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Abstract Elevated theta or theta/beta ratio is often
reported in attention deficit hyperactivity disorder
(ADHD), but the consistency across studies and the rela-
tion to hypoarousal are increasingly questioned. Reports of
elevated delta related to maturational lag and of attenuated
beta activity are less well replicated. Some critical incon-
sistencies could relate to differences in recording context.
We examined if resting-state EEG power or global field
synchronization (GFS) differed between recordings made
at the beginning and end of a 1.5 h testing session in 76
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adolescents and young adults with ADHD, and 85 controls.
In addition, we aimed to examine the effect of IQ on any
potential group differences. Both regional and midline
electrodes yielded group main effects for delta, trends in
theta, but no differences in alpha or theta/beta ratio. An
additional group difference in beta was detected when
using regions. Group by time interactions in delta and theta
became significant when controlling for 1Q. The ADHD
group had higher delta and theta power at time-1, but not at
time-2, whereas beta power was elevated only at time-2.
GFS did not differ between groups or condition. We show
some ADHD-control differences on EEG spectral power
varied with recording time within a single recording ses-
sion, with both IQ and electrode selection having a small
but significant influence on observed differences. Our
findings demonstrate the effect of recording context on
resting-state  EEG, and highlight the importance of
accounting for these variables to ensure consistency of
results in future studies.

Keywords ADHD - EEG - Global field synchronization -
Time - Context - Adolescents

Introduction

Electrophysiological approaches provide a temporally
precise method for recording electrical brain activity. They
enable the direct investigation of subtle changes in cortical
arousal, which are highly relevant for the study of atten-
tion-deficit/hyperactivity disorder (ADHD) where arousal
dysregulation has been observed (Banaschewski and
Brandeis 2007). Spectral electroencephalogram (EEG) is
traditionally described as separate frequency bands: delta
(0.5-3.5 Hz), theta (4-7.5 Hz), alpha (7.5-12.5 Hz), beta


http://dx.doi.org/10.1007/s10548-014-0395-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-014-0395-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-014-0395-1&amp;domain=pdf

Brain Topogr (2015) 28:580-590

581

(12.5-30 Hz) and gamma (30+ Hz) (Tye et al. 2011). In
control populations, compared to at-rest, cognitive tasks
elicit reduction in alpha, suggesting that attenuation in
alpha is associated with cognitive or attentional demands
(Klimesch 2012). Similarly, increased arousal and atten-
tional engagement through eye opening in the resting state
not only induces global power reduction, but also topo-
graphic changes with decreases in frontal delta and theta
activity, and frontal increases in beta activity (Barry et al.
2007), suggesting that the relationship between theta and
beta activity may be an important marker of activation,
while arousal seems more closely linked to global power
and alpha activity reductions (Barry et al. 2007). Studies
differ in whether data has been collected under eyes-open
(EO) or eyes-closed (EC) conditions. Direct comparisons
of EO and EC conditions in children and adults with
ADHD suggest that EEG power differences are limited to
an enhancement of alpha, and more tentatively, an atten-
uation of beta activity in the EC condition (Loo et al. 2009;
Nazari et al. 2011; Woltering et al. 2012). Alternative
group-level Independent Component Analysis (gICA)
approaches, which may be more sensitive to spectral power
differences than conventional techniques, identified
reduced delta, alpha and beta voltage power and current
source density in adults with ADHD compared to controls
during both EC and EO conditions (Ponomarev et al.
2014).

The DSM-5 highlights that individuals with ADHD
typically show increased slow-wave EEG (American Psy-
chiatric Association. 2013). However, reported EEG
spectral profiles in ADHD are far from consistent, and the
extent to which these EEG indicators are useful in clinical
settings remains unclear (Banaschewski and Brandeis
2007; Cortese 2012; Liechti et al. 2013).

The most consistent findings in earlier resting-state
investigations of ADHD using both EO and EC data were
of elevated theta or theta/beta ratio (T:B) in children,
adolescents, and adults (Barry et al. 2010, 2009; Bresnahan
et al. 1999; Clarke et al. 2001b, 2003b; Koehler et al. 2009;
Lansbergen et al. 2011; Shi et al. 2012; Snyder et al. 2008;
Woltering et al. 2012). Yet, some recent studies have failed
to replicate these findings (Buyck and Wiersema 2014;
Liechti et al. 2013; Loo et al. 2009; Ogrim et al. 2012; Poil
et al. 2014; Ponomarev et al. 2014; Skirrow et al. paper
under review; Swartwood et al. 2003; van Dongen-
Boomsma et al. 2010), or have reported contrasting find-
ings of attenuated T:B in adults with ADHD (Loo et al.
2013). These differences are unlikely to be due to EO or
EC condition differences, as both positive and negative T:B
findings have been reported in comparison studies (Lans-
bergen et al. 2011; Liechti et al. 2013; Loo et al. 2013,
2009; Ogrim et al. 2012; van Dongen-Boomsma et al.
2010; Woltering et al. 2012). A recent meta-analysis,

conducted on studies using EO data, demonstrated that the
reported T:B effect size showed a strong relationship with
year of publication, declining over time (Arns et al. 2013).
Arns et al. suggest this might be due to testing context
differences between studies, the trend for reduced sleep
duration in children across years, or sample differences.
The consistency of delta and beta differences in ADHD
is more limited. Enhanced delta activity has been reported
in children with ADHD (Barry et al. 2010; Bresnahan et al.
1999; Nazari et al. 2011; Swartwood et al. 2003), but may
reflect a maturational lag and is also not consistently rep-
licated in children (Clarke et al. 2002c, 2003b; Liechti et al.
2013), or adults (Koehler et al. 2009; Liechti et al. 2013).
Beta activity findings are conflicting in both EO and EC
data, with a meta-analysis and other studies of children,
adolescents and adults reporting attenuation (Barry et al.
2010; Bresnahan et al. 1999; Clarke et al. 2006; Shi et al.
2012; Snyder and Hall 2006); while other studies report
enhancement in ADHD adults compared to children (Poil
et al. 2014), enhancement in a subset of children who have
high hyperactivive/impulsive symptoms (Clarke et al.
2001b, 2007), or in specific narrow-band beta frequency
ranges (Loo et al. 2009). However, many studies fail to
observe case—control differences in beta activity, in either
children or adults (Buyck and Wiersema 2014; Koehler
et al. 2009; Lansbergen et al. 2011; Liechti et al. 2013; Loo
et al. 2013; Nazari et al. 2011; Ogrim et al. 2012; van
Dongen-Boomsma et al. 2010; Woltering et al. 2012).
The inconsistencies in reported case—control differences
contrast with spectral EEG’s robust sensitivity to age and
maturational lag (Bresnahan et al. 1999; Liechti et al. 2013;
Loo et al. 2013; Ogrim et al. 2012; Poil et al. 2014; Snyder
and Hall 2006) and could reflect factors such as decreasing
ADHD symptoms with age (Snyder and Hall 2006), ADHD
subtype (Buyck and Wiersema 2014; Clarke et al. 2001a;
Loo et al. 2013, 2010), medication (Clarke et al. 2003a,
2002a; Loo et al. 2004), and co-occurring symptoms of
depression or disruptive behaviours (Clarke et al. 2002b;
Loo et al. 2013). Few studies have directly explored the
potential effects of IQ on EEG power in ADHD with most
studies using samples with normal range or matched 1Qs,
despite lower IQ commonly being associated with ADHD.
One study on 40 children with ADHD reported EEG power
to be similar in subgroups of children with both high and
low IQ (Clarke et al. 2006), while (Chabot and Serfontein
1996) reported that, although there were ADHD-associated
differences in spectral EEG for both low and high IQ
groups, low IQ did contribute to generalised EEG differ-
ences in terms of greater asymmetry, and reduced alpha
and/or theta power. This suggests that lower 1Q, while not
being the dominant cause of spectral profile differences
seen in ADHD, may contribute to group differences in
studies where the ADHD sample show typical lower mean
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IQ scores and where IQ is not otherwise controlled. Studies
should therefore attempt to examine the influence of IQ on
results, by comparing results with and without controlling
for the effects of IQ on their data.

