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Objective: The question as to whether coexisting tic disorder (TD) and
attention-deficit/hyperactivity disorder (ADHD) in children represent a
combination of two independent pathologies, a separate nosologic
entity manifested by both tics and hyperactivity or a phenotype
subgroup of one of the two major clinical forms has received increasing
attention. The aim of the present study was to classify the TD+ADHD
comorbidity in the neurocognitive domain and to elucidate the
neurophysiological background of TD+ADHD coexistence by analyz-
ing event-related electroencephalographic (EEG) oscillations in the
theta (3—7.5 Hz) frequency band.

Methods: Event-related potentials were recorded at 10 electrodes in 53
children (9—13 years old) from four groups (healthy controls, TD-only,
ADHD-only, and combined TD+ADHD patients), while they per-
formed an auditory selective attention task requiring a button press to
a predefined target. Event-related theta oscillations were analyzed by
means of time—frequency decomposition (wavelet analysis) in two
latency ranges—early (0—200 ms) and late (200—450 ms). The effects of
psychopathology factors (TD and ADHD) and task variables (attended
channel and stimulus task relevance) on early (ETR) and late (LTR)
theta responses were evaluated statistically. Theta response measures
were further correlated with psychopathology scores and spontaneous
theta EEG activity.

Results: (1) The ETR was enhanced only in comorbid children and did
not differ between the control, TD-only, and ADHD-only groups. (2)
The LTR was larger in children with ADHD (ADHD-only and
comorbid), but this effect was mediated by the spontaneous theta
EEG activity. (3) The ETR was larger to attended stimuli at frontal—

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CWT,
continuous Wavelet transform; EEG, electroencephalogram; ERP, event-
related potential; ETR, early theta response; LTR, late theta response;
NT-A, non-target—attended; NT—NA, non-target—non-attended; RT,
reaction time; T-—A, target—attended; TF, time-frequency; TD, tic
disorder; T—NA, target—non-attended; TR, theta response.

* Corresponding author. Fax: +359 2 979 37 49.
E-mail address: jyord@bio.bas.bg (J. Yordanova).
Available online on ScienceDirect (www.sciencedirect.com).

1053-8119/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2006.03.056

central electrodes contralateral to the side of attention, to the target
stimulus type at frontal locations, and at the hemisphere contralateral
to the side of the response. The functional reactivity and scalp
distribution of ETRs were modulated by psychopathological factors.
Conclusions: In the neurocognitive domain, the TD+ADHD comor-
bidity can be identified as a unique nosologic entity. Both the
spontaneous theta activity and late event-related theta oscillations
appear as neurophysiological markers of the ADHD condition. In
children, the early event-related theta oscillations may be associated
with representations of relevant target features in working memory.
Significance: (1) A new model is proposed according to which
TD+ADHD comorbidity can be classified at different levels (from
neurobiological to cognitive). (2) The functional significance of
stimulus-synchronized theta oscillations in children is described for
the first time.

© 2006 Elsevier Inc. All rights reserved.
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Introduction

Because of their prevalence and great social impact, hyper-
motor symptoms in children have been increasingly focused on in
recent child psychiatric research (Buitelaar and Rothenberger,
2004). Hypermotor behavior is identified in attention-deficit/
hyperactivity disorder (ADHD) and tic disorder (TD). The core
clinical symptoms of ADHD are inattention, impulsivity, and
general motor hyperactivity (e.g., Swanson et al., 1998). In
contrast, though being a complex neuropsychiatric disturbance,
TD is essentially characterized by multiple motor and/or phonic
tics with fluctuating phenomenology (Rothenberger, 1991; Leck-
man et al., 1997, Leckman, 2002). Extensive literature has
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documented that in TD, comorbidity with ADHD ranges from 35
to 90% in different studies (average 52%, review: Spencer et al.,
1998; Rothenberger and Banaschewski, 2005), while in ADHD
patients, tic disorders are seen in 11-33% (MTA Coop. Group,
1999a,b; Kadesjo and Gillberg, 2001), both of which are much
above the by-chance rate of combination. The overlap and
relationships between these two psychiatric disturbances have
been recognized as critical with respect to treatment choice and
clinical consequences. Accordingly, the question as to whether
coexisting TD and ADHD in children represent a combination of
two independent pathologies (additive model), a separate nosologic
entity manifested by both tics and ADHD (inferactive model), or a
phenotype subgroup of one of the two major clinical forms
(phenotype model) has received increasing attention (Yordanova et
al., 1996, 1997; Rothenberger et al., 2000; Moll et al., 2001).

At the level of clinical evaluation, previous epidemiologic and
genetic studies have supplied evidence for each of the different
models for TD+ADHD (e.g., Comings, 1995; Pauls et al., 1993;
Spencer et al., 1998), which may at least partially stem from
limitations imposed by symptom overlap. Therefore, to pursue the
origins of comorbidity, the pathophysiological mechanisms under-
lying TD+ADHD coexistence need to be explored. At the
neurophysiological level, motor processes in TD+ADHD have
been examined by means of transcranial magnetic stimulation
(TMS) and event-related brain potentials (ERPs). TMS application
has supported the additive model by demonstrating that TD and
ADHD may contribute independently to the excitability of the motor
system in comorbid children (Moll et al., 2001). However, ERP
studies have not yielded conclusive results (Dumais-Huber and
Rothenberger, 1992; van der Meere et al., 1996; Yordanova et al.,
1996, 1997). Analysis of slow negative potentials has shown that the
preparatory motor cortical activation is similar between comorbid
and TD-only group in support of the phenotype model (Yordanova et
al., 1996). Further examination of the post-imperative negative
variation has demonstrated that TD+ADHD may manifest itself as
either a combined (additive model) or a unique (interactive model)
psychopathology depending on motor response controllability
(Yordanova et al., 1997). Thus, in TD+ADHD coexistence, two
independent pathogenic sources may contribute to the inhibition/
disinhibition mechanisms within the motor system (Moll et al.,
2001), whereas the neurophysiological mechanisms subserving
higher motor control may manifest deviations that do not result from
a simple combination of TD- and ADHD-related deficits but may
interact upon specific cognitive demands.

In this regard, analysis of external stimulus processing may
provide important additional information about the neurocognitive
background of TD+ADHD comorbidity. Previous ERP studies
have demonstrated deviations in active stimulus processing during
attention conditions in both TD-only (van de Wetering et al., 1985;
van Woerkom et al., 1994; Oades et al., 1996) and ADHD-only
children (Satterfield et al., 1990, 1994; Jonkman et al., 1997;
Karayanidis et al., 2000; van der Stelt et al., 2001). In TD, ERP
alterations have been attributed to difficulties in focusing,
sustaining and allocating attention (Oades et al., 1996; Johannes
et al., 2001), and to increased processing of non-relevant stimuli
(van Woerkom et al., 1994). In ADHD, ERP variations are thought
to reflect sustained and focused attention deficiency as well as
problems of inhibition and working memory (Barkley, 1997,
Tannock, 1998; Swanson et al., 1998). Despite the ERP evidence
for specific changes of cognitive stimulus processing in pure TD
and ADHD (Oades et al., 1996), in only one previous study, has

stimulus processing been analyzed in combined TD+ADHD
(Rothenberger et al., 2000). The results from an auditory attention
task have shown that frontal and temporal mechanisms of stimulus
selection may be similarly impaired in comorbid and ADHD-only
children, but comparisons with pure TD have not been made. Thus,
the mechanisms of cognitive stimulus evaluation in TD+ADHD
need further examination.

In child psychiatric research, cognitive stimulus processing is
conventionally explored by subtraction waveforms (e.g., Satterfield
et al., 1990) or by ERP measures in the time domain (reviews:
Tannock, 1998; Barry et al., 2003b, etc.). However, subtraction
waveforms do not distinguish the source of differences and are
prone to misinterpretations (van Boxtel, 2004). Likewise, a time
domain ERP component may have a complex heterogeneous
structure comprising several subcomponents that are completely or
partially overlapped (Basar, 1980; Falkenstein et al., 1995). Such
subcomponents may be functionally distinctive and may have
specific frequency characteristics (delta, theta, alpha, gamma), but
they remain undetected in the time domain ERPs (Basar, 1998;
Kolev et al., 1997; Demiralp and Ademoglu, 2001; Yordanova et
al., 2000, 2004). These EEG responses to external stimuli, called
event-related oscillations or time—frequency ERP components, can
be extracted by ERP decomposition in the time—frequency domain
and can provide new refined information about neuroelectric
dynamics of information processing (e.g., Basar, 1998; Kolev and
Yordanova, 1997; Heinrich et al., 1999; Demiralp and Ademoglu,
2001; Makeig et al., 2004; Yordanova et al., 2004).

