence of EEG subtypes of children with the combined type of
ADHD. Results indicated the presence of 3 distinct EEG-defined clusters of children,
characterized by increased slow wave activity and deficiencies of fast wave, increased high
amplitude theta with deficiencies of beta activity, and a beta-excess group. The identification
of these groups has important implications for studies of the utility of EEG in the diagnosis of
ADHD. Efforts aimed at developing EEG into a tool to identify individual ADHD children
must recognize the variability within the ADHD population if such a tool is to be valid and
reliable in clinical practice. These clusters may also have significantly different causes
underlying their behaviour, may differ slightly on their behavioural profiles within the
classification system, and may respond differentially to medication, possibilities which merit
further investigation.
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