Other possible explanations of the inconsistencies
observed between the studies could be related to differences
in recording context (i.e., when recordings are conducted in
relation to the start or end of a recording session or other
experimental demands), which might influence the level of
arousal in participants. Arousal may be more variable in
ADHD and can affect symptom severity and performance
(Sergeant 2005; Van der Meere 2002), and may therefore
vary throughout an experimental record session. For exam-
ple, rest-to-task comparisons show prominent EEG power
differences (Loo et al. 2013; Nazari et al. 2011; Ogrim et al.
2012), while Koehler et al. (2009) report reduced beta and
T:B differences between two resting state recordings com-
pleted at the beginning and end of the Eriksen Flanker Task.

We therefore hypothesised that differences in recording
context, such as whether recordings are made at the start or
end of an experimental session, may alter spectral EEG
case—control differences, as the novelty of the testing
environment declines with time, especially over longer
recording durations. This study investigated if spectral
power and global field synchronization (GFS) varies
between ADHD and control groups in conventional spec-
tral bands (delta, theta, alpha, beta) and in theta/beta ratio
between recordings made at the beginning and end of a
1.5 h cognitive-EEG testing session. As a further post hoc
analysis, we additionally examined whether 1Q influences
any ADHD-control differences that emerge.

Methods and Materials
Sample

ADHD and control participants who had taken part in our
previous research (Chen et al. 2008; Kuntsi et al. 2010),
were invited to take part in this follow-up study. In the
initial study, ADHD participants aged between 6 and 17
were recruited from specialist clinics in the UK from
among those who had a clinical diagnosis of DSM-IV
combined subtype ADHD during childhood, as determined
by a paediatrician or child psychiatrist. The control group
were recruited from primary (ages 6-11 years) and sec-
ondary (ages 12-18 years) schools in the UK. At follow-up
in this study, participants were aged between 13 and 25,
and for this investigation ADHD participants were re-
assessed and only those who continued to meet DSM-IV
criteria for any ADHD subtype in adolescence/early
adulthood were included in current analyses. All partici-
pants were of European Caucasian decent.
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For both groups, the exclusion criteria, as defined by
those used in the initial investigation, were 1Q < 70, aut-
ism, epilepsy, learning difficulties, brain disorders and any
genetic or medical disorder associated with externalising
behaviours that might mimic ADHD. Written informed
consent was obtained and the study was approved by the
London-Surrey Borders Research Ethics Committee
(NRES 09/H0806/58).

Six ADHD participants were excluded from the analysis
(because of unusable EEG data (4) and <20 acceptable EEG
segments (2)). Two control participants were excluded, as
they met ADHD criteria based on parent report; and one
further control participant had <20 acceptable EEG seg-
ments. The final sample consisted of 76 ADHD participants
and 85 controls. The ADHD and control groups did not differ
in age (ADHD: mean = 18.70, SD = 2.91; Control:
mean = 18.29, SD =1.76; t= —1.362, df = 181,
p > 0.5), but differed significantly in full-scale IQ (ADHD:
mean = 98.44, SD = 14.27; Control: mean = 111.67,
SD = 12.86; t = —6.547, df = 181, p < 0.001) and in
gender distribution (ADHD: 89 % male; Control: 99 %
male; x*(1, n = 183) = 4.75, p = 0.03).

Procedure

Participants attended a single research session for clinical
interviews and cognitive-EEG assessments, as part of a
larger study. A 48-hour ADHD medication-free period was
required before the research session. Two 3-minute eyes-
open resting state conditions were administered at the
beginning and end of an extended 1.5 h cognitive-EEG test
battery. Participants were requested to remain still, and
keep their eyes on a fixed point in front of them for the
duration of the recording.

Measures
ADHD diagnosis

Childhood ADHD was initially assessed using the Parental
Account of Childhood symptoms (PACS) (Chen et al.
2008; Taylor et al. 1986a, 1986b), a semi-structured,
standardised, investigator interview with high inter-rater
reliability (Taylor et al. 1986a). During follow-up, ADHD
status was confirmed using parental ratings of the Diag-
nostic Interview for ADHD in Adults (DIVA) (Kooij and
Francken 2007) and the Barkley’s Functional Impairment
Scale (BFIS) (Barkley and Murphy 2006). A research
diagnosis of ADHD was made if participants scored >6 on
the DIVA for either inattention or hyperactivity/impulsiv-
ity scales, and >2 positive scores on >2 areas of impair-
ments on the BFIS, based on DSM-IV criteria. Six
participants were excluded from the sample, as they had
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missing parent ratings of clinical impairment and their
current ADHD status could therefore not be determined.

10

The vocabulary and block design subtests of the Wechsler
Abbreviated Scale of Intelligence Fourth Edition (WASI-
IV) (Wechsler 1999) were administered to all participants
to derive an estimate of I1Q.

EEG recording and Analysis

Two 3-minute fixed-gaze eyes-open resting conditions
were carried out, at the beginning and end of a 1.5h
recording session. Participants completed three event
related potential (ERP) paradigms between resting state
recordings, administered in a fixed order (Continuous
Performance Task (Doehnert et al. 2008); Eriksen Flanker
Task (Albrecht et al. 2009); and the Fast Task (Andreou
et al. 2007; Kuntsi et al. 2006)). The EEG was recorded
from a 62 channel DC-coupled recording system (extended
10-20 montage), using a 500 Hz sampling-rate, imped-
ances under 10 kQ, and FCz as the reference electrode. The
electro-oculograms (EOGs) were recorded from electrodes
above and below the left eye and at the outer canthi.

The EEG data were analysed using Brain Vision Ana-
lyzer (2.0) (Brain Products, Germany). Raw EEG record-
ings were down-sampled to 256 Hz, re-referenced to the
average of all electrodes, and digitally filtered using But-
terworth band-pass filters (0.1-30 Hz, 24 dB/oct). Ocular
artefacts were identified using independent component
analysis (ICA) (Jung et al. 2000). All trials were also
visually inspected for other subtle artefacts, and sections
containing these were manually removed. Data with other
artefacts exceeding £100 puV in any channel or with a
voltage step greater than 50 pV were rejected. Where an
entire channel was removed due to technical problems or
electrical noise, topographic spline interpolation was used
to replace the channel.

The cleaned continuous EEG was then segmented into
2-second epochs and power spectra computed using the
Fast Fourier Transform with a 10 % Hanning window.
Epochs were averaged to create group means. Bands were
defined as delta 0.5-3.5 Hz; theta 3.5-7.5 Hz; alpha
7.5-12 Hz; and beta 12-30 Hz. Topographic maps, t-maps
and band-power graphs were generated from scalp
recordings of power at all electrodes (see supplementary
material S1-S3). In order to attempt to replicate findings
from the majority of previous studies (Clarke et al. 2002c,
2003b; Koehler et al. 2009; Lansbergen et al. 2011; Loo
et al. 2009, 2004; Loo and Smalley 2008; van Dongen-
Boomsma et al. 2010), EEG power was averaged into three
regions from individual scalp electrodes (frontal: Fz, F1,

F2, F3, F4, F5, F6, F7, F8; central: Cz, C1, C2, C3, C4, C5,
C6; parietal: Pz, P3, P4, P7, P8). For an additional com-
parison with more recent investigations (Buyck and
Wiersema 2014; Liechti et al. 2013; Loo et al. 2013; Ogrim
et al. 2012; Woltering et al. 2012) and to discount the effect
of electrode selection, we also re-ran all analyses using
only mid-line electrodes (Fz, Cz, Pz).