With this background, the main objective of the present study
was to further classify the TD+ADHD comorbidity in the
neurocognitive domain by (1) analysis of cognitive stimulus
processing and (2) using time—frequency analysis of ERPs. As
in the study of Rothenberger et al. (2000), here different models of
TD+ADHD were tested in an auditory selective attention task, in
which stimulus task relevance was varied on the base of internally
guided spatial attention and physical stimulus features. Four groups
of children (controls, TD-only, ADHD-only, and TD+ADHD)
were studied with a balanced statistical design (Yordanova et al.,
1996). The following specific goals were targeted.

(1) A main goal was to explore whether and how the processing
of stimulus task relevance would depend on major psychopathol-
ogy symptoms presented with TD, ADHD, and their combination.
As a relevant analytic tool, stimulus-synchronized oscillations from
the theta frequency range were used because of the following
reasons: (a) time—frequency decomposition of ERPs from the
current data set revealed that the ERPs contained prominent
components from the theta (3—7.5 Hz) frequency band (see
Results), which indicated that theta oscillations represented a most
relevant EEG signal in this task. (b) Theta responses have been
consistently associated with focused attention (Demiralp and
Basar, 1992; Basar-Eroglu et al., 1992) and working memory
processes (Yordanova and Kolev, 1996, 1997; 1998a,b; Kolev et
al., 1997), thus appearing as an adequate correlate of cognitive
stimulus evaluation. (c) Theta EEG frequency has been most
frequently related with activations of frontal lobe networks (Basar
et al., 2001; Sarnthein et al., 1998; von Stein and Sarnthein, 2000;
Niedermeyer, 2001). Since frontal networks have been suggested
to be differentially impaired in TD and ADHD, analysis of the
theta frequency band would be especially appropriate to discrim-
inate TD, ADHD, and TD+ADHD conditions.

(2) Another goal was to extend current views on the
neurophysiological background of TD+ADHD by differentiating
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neurobiological from neurocomputational deficits. This was done
by analyzing the spontaneous EEG theta activity in parallel with
event-related theta oscillations. Spontaneous EEG rhythms reflect
the neurobiological organization of frequency-specific networks in
the brain, whereas event-related oscillations reflect the reorgani-
zation of these networks in relation to event-specific computational
demands (Basar, 1998; Yordanova and Kolev, 1998a,b). It is
noteworthy that children with ADHD and other psychiatric
disorders have larger spontaneous theta EEG activity than normal
children (Clarke et al., 2001; for review, see Barry et al., 2003a).
This implies that irrespective of specific processing demands, there
exists a basic (unspecific) alteration of the neuroelectric signaling
in these children (Niedermeyer and Naidu, 1997, 1998; Nieder-
meyer, 2001; Clarke et al., 2001). Thus, analysis of both the
spontaneous and event-related theta activity would allow to assess
whether the TD+ADHD comorbidity may be associated (a) with
basic alterations of the neurobiological substrate, (b) with deficits
emerging only upon specific processing demands, or (c) with both.

(3) A third goal of the present study was to shed further light on
the functional significance of event-related theta responses. Despite
the evidence for theta involvement in cognitive processes such as
mental arithmetic, will, attention, episodic memory, memory
gating, spatial learning, navigation, etc. (Basar et al., 2001;
Klimesch, 1999; Kahana et al., 2001; Raghavachari et al., 2001;
Caplan et al., 2003; etc.), the precise functional correlates of theta
oscillations require further clarification. As stated earlier (Demiralp
and Basar, 1992; Basar-Eroglu et al., 1992; Basar et al., 2001;
Yordanova and Kolev, 1997; 1998a; Kolev et al., 1997), analysis of

Table 1

Psychiatric characteristics of children according to clinical group (mean values)

event-related EEG 1is expected to increase most substantially the
understanding of theta functional significance (Kahana et al.,
2001). The present study therefore aimed at refining the functional
correlates of stimulus-synchronized theta oscillations elicited in an
auditory selective attention task in children.

Methods
Subjects

Within the framework of a multilevel longitudinal study on
central nervous regulatory mechanisms in child psychiatric
disorders, a total of 56 boys participated in the experiment. Table
1 presents group characteristics of normal and psychopathological
assessment. Children were matched for gender, age, and full-scale
1Q. They belonged to four groups (healthy controls, TD-only,
ADHD-only, and combined TD+ADHD patients, n = 14 each).
Due to a large number of EEG artifacts, three subjects from the
TD+ ADHD group were excluded from further analyses. The entire
study received prior approval by the local ethical review board.
Informed consent was obtained from the children as well as the
parents of each investigated child.

Subjects were totally unmedicated or drug-free for at least 4
weeks prior to the experiment. Healthy controls were devoid of
child psychiatric disorders and gross neurological or other organic
disorders. Patients, most of them outpatients, fulfilled the DSM-III-
R criteria (American Psychiatric Association, 1987) for ADHD

Group 1 Control 2 TD 3ADHD 4TD+ADHD 1vs.2P 1vs.3P 1vs.4P 2vs.3P 2vs.4P 3vs. 4P
n=14 n=14 n=14 n=11
Age
Mean (months) 137.2 139.4 139.7 138.5 NS NS NS NS NS NS
+SD (months) 21.5 26.5 234 28.7
SES (low = 1... high = 5) 3.0 2.8 2.9 3.1 NS NS NS NS NS NS
1Q 105.7 103.2 99.0 103.2 NS NS NS NS NS NS
CBCL T values
Total 49.4 57.4 70.6 69.2 *x ok HoHE *E *x NS
Externalizing 50.8 58.6 74.9 71.1 NS ok o wx NS NS
Internalizing 49.5 54.9 67.2 67.2 NS HrE HoHE ** *x NS
Attention 2.6 4.9 11.2 9.5 * ok o ok ok NS
Conners 3.4 72 20.0 18.8 NS ok HoHE HAE HHE NS
TSSS score - 11.1 - 7.8 - - - - NS -
TSGS-Tic - 3.1 - 3.1 - - - - NS -
Leyton
Total (“Yes”) 14.0 14.8 19.7 15.8 NS NS NS NS NS NS
Resistance 11.4 14.7 18.6 11.6 NS NS NS NS NS NS
Interference 11.3 15.1 259 13.1 NS wx NS NS NS NS
MFFT
Time 238.0 182.0 148.0 169.0 NS * NS NS NS NS
Errors 3.0 5.5 9.0 5.9 NS ok NS NS NS NS
Score 2.2 4.9 8.5 6.1 NS ok NS NS NS NS
CGAS (0-100) 87.1 62.5 45.0 57.0 HoHE ok o wx NS NS

TD, tic disorder; ADHD, attention-deficit/hyperactivity disorder; SES, socioeconomic status; CBCL, Child Behavior Checklist; TSSS, Tourette Syndrome
Severity Scale; TSGS, Tourette Syndrome Global Scale; Leyton, Leyton inventory on obsessive—compulsive behavior; MFFT, Matching Familiar Figures Test;
CGAS, Children’s Global Assessment Scale. Significance levels are given for pairwise comparisons between groups performed with Mann—Whitney U tests

(two-tailed): *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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(314.01) and/or for chronic motor/vocal tic or Tourette disorder
(307.22; 307.23). Patients with additional psychiatric comorbidity
such as obsessive—compulsive disorder, dyslexia, etc. were
excluded. Detailed information on psychopathology and level of
social functioning according to the Children’s Global Assessment
Scale (CGAS, Shaffer et al., 1983) was gathered by clinical
investigation (including a structured parent interview, several
questionnaires, and neuropsychological testing) and pooled to
yield best estimate based diagnoses by board-certified child
psychiatrists.