The observed absolute power within any given band is
based upon the phase and amplitude of multiple EEG
sources. When sources are phase-locked, they are syn-
chronised, indicating they are simultaneously active
within the brain. GFS (Koenig et al. 2001, 2005) is an
index of phase synchrony at a given frequency. It pro-
vides an additional dimension beyond absolute power for
understanding the global functional connectivity within
these frequency bands, with the advantage of being a
relative measure, which is not influenced by the choice
of reference electrode. GFS provides a single score
between O and 1, with zero indicating no synchrony
between EEG sources, and 1 indicating all sources are in
phase. GFS was computed for each 2-second epoch,
averaged for each participant and then examined by
frequency band.

Statistical Analyses

An exploratory analysis on age effects was carried out by
comparing power within each band between the younger
(13-18 years old) and older (>18) subsets within each
group. Based on this analysis (supplementary material S4),
which indicated the older group to have reduced power in
all bands, we included age, along with gender, as covari-
ates in all analyses. In addition, all analyses were re-run
with IQ as an additional covariate to examine empirically
the effects of IQ on EEG power. Mean power was non-
normally distributed and transformed using log for con-
ventional frequency bands, and square root for theta/beta
ratio. A repeated measures analysis of covariance
(ANCOVA) was carried out in SPSS (version 21) within
each band (delta, theta, alpha, beta), for both EEG power
and GFS measurements, and within theta/beta ratio for
EEG power only. Two within-subjects factors were inclu-
ded: time (start and the end of the testing session) and
region (frontal, central, parietal or Fz, Cz, Pz electrodes);
and one between-subject factor (group). Where necessary,
to examine group differences at either time-1 or -2 indi-
vidually, subsequent follow-up ANCOVAs were per-
formed using only group and region factors. We focused
both on p-values (p < 0.05 for significance, and p < 0.08
for a trend) and effect sizes (eta squared (nz)). Based on
(Cohen’s 1988, p.283), estimates for nz, 0.0099 constitutes
a small effect, 0.0588 a medium effect and 0.1379 a large
effect.
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Table 1 Significance values and effect sizes for ANCOVA factors
and interactions, controlling for age and gender

Delta Theta Alpha Beta T:B

Time

F 0.618 2.402 1.907 0.286 0.013

p 0.433 0.123 0.169 0.594 0.910

n? 0.0038 0.0141 0.0113 0.0018 0.000
Region

F 5.477 3.922 4.561 0.916 1.916

p 0.005* 0.021%* 0.011* 0.401 0.149

n? 0.0317 0.0233 0.0275 0.0058 0.012
Group

F 4.294 3.747 1.635 5.478 0.067

p 0.040* 0.055* 0.203 0.021* 0.796

n? 0.0245 0.0191 0.0095 0.0288 0.000
Group* region

F 2.023 1.376 0.364 0.464 1.461

P 0.134 0.254 0.695 0.594 0.234

n? 0.0117 0.0082 0.0022 0.0029 0.009
Group* time

F 3.479 3.717 0.832 0.582 3.112

p 0.064* 0.056" 0.363 0.447 0.080%

n? 0.0214 0.0218 0.0049 0.0036 0.019

Activity bands defined as: delta 0.5-3.4 Hz, theta 3.5-7.5 Hz, alpha
7.5-12 Hz, beta 12-30 Hz

* Denotes significant at p < 0.05

* Denotes trend level effect at p < 0.08. Effect size (n%); 0.0099 con-
stitutes a small effect, 0.0588 a medium effect and 0.1379 a large effect

Results
Group Differences

An ANCOVA indicated significantly higher delta power in
the ADHD group, compared to controls (Table 1 and
Fig. 1a). A post hoc analysis showed that the group means
(Table 2) differed significantly for delta power at time-1
(F(1, 157) = 7.81, p = 0.01, n*> = 0.0437), but not at
time-2 (F(1, 157) = 0.36, p = 0.55, n* = 0.0022). For
theta band (Table 1 and Fig. 1b), an effect of group at trend
level was observed. Post-hoc analysis indicated that the
ADHD group had significantly higher mean theta power
than controls at time-1 (F(1, 157) = 6.46, p = 0.01,
n2 = 0.0329) but not at time-2 (F(1, 157) = 0.94,
p = 033, n° = 0.0052). In the alpha band (Table 1 and
Fig. 1b), no significant group differences emerged. For
beta activity, we observed a main effect of group (Table 1
and Fig. 1c), with post hoc analysis indicating a signifi-
cantly higher mean beta power in ADHD than control
group at time-2 (F(l, 157)=5.68, p = 0.018,
n? = 0.0318), but not at time-1 (F(1, 157) = 2.90,
p =009, m?>=00154). All main effect group
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Fig. 1 Average spectral mean EEG power across bands. Average
spectral power in ADHD and controls groups at time-1 and time-2, by
frequency band. Plots represent mean power across from frontal,
central and parietal regions in the ranges of a delta (0.5-3.5 Hz);
b theta (3.5-7.5 Hz) and alpha (7.5-12 Hz) and ¢ beta 12-30 Hz

comparisons in conventional bands had small effect sizes.
The main effect of group for theta/beta ratio was not sig-
nificant, and had a minimal effect size.
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Table 2 Mean amplitude in pV and standard deviation (SD), prior to transformations, and with age and gender controlled for, in ADHD and
control groups across frequency bands and theta/beta ratio at frontal, central and partial regions

Delta pV (SD) Theta pV (SD) Alpha pV (SD) Beta Vv (SD) T:B nV (SD)
Frontal Region
T1
Control 3.585 (0.29) 0.557 (0.04) 0.567 (0.06) 0.146 (0.01) 2.127 (0.06)
ADHD 2.431 (0.19) 0.724 (0.04) 0.703 (0.06) 0.173 (0.01) 2.189 (0.07)
T2
Control 4.436 (0.29) 0.654 (0.04) 0.652 (0.05) 0.157 (0.01) 2.190 (0.06)
ADHD 3.308 (0.2) 0.765 (0.04) 0.781 (0.06) 0.202 (0.01) 2.108 (0.06)
Central Region
T1
Control 3.361 (0.2) 0.563 (0.05) 0.698 (0.08) 0.153 (0.01) 2.120 (0.06)
ADHD 2.181 (0.19) 0.752 (0.05) 0.916 (0.08) 0.170 (0.01) 2.206 (0.06)
T2
Control 3.793 (0.21) 0.606 (0.05) 0.822 (0.09) 0.155 (0.01) 2.192 (0.06)
ADHD 2.542 (0.19) 0.732 (0.05) 0.950 (0.1) 0.200 (0.01) 2.154 (0.07)
Parietal Region
T1
Control 3.029 (0.2) 0.696 (0.07) 1.193 (0.15) 0.186 (0.01) 2.060 (0.06)
ADHD 2.982 (0.27) 0.986 (0.07) 1.459 (0.16) 0.214 (0.01) 2.185 (0.06)
T2
Control 2.935 (0.2) 0.788 (0.07) 1.438 (0.16) 0.195 (0.01) 2.139 (0.06)
ADHD 4.378 (0.3) 0.952 (0.07) 1.492 (0.17) 0.241 (0.01) 2.106 (0.07)

Activity bands defined as: delta 0.5-3.5 Hz, theta 3.5-7.5 Hz, alpha 7.5-12 Hz, beta 12-30 Hz. Regions are average power from individual
electrodes: frontal: Fz, F1, F2, F3, F4, F5, F6, F7, F8; central: Cz, C1, C2, C3, C4, C5, C6; parietal: Pz, P3, P4, P7, P8

Group by Time Interactions

Group by time interactions emerged at trend level for delta
and theta bands, and were not significant for alpha and beta
bands. Effect sizes were small for delta and theta, and
minimal in alpha and beta bands (Table 1). A trend-level
group by time interaction was detected for theta/beta ratio,
which had a small effect size. Post-hoc analysis did not
show group differences in theta/beta ratio at either time-1
(F(1, 157) = 1.08, p = 0.30, n* = 0.0066) or 2 (F(,
157) = 0.350, p = 0.56, > = 0.0021).

Time

The main effects of time, independent of group, were not
significant in any of the four spectral bands, or for theta/
beta ratio (Table 1). Theta and alpha bands had a small
effect size; in delta, beta and theta/beta ratio the effect size
was minimal.

Controlling for IQ

To examine the effect of IQ on EEG spectral power, all
analyses were re-run including IQ as an additional covariate.

This altered the significance of several comparisons
(Table 3). Specifically, group differences in delta and beta
bands weakened to trend level and or non-significance
respectively, and the prior trend in theta became non-sig-
nificant. However, in all three cases a small effect size was
maintained. When controlling for IQ, group differences in
alpha and theta/beta ratio remained non-significant, but the
group by time interactions emerged as significant, although
with small effect sizes, for delta and theta bands. Post-hoc
analysis indicated that these significant group by time
interactions in delta and theta bands were driven by signifi-
cant group differences at time-1 (delta: F(1, 157) = 7.32,
p = 0.01, n? = 0.0412; theta: F(1, 157) = 5.07, p = 0.03,
n? = 0.0255), which were not present at time-2 (delta: F(1,
157) = 0.09, p=0.76, n?=0.0006; theta: F(l,
157) = 0.26,p = 0.61,> = 0.0015). The trend level group
by time interaction for theta/beta ratio became non-signifi-
cant when controlling for IQ.

Analysis Using Mid-Line Electrodes
Re-running analysis based on mid-line electrodes, compared to

frontal, central and parietal regions yielded similar results, with
some exceptions. Without controlling for IQ, the reported group
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Table 3 Significance values and effect sizes for ANCOVA factors
and interactions, controlling for age, gender and I1Q

Delta Theta Alpha Beta T:B

Time

F 0.006 0.393 0.616 0.188 0.029

p 0.94 0.531 0.434 0.665 0.865

n? 0.0000 0.0023 0.0037 0.0012 0.0001
Region

F 2.874 1.735 2.638 0.245 1.008

14 0.058" 0.178 0.073* 0.783 0.366

n? 0.0170 0.0105 0.0162 0.0016 0.0118
Group

F 3.373 2.321 1.68 2.483 0.179

p 0.068" 0.13 0.197 0.117 0.673

n? 0.0195 0.0122 0.0098 0.0135 0.0004
Group* region

F 1.214 0.673 0.277 0.113 2.148

p 0.298 0.511 0.758 0.893 0.145

n? 0.0072 0.0041 0.0017 0.0007 0.0090
Group* time

F 4.178 4.553 1.039 0.001 0.939

p 0.043* 0.034* 0.31 0.997 0.392

n? 0.0257 0.0268 0.0062 0.0000 0.0194

Activity bands defined as: delta 0.5-3.5 Hz, theta 3.5-7.5 Hz, alpha
7.5-12 Hz, beta 12-30 Hz
* Denotes significant at p < 0.05, unadjusted

? denotes trend level effect at p < 0.08. Underlined values indicated
those which changed between significant/non-significant when
including IQ as a covariate. Effect size (nz); 0.0099 constitutes a
small effect, 0.0588 a medium effect and 0.1379 a large effect

Table 4 Global Field Synchronisation Scores

Delta GFS Theta GFS Alpha GFS Beta GFS
(SD) (SD) (SD) (SD)
ADHD
T1 0.46 (0.04) 0.44 (0.03) 0.47 (0.04) 0.45 (0.04)
T2 0.46 (0.04) 0.44 (0.03) 0.46 (0.03) 0.46 (0.04)
Control
T1 0.45 (0.03) 0.43 (0.03) 0.47 (0.04) 0.44 (0.03)
T2 0.45 (0.04) 0.44 (0.04) 0.47 (0.04) 0.46 (0.05)

Activity bands defined as: delta 0.5-3.5 Hz, theta 3.5-7.5 Hz, alpha
7.5-12 Hz, beta 12-30 Hz

by time trend for theta became significant (F(1,157) = 6.92,
p = 001, = 0.0274), and group differences for beta became
non-significant, although the small effect size remained
(F(1,157) = 4.19, p = 0.11, n* = 0.0141). The significant
difference in region for delta also became non-significant
(F(1,157) = 2.08, p = 0.13, n* = 0.0009). When IQ was
controlled for, an additional time by group interaction in alpha
was detected (F(1,157) = 2.21, p = 0.01, nz = 0.0132), and
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the trend for the group by time interaction in delta became
significant (F(1,157) = 5.03, p = 0.03, n2 = 0.026). Full
results are reported in supplementary material (S5, S6 & S7).

Global Field Synchronisation

Mean GFS scores (Table 4) did not differ between groups
at either time point, or between time-1 and 2 in any band
(supplementary material S8). The addition of IQ as an
additional covariate did not alter results. Age, as a covar-
iate, had a significant relationship to GFS scores in all
bands (supplementary material S8). We ran additional
correlations to investigate the age effect further (supple-
mentary material S9), which showed that age was posi-
tively correlated with GFS scores in the majority of bands,
except time-1 beta and time-2 theta (which were at trend
level) and time-2 beta (which was non-significant).

Discussion

We report evidence for the influence of time-context
effects on whether EEG spectral power differences emerge
between participants with ADHD and controls. At the start
of the recording session, delta as well as theta power was
elevated in the ADHD group, while at the end of the
recording session ADHD was linked only to elevated
activity in the beta band. In addition, trend level group by
time interactions in delta and theta bands, which became
significant when controlling for IQ, in conjunction with
graphed power (Fig. 1), indicate that activity in delta and
theta bands was consistently high in the ADHD group,
whereas the control group showed time-related changes.
This finding supports theories of hypoarousal in ADHD
(Weinberg and Brumback 1990), which would argue for
persistent under-activation in ADHD at both time points.
Yet, work based on combining EEG with skin conductance
recordings has associated increased alpha, instead of
increased theta or T:B ratios, with hypoarousal (Barry et al.
2009), rendering this interpretation somewhat tentative.
We did not find evidence for atypical T:B ratio or alpha
activity in the current sample of adolescents and young
adults with ADHD. In this investigation, as expected, 1Q
was significantly lower in the ADHD group (Kuntsi et al.
2004; Wood et al. 2011). Controlling for IQ slightly altered
the pattern of results, reducing group main effects, but
strengthening group by time interactions for delta and theta
bands. This is consistent with the small but generalised
effect of 1Q on EEG power as reported by (Chabot and
Serfontein 1996), and illustrates that IQ can influence EEG
results and should be empirically explored in studies on
populations with lower IQ scores, such as individuals with
ADHD.
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Our findings provide no support for the initial hypoth-
esis that under-arousal (as reflected by increased theta or
alpha) among individuals with ADHD is more likely to be
observed in a familiar setting and is reduced in a novel
testing environment. Instead they show that under-activa-
tion, as indexed by delta and theta activity, may be present
throughout testing. However, other explanations could
include the influence of the preceding tasks at time-2 which
may have influenced arousal. Changes over time could be
examined directly in future studies by conducting short
resting-state recordings throughout the EEG session to
explore whether activation changes in a linear fashion over
time, or alternatively, changes in relation to other tasks the
participants are asked to complete during the recording
session.