For all children, the Child Behavior Checklist (CBCL,
Achenbach and Edelbrock, 1983) was used as screening instrument
for child psychiatric symptoms based on parents’ reports. The level
of hyperactivity was assessed by the 10-item Conners parent
questionnaire (Goyette et al., 1978). In addition, the Matching
Familiar Figures Test (MFFT, Kagan and Kogan, 1970) was
administered to assess cognitive impulse control, which is often a
great problem in hyperkinetic children, while the child version of
the Leyton Obsession Inventory (Berg et al., 1986) was used to
evaluate additionally obsessive—compulsive behavior (Moll et al.,
2000). Threshold scores used as exclusion criteria for the control
group were >60 for CBCL Total, >8 for Conners questionnaire,
and >20 for Leyton Inventory. Both control children and patients
were excluded if their IQ was lower than 80. For tic children,
additional parent and expert information was recorded with the
Tourette Syndrome Global Scale (TSGS, Harcherik et al., 1984)
and Tourette Syndrome Severity Scale (TSSS, Shapiro et al.,
1988). All subjects were right handed.

Subgroups

The examined patients presented with chronic multiple tics,
ADHD, or a combination of tics and ADHD. There were two
groups of TD patients, each corresponding to one of the two levels
of hyperactivity as reflected by the Conners scores: TD-only
(Conners = 0—11) and TD+ADHD (Conners = 18—-30). ADHD-
only patients (without TD) were selected in such a way that their
Conners and CBCL attention scores would match those of the
TD+ADHD children (Table 1). The table shows that (a) ADHD
children from the pure and comorbid groups belong to the
combined type, (b) the degrees of hyperactivity and inattention
problems are similar for the ADHD-only and TD+ADHD groups,
and (c) the severity of tic problems does not differ between TD-
only and TD+ADHD groups.

Task procedure

In each of the two recording conditions, a total of 240 auditory
stimuli were used. Two stimulus types were presented randomly to
the left and right ear via headphones. The stimuli were non-target
(1000 Hz, n = 144, P = 0.6) and target (1500 Hz, n = 96, P = 0.4)
tones with a duration of 120 ms, rise/fall time of 10 ms, and
intensity of 85 dB SPL. Interstimulus intervals varied randomly
from 1150 to 1550 ms. Equal numbers of each stimulus type were
presented to the left and right ear. In the first condition, subjects
were instructed to press a button in response to the targets
presented to the right, while in the second condition, the attended
targets were the high tones presented to the left. Thus, there were
four signal types in each series: target—attended (T—A, n = 48),
target—non-attended (T—NA, n = 48), non-target—attended (NT—
A, n = 72), and non-target—non-attended (NT-NA, n = 72).

During the entire recording session, subjects kept their eyes open
and responded with the right hand.

Data recording

EEG activity was recorded via Nihon Kohden Ag/AgCl cup
electrodes (impedance kept below 3 k{)) fixed to the scalp at F3,
Fz, F4, C3, Cz, C4, P3, P4 locations according to the International
10/20 system and referred to the two mastoid electrodes, which
were connected via a 10-k() resistor (voltage divider, cf., Nunez,
1981, pp. 191-193). Spontaneous EEG was registered also at Oz.
Vertical and horizontal electro-oculograms (EOGs) were simulta-
neously recorded from electrodes above and below the right eye
and at the outer canthi. Reaction time data were collected as
behavioral measures. The EEG and EOG signals were amplified
and filtered with cutoff frequencies of 0.03 and 70 Hz. Analysis
epochs of 150 ms before and 1000 ms after stimulus onset were
sampled with a frequency of 500 Hz.

Data analysis

EEG epochs contaminated with ocular or muscle artifacts were
rejected, with only traces lower than 200 uV peak-to-peak being
accepted. Next, slight horizontal and vertical eye movements
preserved in the accepted trials were corrected by means of a linear
regression method for EOG correction (Dumais-Huber and
Rothenberger, 1992). To control strictly for sweep number effects,
for each subject, 35—-40 sweeps were randomly selected from
artifact-free trials of each stimulus type and used for further
analysis.

Spontaneous theta activity

The spontaneous theta EEG activity was evaluated for artifact-
free EEG epochs of 20 s recorded, while the subjects were relaxing
with closed eyes. The 20-s epoch was divided into 10 time
windows of 2-s duration each. Each 2-s epoch was transformed to
the frequency domain by means of Fast Fourier Transform (FFT).
Afterwards, averaging in the frequency domain was performed to
increase statistical validity of frequency domain measures. In
individual spectra, peaks of frontal theta activity were detected
between 4 and 7 Hz, without a clear group-dependent distribution
of peak frequencies within this range. To account for these
individual variations in theta peaks, theta power was measured
for separate subbands (4—5 and 6—7 Hz) for each subject and
electrode. Although these subbands are smaller than the broader
theta range used for analysis of event-related theta oscillations (see
below), this approach was chosen to provide for a more precise
characterization of the spontaneous theta activity. Furthermore, in
contrast to ADHD-only and tic patients (e.g., Clarke et al., 1998,
2001; Barry et al., 2003a), the spontaneous theta EEG of
TD+ADHD children has not been sufficiently described so far.
For technical reasons, the spontancous EEG records were not done
for 3 subjects from the control group, 3 subjects from the ADHD-
only group, 4 subjects from the TD-only group, and 2 subjects
from the comorbid group. Spontaneous EEG was thus analyzed in
11 controls, 10 TD-only, 11 ADHD-only, and 9 comorbid children.

Event-related theta activity

To analyze phase-locked theta oscillations individual averaged
ERPs were obtained. To identify precisely the frequency content of
time—frequency (TF) ERP components from the theta frequency
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Fig. 1. Schematical illustration of methods. Event-related averaged potential
(ERP), its time—frequency component in the theta (3—7.5 Hz) range (theta
response), theta response power, and envelope of theta response power.
Early (0—200 ms) and late (200—450 ms) theta responses are designated
accordingly as ETR and LTR. Maximal power values (marked by arrows)
are measured, averaged for each of the time windows of ETR and LTR and
further subjected to statistical analyses. Envelopes of theta response power
are used only for visualization. Positivity is upwards. Please note that the
original ERPs of children contain large-amplitude slow components from
the delta frequency (0.1-3 Hz) range. These large delta components
overlap theta oscillations that are smaller in amplitude (compare the scales
of ERP and theta response), which may obscure the expression of event-
related theta activity in the wide-band ERP.

range, ERPs were decomposed in the TF domain. Decomposition
was done by means of a continuous Wavelet transform (CWT,
Mallat, 1999). TF representations were calculated by Morlet’s
wavelets as described previously (Tallon-Baudry et al., 1997; see
also for similar application Yordanova et al., 2004). The analytical
presentation of Morlet’s wavelet w(, f) is:

w(t,f) = A exp(—£* /20, )exp(2inft)

where 7 is time, [ is frequency, 4 = (0,\/7)
duration, and i = v/ —1.

For TF plots, a ratio of fy/o¢ = 3.8 was used, where f is the
central frequency and o is the width of the Gaussian shape in the
frequency domain. The choice of this fo/o¢ ratio was oriented to a
better identification of slower phase-locked components expected
to be present in the ERP analysis epoch, since this ratio affects the
shape of the Morlet wavelet by decreasing its decay. The analysis
was performed in the frequency range 0.1—12 Hz with a central
frequency at 0.1-Hz intervals. For different f,, time and frequency
resolutions were calculated as 20, and 20y, respectively (Tallon-
Baudry et al., 1997).

As illustrated in Fig. 1, time—frequency ERP components from
the theta range were extracted in the time domain and squared to

_1/2,0, is the wavelet

obtain post-stimulus theta response power. According to the
observations (see Results), ERP theta components were enhanced
in two latency ranges after stimulus—early (0—200 ms) and late
(200—450 ms). Accordingly, as indicated in Fig. 1, the mean value
of successive power maxima was measured for these two time
windows to reflect the magnitude of phase-locked theta responses.
To normalize data, these measures as well as those for the
spontaneous theta activity were log10 transformed before statistical
evaluation. For visualization, theta power envelopes were used
(Fig. 1, bottom).

Statistical analysis

The analysis was a repeated measures analysis of variance
(ANOVA) with two between-subjects factors: TD and ADHD.
The levels of the TD factor were ‘with TD’ (TD+) comprising
the TD-only and TD+ADHD groups vs. ‘without TD’ (TD—)
comprising the Controls and ADHD-only groups. The levels
of the ADHD factor were ‘with ADHD’ (ADHD+) comprising
the ADHD-only and TD+ADHD groups vs. ‘without ADHD’
(ADHD—) comprising the Controls and TD-only groups. The
within-subjects task variables were Attended channel (attended
vs. non-attended) and Stimulus task relevance (target vs. non-
target). Measures from 8 electrodes (F3, Fz, F4, C3, Cz, C4,
P3, P4) formed the levels of the within-subjects Electrode
factor.