We did not detect any significant differences in alpha
band activity in this study. As alpha has been negatively
correlated with arousal, differences were expected (Barry
et al. 2009). The spectra (Fig. 1b) are suggestive of group
and time differences in the lower alpha band, particularly
around 8-10 Hz, but less so at higher frequencies. It is
possible that potential group differences were obscured
here by averaging activity across full-band ranges,
although other groups have found alpha power increases in
adults with ADHD using the full alpha band (Koehler et al.
2009). Future analyses could examine time—frequency data
at finer resolution to provide more power to detect group
differences.

This study also did not replicate elevated T:B in the
ADHD group at either time point, despite a sample size of
76 participants with persistent ADHD and 85 controls. This
finding is at odds with older studies (Barry et al. 2010;
Bresnahan et al. 1999; Clarke et al. 2001b, 2003b; Koehler
et al. 2009; Lansbergen et al. 2011; Shi et al. 2012; Snyder
and Hall 2006; Woltering et al. 2012), but consistent with
several more recent investigations (Buyck and Wiersema
2014; Liechti et al. 2013; Loo et al. 2009; Ogrim et al.
2012; Poil et al. 2014; Ponomarev et al. 2014; Skirrow
et al. paper under review; Swartwood et al. 2003; van
Dongen-Boomsma et al. 2010), although Buyck and
Wiersema showed subtype differences, with adult inatten-
tive-type ADHD having lower T:B than the combined-type
ADHD or controls. This questions the reliability of spectral
analysis of resting state data to discriminate ADHD ado-
lescents and young adults from controls, particularly as
expected maturational effects are observed in this data
(supplementary material S4), and that this sample also
shows typical ADHD associated impairments in ERP and
spectral EEG comparisons in data from a Continuous
Performance Task recorded between the two resting state
recordings as reported here (Cheung et al. under review).

Our additional analyses indicated some effects relating
to the selection of electrodes. Focusing on mid-line

electrodes (Fz, Cz, Pz) improved power to detect differ-
ences in theta and alpha bands. However, the opposite was
observed for the beta band. T-maps indicated that group
differences in beta activity at time-2 were detected broadly
across multiple electrodes, while differences between time-
1 and -2 in both the ADHD and control groups were
greatest at fronto-lateral regions, including F7 and FS8,
which were included in our analysis as part of the frontal
electrode region (supplementary material S2 & S3).
Therefore, regions of electrodes which were more widely
distributed across the scalp may have been more sensitive
to beta differences, although were seemingly less sensitive
to theta or alpha differences. This suggests that different
methods of electrode selection may alter results, and as
methods appear to have alternate sensitivity to detection of
theta or beta power, may contribute to the declining rep-
lication of T:B differences in ADHD (Arns et al. 2013);
particularly as most recent studies have favoured analysis
of mid-line electrodes (Buyck and Wiersema 2014; Liechti
et al. 2013; Loo et al. 2013; Ogrim et al. 2012; Woltering
et al. 2012). Nonetheless, this cannot be the only factor
influencing results, as we were unable to replicate T:B
differences for ADHD using either method, similar to
Liechti et al. (2013).

Differences in our results depending on electrode
selection suggest that the standardisation of methods is
important to ensure studies are comparable. As the maxi-
mal power of each band varies in location, adoption of new
data-driven methods, as opposed to methods based on
convention, may yield more reliable case—control differ-
ences. This might be achieved through analysis of all
possible channel comparisons with appropriate multiple
testing corrections (Poil et al. 2014; Woltering et al. 2012),
by only selecting the channel where power is maximal
based on topographic maps, similar to methods employed
in ERP studies, or through the use of Independent Com-
ponent Analysis to extract estimates of band power from
multiple sources simultaneously (Ponomarev et al. 2014).

No group or condition differences in GFS scores were
observed. Mean GFS scores were lower than in other
published papers in adult and older adult populations,
which are reported to be around approximately 0.5-0.55
(Kikuchi et al. 2007; Koenig et al. 2005; Ma et al. 2014;
Pugnetti et al. 2010). In our study, age had a significant
effect on GFS scores in most bands, in contrast to group
status or condition variables. Significant correlations with
age indicated that GFS score increased with age, which
could suggest lower phase synchronization in younger
participants at earlier stages of cortical maturation, com-
pared to adult samples. This GFS increase parallels the
spectral power reduction with maturation which also
extended across bands, and demonstrates that GFS is sen-
sitive to additional aspects of maturation. The finding is
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also in line with other studies that identified higher GFS
scores in adults compared to children during a working
memory paradigm (Michels et al. 2012), and with the
maturational increases reported for alpha GFS (Koenig and
Pascual-Marqui 2009).

In conclusion, we demonstrate that ADHD-control dif-
ferences on EEG spectral power varied with recording time
within a single recording session and with the frequency
bands, although the modest effect sizes indicated that case—
control discrimination was insufficient for diagnostic
applications at both recording times. Our findings suggest
that recording delta and theta activity during resting state at
the start of recording sessions, where case—controls dif-
ferences are likely to be highest as a product of persistent
hypoarousal in ADHD, offers methodological advantages.
In contrast, as beta activity increases over time in the
ADHD group compared to controls, case—control differ-
ences in beta are likely to become more prominent in
resting-state data recorded at the end of recording sessions.
Our post hoc comparisons also indicate that data from
electrode regions, compared to midline electrodes, may be
more sensitive to differences in beta band activity, but not
activity in delta and theta bands. Overall, this suggests that
research design may be optimised for ADHD case—control
differences at specific spectral frequency ranges. Such
optimisation is likely to also apply to subtyping/clustering
and treatment prediction based on resting EEG. However,
we also highlight the need for studies to adopt consistent
methodologies in the recording of data and to account for
other factors such as electrode selection in their analyses.
We also demonstrated that IQ has a small but significant
influence on observed differences, and therefore should be
taken into account in future investigations. Equally, we
provide further evidence showing that age correlates with
both EEG power and GFS scores, and should continue to
be accounted for in future studies. While overall our
findings of case-control differences in specific EEG power
bands supports the view of arousal dysregulation in ADHD,
our findings also demonstrate the challenges associated
with the analysis and interpretation of resting state data in
ADHD. Therefore we suggest that, until the factors that can
influence the pattern of results are better understood, the
use of resting-state band power as an associated feature
supporting diagnosis for ADHD in adolescents and young
adults is premature.

Acknowledgments This project was supported by generous grants
from Action Medical Research and the Peter Sowerby Charitable
Foundation (Grant Reference GN1777). Initial sample recruitment of
the ADHD sample was supported by NIMH Grant ROIMH062873 to
SV Faraone; the recruitment of the control sample and initial cogni-
tive assessments of ADHD and control groups were supported by UK
Medical Research Council Grant G0300189 to J Kuntsi. G Kitsune is
supported by an Economic and Social Research Council studentship

@ Springer

ES/100971X/1. We thank all who make this research possible: our
participants and their families; Jessica Deadman, Hannah Collyer and
Sarah-Jane Gregori.