In the present experimental design, the effects of Attended
channel are confounded with those of Series sequence (first
[attend-right] vs. second [attend-left]) and Side of stimulation
(right vs. left). Therefore, as a first step, the effects of these
variables were tested to control for a possible influence of each of
these factors on group differences. These analyses revealed a main
effect of series sequence and no effects of side of stimulation on
ETR or LTR (F(1,49) <1.21, P > 0.28). Thus, the final analysis
design was TD x ADHD x Attended channel x Stimulus task
relevance x Series sequence x Electrode. The complexity of this

RIGHT |:| LEFT

RT(ms) NUMBER OF ERRORS
124
600-
10
570 T -
- T 8_ T
540- 7 %7
o A
%2
%7 %
Z / 7 i 2 7
510- / aE ,/ 7 | &
7 g/ﬂ 7
7/4 7 é % Z
480- 7 2 Z
Z Z Z 7/
as0d A A Zun’n 0 Zum7un
CON TD- ADHD- TD+ CON TD- ADHD- TD+

only only ADHD only only ADHD

Fig. 2. Reaction time (RT, mean+SD) and number of errors (mean+SD) for
different groups: CON—controls, TD—tic disorder, ADHD—attention-
deficit/hyperactivity disorder, TD+ADHD-comorbid group, in the first
(attend RIGHT) and second (attend LEFT) conditions.
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design is not compromised by the relatively small number of
subjects in each group because there were only two between-
subjects variables (TD and ADHD), while the other factors were
repeated-measures factors. Measures of theta power were analyzed
separately for the early (0—200 ms) and late (200—450 ms) time
windows. Significant interactions were tested as required by each
particular result. For all ANOVAs, the degrees of freedom were
corrected by using the Greenhouse—Geisser procedure. The
original df and corrected probability values are presented in the
results. Logl0 transformed values of the spontaneous theta power
within 4—5 and 6—7 Hz bands were subjected to a repeated measures
analysis of variance TD x ADHD x Laterality (left [F3, C3, P3] vs.
midline [Fz, Cz, Oz] vs. right [F4, C4, P4]) x Region (frontal [F3,
Fz, F4] vs. central [C3, Cz, C4] vs. posterior [P3, Oz, P4]).

To test for the associations of theta response measures with
clinical scores and spontaneous EEG theta activity, multiple
regression analyses were carried out as described in the results.
In these analyses, only subjects who had the spontaneous EEG
analyzed (see above) were included.

Results
Behavioral data

All subjects performed the task accurately, with the
percentage of errors (omission and commission) being less

than 3%. Fig. 2 presents group means of RT and error rate. It
is shown that there were no significant differences in RT

(A)

among the four groups (P > 0.5), nor between the first (attend-
right) and second (attend-left) conditions (P > 0.5). Yet, RT
variability was lowest in the control group of children (TD x
ADHD, F(1,49) = 5.94, P < 0.05). Error rate tended to be
higher in patient groups and in the second experimental
session, but neither of these differences reached a level of
significance.

Spontaneous theta activity

The spontaneous 4—5 Hz EEG activity manifested a specific
topographic distribution characterized by a predominance at
midline anterior sites (laterality x region, F(4,148) = 26.79, P <
0.001). The spontaneous 4- to 5-Hz activity significantly
depended on the ADHD variable, because at midline and right-
hemisphere frontal—central electrodes, children with ADHD
(ADHD-only and comorbid) had a larger 4- to 5-Hz spectral
power than children without ADHD (controls and TD-only). This
was verified by the significant interactions ADHD X region
(F(2,74) = 6.03, P < 0.005) and ADHD x laterality (F(2,74) =
5.32, P < 0.01). The same trends were yielded for the 6- to 7-Hz
activity. No main effect or interactions with the TD variable were
found.

Time—frequency ERP analysis
Fig. 3 presents TF decomposition plots of ERPs of the control

group and demonstrates that several TF components characterized
the neuroelectric activity in the post-stimulus epoch: (1) as

(B)

CONTROLS

T-A

NT-NA

Fig. 3. Group mean time—frequency plots of wavelet-transformed ERPs for the control group: (A) target—attended stimulus condition (T—A). Early theta
response within 0—200 ms is clearly seen. (B) Non-target—non-attended stimulus condition (NT—-NA). Late theta response within 200—400 ms is clearly seen.

Selected electrodes F3 and Cz for each stimulus condition are shown enlarged.
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illustrated in Fig. 3A for T—A ERPs, a positive TF component
from the theta (3—7.5 Hz) frequency range emerged in the first
0-200 ms after stimulus at anterior (bilateral fronto-central and
midline frontal) locations. This TF component was most
prominent for T-A ERPs but was also observed for other
stimulus types. Because of its frequency content and early latency
range of occurrence, this TF component was termed ‘early theta
response’ (ETR). (2) Fig. 3B illustrates that a second TF
component from approximately the same frequency band (3—
7.5 Hz) emerged at fronto-central electrodes between 200 and
450 ms after stimulus (late theta response, LTR). Comparing Fig.
3A and Fig. 3B shows that the LTR was not generated after
attended targets. It was especially enhanced after non-attended
non-targets (NT-NA) and was much less evident after T-NA
and NT-A stimulus types. (3) As shown in Figs. 3A-B, a TF
component from the 6- to 10-Hz (theta-alpha) frequency band
with a fronto-central midline maximum (Cz and Fz) was revealed
within 200 ms after each stimulus type. (4) Other TF components
from the delta (below 3 Hz) and higher (above 12 Hz) frequency

(A) T-A

ADHD-

15

10

400 600 800 1000 .

Iy

200 400 600 800 1000

bands were also detected, but they were not further analyzed in
the present study.

Fig. 4 presents TF decomposition plots of grand average
ERPs of four groups of children and demonstrates that early and
late theta responses with the same frequency content were
generated in each of the groups (controls, TD-only, ADHD-only,
and TD+ADHD). As found for healthy controls, ETRs and
LTRs of children with psychiatric disorders also characterized
specific stimulus types.

Event-related theta activity
Early theta response (0—200 ms)

Scalp distribution. ~ Fig. 5 presents the power envelopes of
event-related theta activity in four groups of children and
shows that the ETR had an anterior (frontal and central)
distribution (electrode, F(7,343) = 37.15, P < 0.001). Unlike
children without ADHD, children with ADHD tended to have

ADHD+

800

TD+

400 800

(B) NT-NA

ADHD-

ADHD+

I
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Fig. 4. The effect of ADHD and TD on the event-related activity presented in the time—frequency domain for (A) target—attended (T—A) and (B) non-target—
non-attended (NT—NA) stimulus conditions at electrode F3. Groups are designated as in Fig. 2. Note the presence of significant activity around 5 Hz in the

time window 200—450 ms in condition (B) which is lacking in panel A.
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— TA

— NT-NA

CONTROLS

ADHD-only

Fig. 5. Grand average time—frequency components from the scale 3—7.5 Hz (event-related theta power) for two stimulus conditions (T—A and NT—NA).
Groups are designated as in Fig. 2. For clarity of illustration power envelopes are shown. The impression that the ETR starts before stimulus is due to envelope

presentation (cf., Fig. 1).

an increased ETR at Cz (electrode x ADHD, F(7,343) = 2.1,
0.05 < P < 0.1).

Task effects.  No significant main effect of stimulus task relevance
was obtained (F(1,49) = 1.3, P > 0.3), but there was a significant
effect of the attended channel on the ETR ( F(1,49)=4.79, P <0.05).
Also, the ETR was larger in the first (attend-right) than in the second
(attend-left) session (series sequence, F(1,49)=8.81, P <0.005), but
this effect was strongly modulated by the attended channel at
specific electrodes (sequence x attended channel X electrode,
F(7,343) = 3.52, P < 0.005). Testing this interaction demonstrated
that the ETR did not differ between attended and non-attended
stimuli over the frontal—central electrodes ipsilateral to the attended

side. However, over the frontal—central electrodes contralateral to
the attended side, the ETR was enhanced to attended and was
decreased to non-attended stimuli. Fig. 6A illustrates these effects
and shows that in the first (attend-right) condition, the attend vs. non-
attend difference was found only for the left-hemisphere electrodes
(attended channel x electrode, F(7,343) = 3.05, P < 0.05). In the
second (attend-left) condition, the attend vs. non-attend difference
was found for the right-hemisphere electrodes (attended channel x
electrode, F(7,343) =2.25, P <0.05).

Psychopathology effects. Each of the two psychopathology
factors (TD and ADHD) was associated with larger ETRs (TD,
F(1,49) = 431, P < 0.05; ADHD, (1/49) = 5.14, P < 0.05).
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Fig. 6. Statistical evaluation of the early theta response power (logarithmic values). (A) ETR (mean values = SE) across groups and fronto-central lateral
electrodes. Effect of attended channel (A-attended, NA-non-attended) on ETR at left (L) and right (R) electrodes in two conditions (attend right and attend left).
A significant attend vs. non-attend difference is seen only for the hemisphere contralateral to the attended side. (B) The effect of psychopathology factors (TD
and ADHD) on ETR (mean values + SE). A significantly larger ETR is seen only for the comorbid (TD + ADHD) group. (C) The effect of attended channel (A
vs. NA) on ETR in four groups of children (designated as in Fig. 2) at six electrodes as they appear for each group: F3, Fz, F4, C3, Cz, C4. The order of
electrodes is given in the legend. Significant A vs. NA differences (P < 0.05—black circles) for each electrode are additionally illustrated on the corresponding
heads above each group values. (D) The effect of stimulus task relevance (T—target vs. NT—non-target) on ETR in four groups of children (designated as in
Fig. 2) at six electrodes as they appear for each group: F3, Fz, F4, C3, Cz, C4. Significant T vs. NT differences for each electrode are additionally illustrated on

the corresponding heads above each group values (as in panel C).

However, as indicated by the significant TD x ADHD interaction
(F(1,49)=6.4, P <0.01), the psychopathology-related increase of
the ETR resulted only from the comorbid children (TD+ADHD)
(see Figs. 5 and 6B). Post hoc between group comparisons
(Bonferroni corrected) showed that the ETR did not differ among
controls, ADHD-only, and TD-only groups, but the ETR of
comorbid (TD+ADHD) children was significantly larger than the
ETR of each of these groups (for separate comparisons, P < 0.05,
0.015, and 0.01, respectively).

Importantly, ETR reactivity to task variables (attended channel
and stimulus task relevance) depended on psychopathology. As
illustrated graphically in Fig. 6C and indicated by the significant
interaction TD x ADHD x attended channel X electrode
(F(7,343) = 2.48, P < 0.05), the overall ETR increase to attended
stimuli was produced by the pathology groups (TD-only, ADHD-
only and TD+ADHD), because in the controls, no difference
between attended and non-attended stimuli was found at any
location (attended channel, F(1,13) = 0.22, P = 0.65; attended
channel x electrode, F(7,91) = 1.08, P > 0.3). In contrast,
attended stimuli elicited larger ETR at the left frontal site in the
TD-only group (attended side x electrode, F(7,91) = 2.4, P <

0.05), at left frontal and central sites in the ADHD-only group
(attended channel x electrode, F(7,91) = 3.7, P < 0.05), and at
all frontal—central electrodes in the TD+ADHD group (attended
channel, F(1,10) = 5.48, P < 0.05). Opposite to these effects,
as shown in Fig. 6D, target-type stimuli produced a significant
increase of ETR at frontal locations only in the controls (TD x
ADHD x stimulus task relevance x electrode, F(7,343) = 4.13,
P < 0.005; stimulus task relevance x electrode in the controls,
F(7,91) = 3.5, P < 0.01), with no statistically reliable changes
of ETR related with stimulus type found for the psychopathol-
ogy groups (P > 0.3).

Late theta response (200—450 ms)

Scalp distribution.  As illustrated in Fig. 5, the LTR had a clear
maximum at midline frontal—central electrodes and decreased at
bilateral central/frontal sites, where response power was significantly
larger than that at parietal sites (electrode, F(7,343)=33.3, P <0.001).

Task effects. No significant main effect or interactions were
obtained for series sequence. LTR power was significantly larger
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for non-attended than for attended stimuli (attended channel,
F(1,49) = 1437, P < 0.001) and for non-target than for target
stimulus type (stimulus task relevance, F(1,49) = 6.96, P < 0.01),
mostly at anterior locations (stimulus task relevance x electrode,
F(7,343) = 3.34, P < 0.01). However, Fig. 7A demonstrates that
these task effects resulted from the specific increase of late theta
power to non-targets in the non-attended channel (attended channel
x stimulus task relevance, F(1,49)=7.91, P <0.005).

Psychopathology effects.  Fig. 7B illustrates that the LTR was
significantly larger in children with ADHD than without ADHD
(ADHD, F(1,49) = 3.92; P < 0.05), whereas no effects of TD
were found. Fig. 7C shows that in addition to the overall ADHD-
related augmentation of the late theta power, ADHD+ children
displayed a much more pronounced LTR increase to the attended
non-targets (ADHD x attended channel x stimulus task
relevance, F(1,49) = 3.88, P < 0.05).

Correlational analyses

With respect to event-related theta oscillations, a clear
enhancing effect of ADHD was detected, which, for the ETR,
was most prominent in the comorbid (TD+ADHD) group. The
spontaneous theta EEG was also increased in ADHD+ children.
To examine more precisely the origin of ADHD-related theta
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response enhancement, multiple regression analyses were per-
formed. The dependent variables were early and late theta
response power for T-A, NT—-A, T-NA, and NT-NA at Fz
and Cz, and the independent variables were subject’s age,
individual 1Q scores, Conner’s scores, CBCL scores, RT, and
spontaneous EEG theta power. The independent variables were
selected such as to include all factors such as age, cognitive
status, psychopathology severity, hyperactivity, and response
production, known to be related to theta EEG activity (e.g.,
Barry et al., 2003a; Niedermeyer and Naidu, 1998; Yordanova et
al., 2004). Measures from only the 4—-5 Hz subband of the
spontaneous EEG were used because the effects of psychopa-
thology, and topography factors were more prominent in
comparison with the 6—7 Hz subband. The results of multiple
regression analyses presented in Table 2 demonstrate that the ETR
power at Cz was determined by CBCL-I scores such that ETR
increased with severity of psychopathology. Late theta response at
Fz, however, appeared strongly associated with the 4- to 5-Hz
activity of the spontaneous EEG because the power of LTRs to
T-A, T-NA, and NT-NA stimuli was predicted only by the
spontaneous theta (4—5 Hz) power of the EEG. The LTR to NT—
A was associated with two determinants, age and Conner’s score
such that the LTR decreased with age, and independently
increased with the level of hyperactivity.
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Fig. 7. Statistical evaluation of the late theta response power (logarithmic values). (A) Effects of attended channel (A vs. NA) and stimulus task relevance (T vs.
NT) on LTR (mean values + SE). A significant interaction of attended channel and stimulus task relevance is reflected by the increase of LTR only for NT—NA.
(B) The effect of psychopathology factors (TD and ADHD) on LTR (mean values + SE). A significant increase of LTR is seen for groups with ADHD (ADHD-
only and TD + ADHD). (C) LTR (mean values + SE) for four groups of children (designated as in Fig. 2) across all electrodes for four stimulus types (TA—
target—attended, T—NA—target—non-attended, NT—A-non-target—attended, NT—NA-non-target—non-attended).