Disclosures Tobias Banaschewski has served as adviser or consultant
for Bristol Myers-Squibb, Develco Pharma, Lilly, Medice, Novartis,
Shire, and Vifor Pharma; he has received conference attendance support
and conference support or speakers honoraria from Janssen McNeil,
Lilly, Medice, Novartis, and Shire and has been involved in clinical
trials conducted by Lilly and Shire. Philip Asherson has received
funding for research by Vifor Pharma, and has given sponsored talks
and been an advisor for Shire, Janssen—Cilag, Eli-Lilly, Flynn Pharma
and Pfizer, regarding the diagnosis and treatment of ADHD; all funds
have been donated to King’s College London for studies of ADHD. The
other authors report no conflicts of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

Albrecht B et al (2009) Flanker-task in children time-frequency
analyses of response monitoring. J Psychophysiol 23:183-190.
doi:10.1027/0269-8803.23.4.183

American Psychiatric Association (2013) Diagnostic and statistical
manual of mental disorders, 5th edn. American Psychiatric
Publishing, Arlington

Andreou P et al (2007) Reaction time performance in ADHD:
improvement under fast-incentive condition and familial effects.
Psychol Med 37:1703-1715. doi:10.1017/S0033291707000815

Arns M, Conners CK, Kraemer HC (2013) A decade of EEG theta/
beta ratio research in ADHD: a meta-analysis. J Atten Disord
17:374-383. doi:10.1177/1087054712460087

Banaschewski T, Brandeis D (2007) Annotation: what electrical brain
activity tells us about brain function that other techniques cannot
tell us—a child psychiatric perspective. J Child Psychol
Psychiatry 48:415-435. doi:10.1111/j.1469-7610.2006.01681.x

Barkley RA, Murphy K (2006) Attention deficit hyperactivity disorder:
a clinical workbook, 3rd edn. Guildford Press, New York

Barry RJ, Clarke AR, Johnstone SJ, Magee CA, Rushby JA (2007)
EEG differences between eyes-closed and eyes-open resting
conditions. Clin Neurophysiol 118:2765-2773. doi:10.1016/j.
¢clinph.2007.07.028

Barry RJ, Clarke AR, Johnstone SJ, McCarthy R, Selikowitz M
(2009) Electroencephalogram theta/beta ratio and arousal in
attention-deficit/hyperactivity disorder: evidence of independent
processes. Biol Psychiatry 66:398-401. doi:10.1016/j.biopsych.
2009.04.027

Barry RJ, Clarke AR, Hajos M, McCarthy R, Selikowitz M, Dupuy
FE (2010) Resting-state EEG gamma activity in children with
attention-deficit/hyperactivity disorder. Clin Neurophysiol
121:1871-1877. doi:10.1016/j.clinph.2010.04.022

Bresnahan SM, Anderson JW, Barry RJ (1999) Age-related changes in
quantitative EEG in attention-deficit/hyperactivity disorder. Biol
Psychiatry 46:1690-1697. doi:10.1016/30006-3223(99)00042-6

Buyck I, Wiersema JR (2014) Resting electroencephalogram in
attention deficit hyperactivity disorder: Developmental course
and diagnostic value. Psychiatry Res. doi:10.1016/j.psychres.
2013.12.055

Chabot RJ, Serfontein G (1996) Quantitative electroencephalographic
profiles of children with attention deficit disorder. Biol Psychi-
atry 40:951-963. doi:10.1016/0006-3223(95)00576-5


http://dx.doi.org/10.1027/0269-8803.23.4.183
http://dx.doi.org/10.1017/S0033291707000815
http://dx.doi.org/10.1177/1087054712460087
http://dx.doi.org/10.1111/j.1469-7610.2006.01681.x
http://dx.doi.org/10.1016/j.clinph.2007.07.028
http://dx.doi.org/10.1016/j.clinph.2007.07.028
http://dx.doi.org/10.1016/j.biopsych.2009.04.027
http://dx.doi.org/10.1016/j.biopsych.2009.04.027
http://dx.doi.org/10.1016/j.clinph.2010.04.022
http://dx.doi.org/10.1016/s0006-3223(99)00042-6
http://dx.doi.org/10.1016/j.psychres.2013.12.055
http://dx.doi.org/10.1016/j.psychres.2013.12.055
http://dx.doi.org/10.1016/0006-3223(95)00576-5

Brain Topogr (2015) 28:580-590

589

Chen W et al (2008) DSM-IV combined type ADHD shows familial
association with sibling trait scores: a sampling strategy for QTL
linkage. Am J Med Genet B 147B:1450-1460. doi:10.1002/
ajmg.b.30672

Cheung CHM, Rijsdijk F, Banaschewski T, Brandeis D, Asherson P,
McLoughlin G, Kuntsi J (under review) Cognitive and neuro-
physiological markers of ADHD persistence and remission. Brit
J Psychiatry

Clarke AR, Barry RJ, McCarthy R, Selikowitz M (2001a) Age and
sex effects in the EEG: differences in two subtypes of attention-
deficit/hyperactivity disorder. Clin Neurophysiol 112:815-826.
doi:10.1016/s1388-2457(01)00487-4

Clarke AR, Barry RJ, McCarthy R, Selikowitz M (2001b) Excess beta
activity in children with attention-deficit/hyperactivity disorder:
an atypical electrophysiological group. Psychiatry Res
103:205-218

Clarke AR, Barry RJ, Bond D, McCarthy R, Selikowitz M (2002a)
Effects of stimulant medications on the EEG of children with
attention-deficit/hyperactivity ~disorder. Psychopharmacology
164:277-284. doi:10.1007/s00213-002-1205-0

Clarke AR, Barry RJ, McCarthy R, Selikowitz M (2002b) Children
with attention-deficit/hyperactivity disorder and comorbid oppo-
sitional defiant disorder: an EEG analysis. Psychiatry Res
111:181-190. doi:10.1016/s0165-1781(02)00137-3

Clarke AR, Barry RJ, McCarthy R, Selikowitz M, Brown CR (2002c)
EEG evidence for a new conceptualisation of attention deficit
hyperactivity disorder. Clin Neurophysiol 113:1036-1044.
doi:10.1016/s1388-2457(02)00115-3

Clarke A, Barry R, McCarthy R, Selikowitz M, Clarke D, Croft R,
Johnstone S (2003a) The effects of stimulant medications on
children with ADHD and excess beta activity in their EEG.
Psychophysiology 40:S33-S33

Clarke AR, Barry RJ, McCarthy R, Selikowitz M, Clarke DC, Croft
RJ (2003b) EEG activity in girls with attention-deficit/hyper-
activity disorder. Clin Neurophysiol 114:319-328. doi:10.1016/
s1388-2457(02)00364-4

Clarke AR, Barry RJ, McCarthy R, Selikowitz M, Magee CA,
Johnstone SJ, Croft RJ (2006) Quantitative EEG in low-1Q
children with attention-deficit/hyperactivity disorder. Clin Neu-
rophysiol 117:1708-1714. doi:10.1016/j.clinph.2006.04.015

Clarke AR et al (2007) Coherence in children with attention-deficit/
hyperactivity disorder and excess beta activity in their EEG. Clin
Neurophysiol 118:1472-1479. doi:10.1016/j.clinph.2007.04.006

Cohen J (1988) Statistical power analysis for the behavioral sciences,
2nd edn. L. Erlbaum Associates, Hillsdale

Cortese S (2012) The neurobiology and genetics of attention-deficit/
hyperactivity disorder (ADHD): what every clinician should
know. Eur J Paediatr Neurol 16:422-433. doi:10.1016/j.ejpn.
2012.01.009