Table 2

Multiple regression analyses

Attend left

Attend right

R R? F(1,40) P Predict B Vi t P R R? R*adj F(1,40) P Predict B Vi t P
A. Early theta response (Cz)
T-A T-A
0.36 0.13 5.81 0.02 Const 1.41 3.58 0.001 0.454 0.206 0.185 10.12 0.003 Const 1.39 4.02 0.000
CBCL-I  0.016 0.36 241  0.021 CBCL-I 0.018 0454 32 0.003
NT-A NT-A
0351  0.123 5.48 0.024  Const 1.5 375 0.024 0.536 0288  0.269 15.74 0.000  Const 1.34 4.42 0.000
CBCL-I  0.01 0.351 2.34 CBCL-I 0.02 0.536  3.97 0.000
T-NA T-NA
- - — - Const - — — — 0.339 0.115 0.092 5.07 0.03 Const 3.03 8.54 0.000
- - - - CBCL-T 0.013 0339 225 0.03
NT-NA NT-NA
0.37 0.137 6.18 0.017  Const 1.34 3.14  0.017 0332 0.11 0.087 4.82 0.034  Const 1.5 3.61 0.001
CBCL-I  0.018 037 2.5 CBCL-I 0.015 0332 22 0.034
B. Late theta response (Fz)
T-A T-A
0.406  0.165 7.71 0.008  Const 1.88 14.4 0.008 0.352 0.124  0.102 5.52 0.024  Const 1.78 11.25 0.000
Sp theta  0.608  0.406 2.78 Sp theta 0.521 0.352 2.35 0.024
NT-A NT-A
0.485  0.236 12.03 0.001  Const 1.7 9.5 0.001  0.64 0.409  0.378 13.17 0.000  Const 3.73 10.42 0.000
Sp theta ~ 0.865  0.485 3.47 Age 0.012 —-0.595 —4.75 0.000
Conners 0.019 031 2.5 0.018
T-NA T-NA
0.558  0.312 17.67 0.000  Const 1.68 11.08  0.000 0384 0.147 0.126 6.74 0.013  Const 1.94 11.63 0.000
Sp theta ~ 0.887  0.558 4.2 Sp theta 0.604 0.384 2.6 0.013
NT-NA NT-NA
0.436  0.19 9.14 0.004  Const 2 11.15  0.004 0334 0.112 0.09 4.91 0.033  Const 2.15 11.78 0.000
Sp theta  0.756  0.436 3.02 Sp theta 0.565 0.334 221 0.033

T—A, target—attended; NT—A, non-target—attended; T—NA, target—non-attended; NT—NA, non-target—non-attended; Sp theta, spontancous (EEG) theta; CBCL-I, Child Behavior Checklist Internalizing;
CBCL-T, Child Behavior Checklist Total. The number of subjects used in these analyses was 11 for controls, 10 for TD-only, 11 for ADHD-only, and 9 for TD+ADHD.
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Discussion

In the following discussion, major results are interpreted in the
context of two aspects: (1) models for TD+ADHD comorbidity
(additive, interactive, and phenotype) and (2) functional correlates
of event-related theta oscillations and cognitive stimulus process-
ing in children.

Comorbidity of TD and ADHD: a specific nosology in the
neurocognitive domain

The main pathology-related findings demonstrated that (1)
spontaneous theta EEG activity was larger in boys with ADHD
than without ADHD. This observation is in line with previous
reports (Niedermeyer, 2001; Niedermeyer and Naidu, 1997, 1998;
Chabot and Serfontein, 1996; Clarke et al., 2001). Also, the
spontaneous theta did not differ between the comorbid and the
ADHD-only group because the two groups manifested comparable
hyperactivity and inattention scores (Table 1) known to affect
specifically the spontaneous theta in ADHD subtypes (Clarke et
al., 1998, 2001; Barry et al., 2003a; Magee et al., 2005). These
results suggest that basic alterations in neuroelectric signaling
accompany ADHD symptoms irrespective of their isolated or
comorbid manifestation. (2) In contrast, the early theta response
was specifically enhanced only in TD+ADHD and did not differ
between the control, TD-only and ADHD-only groups. This ETR
increase was not associated with the variations of the spontaneous
theta EEG activity in comorbid children. (3) The late theta
response was enhanced in children with ADHD, but this effect
was mediated by the ADHD-related increase of the spontaneous
theta EEG activity.

These results indicate that children with combined TD+ADHD
manifest highly specific alterations in the processes of early
selection of auditory task stimuli as reflected by the ETR.
Moreover, these alterations are not generated by the neuroelectric
state of theta frequency networks as reflected by the spontaneous
EEG. Instead, they are confined to the active processes of early
selection of auditory task stimuli. It is notable that neither the
psychopathology scores nor the behavioral performance parame-
ters were able to separate the comorbid from other psychopathol-
ogy groups. In contrast, the neurophysiological examination of
cognitive stimulus processing could identify the TD+ADHD
comorbidity as a separate entity, thus supporting the interactive
model for TD+ADHD in the neurocognitive domain.

Previous TMS findings, however, substantiate the additive
model for TD+ADHD (Moll et al., 2001). Since TMS measures
reflect the background state of motor system excitability, basic
subcortical —cortical (striato-thalamo-cortical) loops controlling
the output from the cortical motor system (e.g., Leckman,
2002) seem to be differentially impaired in TD and ADHD, and
these impairments co-contribute separately in TD+ADHD
comorbidity. Similarly, the regulation of another basic function,
the sleep—wake cycle, has been found to be differentially altered
in TD and ADHD, and, also consistent with the additive model,
a combination of independent TD- and ADHD-related sleep
disturbances was present in TD+ADHD (Kirov et al., submitted
for publication). Likewise, the spontanecous theta EEG activity
analyzed here reflects the background (passive) neuroelectric
brain state and could also discriminate the TD and ADHD
conditions but did not distinguish the comorbid group. However,

as the present and previous ERP studies demonstrate, when
active processing demands are imposed, TD+ADHD can be
classified as either a phenotype expression of TD (Yordanova et
al., 1996) or ADHD (Rothenberger et al., 2000) or as a unique
nosology (Yordanova et al., 1997, present findings). Taken
together, these results suggest that the TD+ADHD comorbidity
can be specified at several different levels, ranging from a
neurobiological basic level to a neurophysiological functional
level. In TD+ADHD coexistence, basic cerebral functions such
as the sleep—wake regulation, inhibitory control of the motor
system, and cortical excitability, appear to be guided by
independent TD- and ADHD-related pathogenic sources. Yet,
any cognitive activation involving these basic functions may
lead to a complex interplay of the separate pathogenic sources,
which may result in highly specific neurocognitive modes of
information processing in comorbid patients. It will be a matter
of future research to identify the neural substrate of this
interplay as well as the extent to which it may exclusively
impair specific cognitive operations in TD+ADHD. This
multilevel scheme of comorbidity interpretation may prove
relevant for improving treatment strategies.

Functional correlates of event-related theta oscillations

The present methodological approach identified time—frequen-
cy components of the ERPs and showed that in an auditory
selective attention task, oscillatory theta ERP responses were
generated after each stimulus type, which is in line with previous
studies of passive and active auditory ERPs in children (Yordanova
and Kolev, 1996, 1997, 1998b). Also consistent with earlier reports
(Demiralp and Basar, 1992; Basar-Eroglu et al., 1992; Yordanova
and Kolev, 1998a,b), enhanced theta oscillations (1) emerged with
different latencies according to stimulus task relevance and (2)
depended differentially on task variables. It is to be noted that the
temporal patterns of event-related theta activity were very similar
across control and pathological groups (Figs. 4 and 5), thus
forming stable early and late theta ERP components. More
importantly, however, the elicitation of early and late theta
oscillations manifested a consistent dependence on stimulus-
specific processing. These observations validate that the ETR
and LTR represent basic electrophysiological correlates of stimulus
information processing whose elicitation is not deteriorated even
by comorbid psychopathological conditions in children.

The early theta response: discriminating stimulus task relevance

In the currently employed task, stimuli with target features
appeared from either a relevant or irrelevant location in space, and
the to-be-responded stimulus had to be selected with regard to both
side of appearance (location in space) and physical features.

Spatial target selection. Across groups, at frontal—central
electrodes contralateral to the attended side, the ETR was enhanced
for attended and suppressed for non-attended stimuli, but the ETR
did not differ between attended and non-attended stimuli at
ipsilateral electrodes (Fig. 6A). Hence, the theta oscillations
generated in the first 200 ms after auditory stimulus may be
functionally associated with attention gating processes aimed at
increasing the distinction between spatially relevant and spatially
irrelevant stimuli. This interpretation is substantiated by previously
found associations between cortical oscillatory theta activity and
spatial learning during a virtual maze navigation (Kahana et al.,
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1999; Caplan et al., 2001, 2003). The sensitivity of event-related
theta oscillations to the spatial relevance of incoming auditory
information is reported here for the first time and indicates that in
children, theta oscillations can play an important functional role
for early auditory selection on the basis of relevant spatial
characteristics.