Doehnert M, Brandeis D, Straub M, Steinhausen HC, Drechsler R
(2008) Slow cortical potential neurofeedback in attention deficit
hyperactivity disorder: is there neurophysiological evidence for
specific effects? J Neural Transm 115:1445-1456. doi:10.1007/
$00702-008-0104-x

Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V,
Sejnowski TJ (2000) Removing electroencephalographic arti-
facts by blind source separation. Psychophysiology 37:163-178.
doi:10.1017/s0048577200980259

Kikuchi M, Koenig T, Wada Y, Higashima M, Koshino Y, Strik W,
Dierks T (2007) Native EEG and treatment effects in neurolep-
tic-naive schizophrenic patients: time and frequency domain
approaches. Schizophr Res 97:163-172. doi:10.1016/j.schres.
2007.07.012

Klimesch W (2012) Alpha-band oscillations, attention, and controlled
access to stored information. Trends Cogn Sci 16:606-617.
doi:10.1016/j.tics.2012.10.007

Koehler S et al (2009) Increased EEG power density in alpha and
theta bands in adult ADHD patients. J Neural Transm
116:97-104. doi:10.1007/s00702-008-0157-x

Koenig T, Pascual-Marqui R (2009) Multichannel frequency and
time-frequency analysis. In: Michel CMKT, Brandeis D, Gian-
otti LRR, Wackermann J (eds) Electrical neuroimaging. Cam-
bridge University Press, Cambridge, pp 145-168

Koenig T, Lehmann D, Saito N, Kuginuki T, Kinoshita T, Koukkou
M (2001) Decreased functional connectivity of EEG theta-
frequency activity in first-episode, neuroleptic-naive patients
with schizophrenia: preliminary results. Schizophr Res
50:55-60. doi:10.1016/s0920-9964(00)00154-7

Koenig T, Prichep L, Dierks T, Hubl D, Wahlund LO, John ER, Jelic
V (2005) Decreased EEG synchronization in Alzheimer’s
disease and mild cognitive impairment. Neurobiol Aging
26:165-171. doi:10.1016/j.neurobiolaging.2004.03.008

Kooij JIS, Francken MH (2007) Diagnostic Interview for ADHD
(DIVA) in adults. www.divacentre.eu

Kuntsi J, Eley TC, Taylor A, Hughes C, Asherson P, Caspi A, Moffitt
TE (2004) Co-occurrence of ADHD and low IQ has genetic
origins. Am J Med Genet B 124B:41-47. doi:10.1002/ajmg.b.
20076

Kuntsi J, Rogers H, Swinard G, Borger N, van der Meere J, Rijsdijk F,
Asherson P (2006) Reaction time, inhibition, working memory
and ‘delay aversion’ performance: genetic influences and their
interpretation. Psychol Med 36:1613-1624. doi:10.1017/
S0033291706008580

Kuntsi J et al (2010) Separation of cognitive impairments in attention-
deficit/hyperactivity disorder into 2 familial factors. Arch Gen
Psychiatry 67:1159-1167. doi:10.1001/archgenpsychiatry.2010.
139

Lansbergen MM, Arns M, van Dongen-Boomsma M, Spronk D,
Buitelaar JK (2011) The increase in theta/beta ratio on resting-
state EEG in boys with attention-deficit/hyperactivity disorder is
mediated by slow alpha peak frequency. Prog Neuropsycho-
pharmacol Biol Psychiatry 35:47-52. doi:10.1016/j.pnpbp.2010.
08.004

Liechti MD, Valko L, Muller UC, Dohnert M, Drechsler R,
Steinhausen HC, Brandeis D (2013) Diagnostic value of resting
electroencephalogram in attention-deficit/hyperactivity disorder
across the lifespan. Brain Topogr 26:135-151. doi:10.1007/
$10548-012-0258-6

Loo SK, Smalley SL (2008) Preliminary report of familial clustering
of EEG measures in ADHD. Am J Med Genet B 147B:107-109.
doi: 10.1002/ajmg.b.30575

Loo SK, Hopfer C, Teale PD, Reite ML (2004) EEG correlates of
methylphenidate response in ADHD: association with cognitive
and behavioral measures. J Clin Neurophysiol 21:457-464.
doi:10.1097/01.Wnp.0000150890.14421.9a

Loo SK, Hale TS, Macion J, Hanada G, McGough JJ, McCracken JT,
Smalley SL (2009) Cortical activity patterns in ADHD during
arousal, activation and sustained attention. Neuropsychologia
47:2114-2119. doi:10.1016/j.neuropsychologia.2009.04.013

Loo SK et al (2010) Familial clustering and DRD4 effects on
electroencephalogram measures in multiplex families with
attention deficit/hyperactivity disorder. J Am Acad Child
Adolesc Psychiatry 49:368-377. doi:10.1016/j.jaac.2010.01.002

Loo SK, Cho A, Hale TS, McGough J, McCracken J, Smalley SL
(2013) Characterization of the theta to beta ratio in ADHD:
identifying potential sources of heterogeneity. J Atten Disord
17:384-392. doi:10.1177/1087054712468050

Ma CC, Liu AJ, Liu AH, Zhou XY, Zhou SN (2014) Electroenceph-
alogram global field synchronization analysis: a new method for
assessing the progress of cognitive decline in Alzheimer’s
disease. Clini EEG Neurosci 45:98-103. doi:10.1177/
1550059413489669

@ Springer


http://dx.doi.org/10.1002/ajmg.b.30672
http://dx.doi.org/10.1002/ajmg.b.30672
http://dx.doi.org/10.1016/s1388-2457(01)00487-4
http://dx.doi.org/10.1007/s00213-002-1205-0
http://dx.doi.org/10.1016/s0165-1781(02)00137-3
http://dx.doi.org/10.1016/s1388-2457(02)00115-3
http://dx.doi.org/10.1016/s1388-2457(02)00364-4
http://dx.doi.org/10.1016/s1388-2457(02)00364-4
http://dx.doi.org/10.1016/j.clinph.2006.04.015
http://dx.doi.org/10.1016/j.clinph.2007.04.006
http://dx.doi.org/10.1016/j.ejpn.2012.01.009
http://dx.doi.org/10.1016/j.ejpn.2012.01.009
http://dx.doi.org/10.1007/s00702-008-0104-x
http://dx.doi.org/10.1007/s00702-008-0104-x
http://dx.doi.org/10.1017/s0048577200980259
http://dx.doi.org/10.1016/j.schres.2007.07.012
http://dx.doi.org/10.1016/j.schres.2007.07.012
http://dx.doi.org/10.1016/j.tics.2012.10.007
http://dx.doi.org/10.1007/s00702-008-0157-x
http://dx.doi.org/10.1016/s0920-9964(00)00154-7
http://dx.doi.org/10.1016/j.neurobiolaging.2004.03.008
http://www.divacentre.eu
http://dx.doi.org/10.1002/ajmg.b.20076
http://dx.doi.org/10.1002/ajmg.b.20076
http://dx.doi.org/10.1017/S0033291706008580
http://dx.doi.org/10.1017/S0033291706008580
http://dx.doi.org/10.1001/archgenpsychiatry.2010.139
http://dx.doi.org/10.1001/archgenpsychiatry.2010.139
http://dx.doi.org/10.1016/j.pnpbp.2010.08.004
http://dx.doi.org/10.1016/j.pnpbp.2010.08.004
http://dx.doi.org/10.1007/s10548-012-0258-6
http://dx.doi.org/10.1007/s10548-012-0258-6
http://dx.doi.org/10.1002/ajmg.b.30575
http://dx.doi.org/10.1097/01.Wnp.0000150890.14421.9a
http://dx.doi.org/10.1016/j.neuropsychologia.2009.04.013
http://dx.doi.org/10.1016/j.jaac.2010.01.002
http://dx.doi.org/10.1177/1087054712468050
http://dx.doi.org/10.1177/1550059413489669
http://dx.doi.org/10.1177/1550059413489669

590

Brain Topogr (2015) 28:580-590

Michels L, Luchinger R, Koenig T, Martin E, Brandeis D (2012)
Developmental changes of BOLD signal correlations with global
human EEG power and synchronization during working mem-
ory. PLoS One 7:€39447. doi:10.1371/journal.pone.0039447

Nazari MA, Wallois F, Aarabi A, Berquin P (2011) Dynamic changes
in quantitative electroencephalogram during continuous perfor-
mance test in children with attention-deficit/hyperactivity disor-
der. Int J Psychophysiol 81:230-236. doi:10.1016/j.ijpsycho.
2011.06.016

Ogrim G, Kropotov J, Hestad K (2012) The quantitative EEG theta/
beta ratio in attention deficit/hyperactivity disorder and normal
controls: sensitivity, specificity, and behavioral correlates. Psy-
chiatry Res 198:482-488. doi:10.1016/j.psychres.2011.12.041

Poil SS et al (2014) Age dependent electroencephalographic changes
in attention-deficit/hyperactivity disorder (ADHD). Clin Neuro-
physiol. doi:10.1016/j.clinph.2013.12.118

Ponomarev VA, Mueller A, Candrian G, Grin-Yatsenko VA,
Kropotov JD (2014) Group independent component analysis
(gICA) and current source density (CSD) in the study of EEG in
ADHD adults. Clin Neurophysiol 125:83-97. doi:10.1016/j.
clinph.2013.06.015

Pugnetti L et al (2010) EEG evidence of posterior cortical discon-
nection in PD and related dementias. Int J Neurosci 120:88-98.
doi:10.3109/00207450903436346

Sergeant JA (2005) Modeling attention-deficit/hyperactivity disorder:
a critical appraisal of the cognitive-energetic model. Biol
Psychiatry 57:1248-1255. doi:10.1016/j.biopsych.2004.09.010

Shi T et al (2012) EEG characteristics and visual cognitive function of
children with attention deficit hyperactivity disorder (ADHD).
Brain Dev 34:806-811. doi:10.1016/j.braindev.2012.02.013

Skirrow C, McLoughlin G, Banaschewski T, Brandeis D, Kuntsi J,
Asherson P (paper under review) Normalisation of EEG theta
activity following methylphenidate treatment in adult ADHD.
Eur Neuropsychopharmacol

Snyder SM, Hall JR (2006) A meta-analysis of quantitative EEG
power associated with attention-deficit hyperactivity disorder.
J Clin Neurophysiol 23:440-455. doi:10.1097/01.wnp.000022
1363.12503.78

Snyder SM, Quintana H, Sexson SB, Knott P, Haque AF, Reynolds
DA (2008) Blinded, multi-center validation of EEG and rating

@ Springer

scales in identifying ADHD within a clinical sample. Psychiatry
Res 159:346-358. doi:10.1016/j.psychres.2007.05.006

Swartwood JN, Swartwood MO, Lubar JF, Timmermann DL (2003)
EEG differences in ADHD-combined type during baseline and
cognitive tasks. Pediatr Neurol 28:199-204. doi:10.1016/s0887-
8994(02)00514-3

Taylor E, Everitt B, Thorley G, Schachar R, Rutter M, Wieselberg M
(1986a) Conduct disorder and hyperactivity: II. A cluster
analytic approach to the identification of a behavioural syn-
drome. Br J Psychiatry 149:768-777

Taylor E, Schachar R, Thorley G, Wieselberg M (1986b) Conduct
disorder and hyperactivity: 1. Separation of hyperactivity and
antisocial conduct in British child psychiatric patients. Br J
Psychiatry 149:760-767

Tye C, McLoughlin G, Kuntsi J, Asherson P (2011) Electrophysio-
logical markers of genetic risk for attention deficit hyperactivity
disorder. Expert Rev Mol Med 13:€9. doi:10.1017/S14623994
11001797

Van der Meere J (2002) The role of attention hyperactivity and
attention disorders of childhood. 162-213

van Dongen-Boomsma M, Lansbergen MM, Bekker EM, Kooij JJ,
van der Molen M, Kenemans JL, Buitelaar JK (2010) Relation
between resting EEG to cognitive performance and clinical
symptoms in adults with attention-deficit/hyperactivity disorder.
Neurosci Lett 469:102-106. doi:10.1016/j.neulet.2009.11.053

Wechsler D (1999) Wechsler abbreviated scale of intelligence
(WASI). Harcourt Assessment, San Antonia

Weinberg WA, Brumback RA (1990) Primary disorder of vigilance: a
novel explanation of inattentiveness, daydreaming, boredom,
restlessness, and sleepiness. J Pediatr 116:720-725. doi:10.1016/
50022-3476(05)82654-X

Woltering S, Jung J, Liu Z, Tannock R (2012) Resting state EEG
oscillatory power differences in ADHD college students and
their peers. Behav Brain Funct 8:60. doi:10.1186/1744-9081-8-
60

Wood AC et al (2011) The relationship between ADHD and key
cognitive phenotypes is not mediated by shared familial effects
with I1Q. Psychol Med 41:861-871. doi:10.1017/s00332917
1000108x


http://dx.doi.org/10.1371/journal.pone.0039447
http://dx.doi.org/10.1016/j.ijpsycho.2011.06.016
http://dx.doi.org/10.1016/j.ijpsycho.2011.06.016
http://dx.doi.org/10.1016/j.psychres.2011.12.041
http://dx.doi.org/10.1016/j.clinph.2013.12.118
http://dx.doi.org/10.1016/j.clinph.2013.06.015
http://dx.doi.org/10.1016/j.clinph.2013.06.015
http://dx.doi.org/10.3109/00207450903436346
http://dx.doi.org/10.1016/j.biopsych.2004.09.010
http://dx.doi.org/10.1016/j.braindev.2012.02.013
http://dx.doi.org/10.1097/01.wnp.0000221363.12503.78
http://dx.doi.org/10.1097/01.wnp.0000221363.12503.78
http://dx.doi.org/10.1016/j.psychres.2007.05.006
http://dx.doi.org/10.1016/s0887-8994(02)00514-3
http://dx.doi.org/10.1016/s0887-8994(02)00514-3
http://dx.doi.org/10.1017/S1462399411001797
http://dx.doi.org/10.1017/S1462399411001797
http://dx.doi.org/10.1016/j.neulet.2009.11.053
http://dx.doi.org/10.1016/S0022-3476(05)82654-X
http://dx.doi.org/10.1016/S0022-3476(05)82654-X
http://dx.doi.org/10.1186/1744-9081-8-60
http://dx.doi.org/10.1186/1744-9081-8-60
http://dx.doi.org/10.1017/s003329171000108x
http://dx.doi.org/10.1017/s003329171000108x

	A Matter of Time: The Influence of Recording Context on EEG Spectral Power in Adolescents and Young Adults with ADHD
	Abstract
	Introduction
	Methods and Materials
	Sample
	Procedure
	Measures
	ADHD diagnosis
	IQ
	EEG recording and Analysis

	Statistical Analyses

	Results
	Group Differences
	Group by Time Interactions
	Time
	Controlling for IQ
	Analysis Using Mid-Line Electrodes
	Global Field Synchronisation

	Discussion
	Acknowledgments
	References