Physical features selection.  In the group of control subjects, the
ETR at frontal scalp locations was significantly enhanced for the
high (target) than for the low (non-target) tones, irrespective of
their spatial relevance. This result suggests that the ETR of
children is also involved with early target selection by discrimi-
nating stimulus physical characteristics. A previous developmental
study of fast frequency (gamma band) ERPs has demonstrated that
the selection of to-be-responded stimuli in 9—12 year-olds is
primarily guided by physical stimulus characteristics (Yordanova et
al., 2000, 2001, 2002). Oscillatory theta networks with a
presumably frontal distribution also appear to take part in target
selection according to physical stimulus properties, in addition to
their role for discriminating spatial target characteristics.

Motor task relevance. Independently of the side of attention,
attended stimuli produced larger ETRs at the left frontal location in
TD-only children, at the left frontal and central locations in
ADHD-only children, and at all frontal—central locations in
comorbid children (Fig. 6C). As mentioned before, motor system
inhibition has been found to be decreased in TD and ADHD and
further reduced in an additive way in comorbid children (Moll et
al., 2001). In view of these earlier results, and also regarding the
fact that in the present experimental design, motor responses were
produced with the right hand, increased ETR to attended stimuli in
the pathology groups may originate from either an increased
excitability of the motor cortex primarily contralateral to the
responding hand, or from a stronger functional activation required
to solve the motor task in a state of dysregulation between
inhibition and facilitation processes. Notably, in healthy children,
the ETR was observed to be overall larger at C3 than at C4
suggesting a greater reactivity of the motor cortical area
contralateral to the responding hand (Yordanova et al., in
preparation)—see also Fig. 6C. It may be assumed therefore that
carly theta responses at motor cortex electrodes are also linked with
the motor task relevance of a target stimulus. Such a relationship
appears more likely to be detected in the psychopathology groups
as an attended channel effect possibly because of the deviations in
their neuronal excitability.

In sum, the ETR results indicate that early stimulus-locked theta
oscillations manifest functional sensitivity to spatial target charac-
teristics, physical target characteristics, and also motor-related
target features, all of which represent relevant target attributes.
Further, ETR reactivity to each particular target feature occurred at
specific electrodes. According to previous studies, phase-synchro-
nized theta oscillations in humans are related to focused attention
(Basar-Eroglu et al., 1992), integration of incoming sensory
information with working memory (Yordanova and Kolev,
1998a) and working memory maintenance (Jensen and Tesche,
2002; Raghavachari et al., 2001; Rizzuto et al., 2003). Although
not derived from a typical task for working memory, the present
results support and further specify these observations by showing
that event-related theta oscillations of the auditory task used here
may reflect an attentional trace held in working memory, in which
all dimensions for relevant stimulus (target) identification are

represented. The distinct topographic effects found for specific
target dimensions further imply that working memory representa-
tions (or their effective projections) are distributed in task-specific
regions.

The functional involvement of the late theta response

Notably, a late theta response within 200—450 ms after the
stimulus was detected mainly after task irrelevant stimuli, and the
LTR was most prominent for the most irrelevant (i.e., non-attended
non-target) tones. This late theta response cannot be simply linked
with a no-go P3 (Falkenstein et al., 1995) because in addition to the
non-attended non-target, two other stimulus types in this task
required response inhibition as no-go stimuli (i.e., the non-attended
target and attended non-target), but the LTR was enhanced only
after non-attended non-targets. Previously, positive ERP deflec-
tions in the same latency range also have been observed after
irrelevant standard tones in an auditory selective attention task
(Alho et al., 1987). They have been interpreted as reflecting active
inhibition of irrelevant information (Alho et al., 1987; Araki et al.,
2005) or a temporary relaxation after identifying stimulus
irrelevance (Alho et al., 1987). Current observations that the
LTR is predicted by the power of the spontaneous EEG theta (4—5
Hz) activity (Table 2) points to the strong association between the
background state of the theta system and event-related theta
oscillations in the late post-stimulus period. Hence, the LTR may
reflect a recovery of the ongoing theta EEG pattern occurring
mainly after irrelevant stimuli as a transition from an active to a
passive processing mode. Alternatively, if the LTR is associated
with an active mechanism for irrelevant information processing,
this mechanism appears to involve or strongly depend on the
neurobiological state of theta networks in the brain. Further
analyses are needed to specify LTR functional significance, which
may provide a relevant tool to study the link between neurobio-
logical and neurocomputational brain states.

Cognitive stimulus evaluation in children with TD and ADHD:
theoretical implications

According to the previous discussion, the ETR appears
associated with a complex multidimensional trace within working
memory maintained to support relevant target identification. In this
context, larger ETRs in comorbid children may reflect an
inappropriately effortful (or compensatory) processing of stimulus
task relevance, due to disinhibition deficits in motor as well as
other cortical regions. Interestingly, this deviant tendency becomes
stronger as a function of psychopathology severity (Table 2a). The
ETR results further imply that a such a problem may be most
topographically focused in TD-only, less focused in ADHD-only,
and generalized in combined TD+ADHD disorder (Fig. 6C),
which additionally supports the interactive model for TD+ADHD
comorbidity in this case. In patient groups too, auditory stimulus
selection seems to be modulated primarily by the spatial
dimension, and to be further mediated by the motor cortical
disinhibition, in contrast to healthy children.

The findings of the present study were derived from analysis of
event-related theta oscillations in averaged ERPs. An important task
for future research will be to extend these analyses to the level of
single sweeps and establish the extent to which major psychopa-
thology-related amplitude differences stem from single theta
response variability or amplitude enhancement (Yordanova and
Kolev, 1998a,b). Single-sweep analysis will also allow to assess
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more precisely the relationship between the pathological deviations
of the spontaneous EEG and the behavior of event-related
oscillations (Yordanova and Kolev, 1998a,b). In addition, event-
related theta oscillations can certainly be used to provide relevant
information about cortical connectivity in psychopathology groups
(Sarnthein et al., 1998). Replication of results with larger samples
may be of use for the clinical relevance of both the spontaneous and
event-related theta oscillations (Niedermeyer, 2001).

Conclusions

(1) In the neurocognitive domain of stimulus relevance
processing, the TD+ADHD comorbidity can be identified as a
unique nosologic entity. (2) Both the spontaneous theta activity and
late event-related theta oscillations can be viewed as neurophys-
iological markers of the ADHD psychopathology condition. (3) It
is suggested that the early theta oscillations are associated with
multiple representations of relevant target features in working
memory, whereas the late frontal—central theta oscillations are
related to the processing of task-irrelevant information.

Acknowledgments

Supported by the Klaus Tschira Foundation, Heidelberg,
Germany (No. 00.035.2001), the German Research Society DFG
(SFB 258/E2), and the National Council for Scientific Research at
the Ministry of Education and Science, Sofia, Bulgaria (Projects L-
1316 and L-1501). Authors are thankful to Dr. Wolfgang Woerner
for supplying with psychological measurements.

References

Achenbach, T., Edelbrock, C., 1983. Manual for the Child Behavior
Checklist and Revised Child Behavior Profile. Department of Psychi-
atry, University of Vermont, Burlington, VT.

Alho, K., Tottola, K., Reinikainen, K., Sams, M., Néitanen, R., 1987. Brain
mechanism of selective listening reflected by event-related potentials.
Electroencephalogr. Clin. Neurophysiol. 68, 458—470.

American Psychiatric Association. Diagnostic and statistical manual-DSM-
HI-R, 3rd rev. ed. Washington, DC: American Psychiatric Association;
1987.

Araki, T., Kasai, K., Nakagome, K., Fukuda, M., Itoh, K., Koshida, I., Kato,
N., Iwanami, A., 2005. Brain electric activity for active inhibition of
auditory irrelevant information. Neurosci. Lett. 374, 11-16.

Barkley, R., 1997. Attention-deficit/hyperactivity disorder, self-regulation,
and time: toward a more comprehensive theory. J. Dev. Behav.
Pediatr. 18, 271-279.

Barry, RJ., Clarke, A.R., Johnstone, S.J., 2003a. A review of electro-
physiology in attention-deficit/hyperactivity disorder: I. Qualitative
and quantitative electroencephalography. Clin. Neurophysiol. 114,
171-183.

Barry, R.J., Johnstone, S.J., Clarke, A.R., 2003b. A review of electrophys-
iology in attention-deficit/hyperactivity disorder: II. Event-related
potentials. Clin. Neurophysiol. 114, 184—198.

Basar, E., 1980. EEG Brain Dynamics. Relation between EEG and Brain
Evoked Potentials Elsevier, Amsterdam.

Basar, E., 1998. Brain oscillations. Principles and Approaches. Brain
Function and Oscillations, vol. 1. Springer, Berlin.

Basar-Eroglu, C., Basar, E., Demiralp, T., Schiirmann, M., 1992. P300-
response: possible psychophysiological correlates in delta and theta
frequency channels. A review. Int. J. Psychophysiol. 13, 161—179.

Basar, E., Schiirmann, M., Sakowitz, O., 2001. The selectively distributed
theta system: functions. Int. J. Psychophysiol. 39, 197-212.

Berg, C., Rapoport, J., Flament, M., 1986. The Leyton Obsessional
Inventory—Child Version. J. Am. Acad. Child Adolesc. Psych. 25,
84-91.

Buitelaar, J.K., Rothenberger, A., 2004. Foreword-ADHD in the scientific
and political context. Eur. Child Adolesc. Psychiatry 13 (Suppl. 1), 1 6.

Caplan, J.B., Madsen, J.R., Raghavachari, S., Kahana, M.J., 2001. Distinct
patterns of brain oscillations underlie two basic parameters of human
maze learning. J. Neurophysiol. 86, 368—380.

Caplan, J.B., Madsen, J.R., Schulze-Bonhage, A., Aschenbrenner-Scheibe,
R., Newman, E.L., Kahana, M.J., 2003. Human theta oscillations
related to sensorimotor integration and spatial learning. J. Neurosci. 23,
4726-4736.

Chabot, R.J., Serfontein, G., 1996. Quantitative electroencephalographic
profiles of children with attention deficit disorder. Biol. Psychiatry 40,
951-963.

Clarke, A.R., Barry, R.J., McCarthy, R., Selikowitz, M., 1998. EEG
analysis in attention-deficit/hyperactivity disorder: a comparative study
of two subtypes. Psychiatry Res. 81, 19-29.

Clarke, A.R., Barry, R.J., McCarthy, R., Selikowitz, M., 2001. Electroen-
cephalogram differences in two subtypes of attention-deficit/hyperac-
tivity disorder. Psychophysiology 38, 212—221.

Comings, D.E., 1995. Tourette’s syndrome: a behavioral spectrum disorder.
Adv. Neurol. 65, 293-303.

Demiralp, T., Ademoglu, A., 2001. Decomposition of event-related brain
potentials into multiple functional components using wavelet transform.
Clin. Electroencephalogr. 32, 122—138.

Demiralp, T., Basar, E., 1992. Theta rhythmicities following expected
visual and auditory targets. Int. J. Psychophysiol. 13, 147-160.

Dumais-Huber, C., Rothenberger, A., 1992. Psychophysiological correlates
of orienting, anticipation, and contingency changes in children with
psychiatric disorders. J. Psychophysiol. 6, 225-239.

Falkenstein, M., Koshlykova, N.A., Kiroj, V.N., Hoormann, J., Hohnsbein,
J., 1995. Late ERP components in visual and auditory Go/Nogo tasks.
Electroencephalogr. Clin. Neurophysiol. 96, 36—43.

Goyette, C.H., Conners, C.K., Ulrich, R.F., 1978. Normative data on
revised Conners parent and teacher rating scales. J. Abnorm. Child
Psychol. 6, 221-236.

Harcherik, D.F., Leckman, J., Deltor, J.,, Cohen, D.J., 1984. A new
instrument for clinical studies of Tourette’s syndrome. J. Am. Acad.
Child Adolesc. Psych. 23, 153—160.

Heinrich, H., Dickhaus, H., Rothenberger, A., Heinrich, V., Moll, G.H.,
1999. Single sweep analysis of event-related potentials by wavelet
networks: methodological basis and clinical application. IEEE Trans.
Biomed. Eng. 46, 867—879.

Jensen, O., Tesche, C.D., 2002. Frontal theta activity in humans increases
with memory load in a working memory task. Eur. J. Neurosci. 15,
1395-1399.

Johannes, S., Wieringa, B.M., Nager, W., Muller-Vahl, K.R., Dengler, R.,
Munte, T.F., 2001. Electrophysiological measures and dual-task
performance in Tourette syndrome indicate deficient divided attention
mechanisms. Eur. J. Neurol. 8, 253-260.

Jonkman, L.M., Kemner, C., Verbaten, M.N., Koelega, H.S., Camfferman,
G., vd Gaag, R.J., Buitelaar, J.K., van Engeland, H., 1997. Event-related
potentials and performance of attention-deficit hyperactivity disorder:
children and normal controls in auditory and visual selective attention
tasks. Biol. Psychiatry 41, 595-611.

Kadesjo, B., Gillberg, C., 2001. The comorbidity of ADHD in the general
population of Swedish school-age children. J. Child Psychol. Psychiatry
Allied Discipl. 42, 487—492.

Kagan, J., Kogan, N., 1970. Individual variation in cognitive processes. In:
Mussen, P.H. (Ed.), Carmichael’s Manual of Child Psychology, 3rd ed.,
Wiley, New York, pp. 273—-365.

Kahana, M.J., Sekuler, R., Caplan, J.B., Kirschen, M., Madsen, J.R., 1999.
Human theta oscillations exhibit task dependence during virtual maze
navigation. Nature 399, 781—-784.



954 J. Yordanova et al. / Neurolmage 32 (2006) 940—955

Kahana, M.J., Seelig, D., Madsen, J.R., 2001. Theta returns. Curr. Opin.
Neurobiol. 11, 739-744.

Karayanidis, F., Robaey, P., Bourassa, M., De Koning, D., Geoffroy, G.,
Pelletier, G., 2000. ERP differences in visual attention processing
between attention-deficit hyperactivity disorder and control boys in the
absence of performance differences. Psychophysiology 37, 319—-333.

Kirov, R., Kinkelbur, J., Banaschewski, T., Rothenberger, A. submitted for
publication, Sleep patterns in children with hyperkinetic disorders. Arch
Gen Psychiatry.

Klimesch, W., 1999. EEG alpha and theta oscillations reflect cognitive
and memory performance: a review and analysis. Brain Res. Rev. 29,
169-195.

Kolev, V., Yordanova, J., 1997. Analysis of phase-locking is informative for
studying event-related EEG activity. Biol. Cybern. 76, 229-235.

Kolev, V., Demiralp, T., Yordanova, J., Ademoglu, A., Isoglu-Alkag, U.,
1997. Time—frequency analysis reveals multiple functional components
during oddball P300. NeuroReport 8, 2061—-2065.

Leckman, J.F., 2002. Tourette’s syndrome. Lancet 360, 1577—1586.

Leckman, J.F., Peterson, B.S., Pauls, D.L., Cohen, D.J., 1997. Tic disorders.
Psychiatr. Clin. North Am. 20, 839-861.

Magee, C.A., Clarke, A.R., Barry, R.J., McCarthy, R., Selikowitz, M.,
2005. Examining the diagnostic utility of EEG power measures in
children with attention deficit/hyperactivity disorder. Clin. Neuro-
physiol. 116, 1033—1040.

Makeig, S., Debener, S., Onton, J., Delorme, A., 2004. Mining event-
related brain dynamics. Trends Cogn. Sci. 8, 204—210.

Mallat, S., 1999. A Wavelet Tour of Signal Processing, 2nd ed., Academic
Press, San Diego, CA.

Moll, G.H., Eysenbach, K., Woerner, W., Banaschewski, T., Schmidt,
M.H., Rothenberger, A., 2000. Quantitative and qualitative aspects of
obsessive—compulsive behaviour in children with attention-deficit
hyperactivity disorder compared with tic disorder. Acta Psychiatr.
Scand. 101, 389-394.

Moll, G.H., Heinrich, H., Trott, G.E., Wirth, S., Bock, N., Rothenberger, A.,
2001. Children with comorbid attention-deficit-hyperactivity disorder
and tic disorder: evidence for additive inhibitory deficits within the
motor system. Ann. Neurol. 49, 393—-396.

MTA Cooperative Group, 1999a. A 14-month randomized clinical trial of
treatment strategies for attention-deficit/hyperactivity disorder. Arch.
Gen. Psychiatry 56, 1073—1086.

MTA Cooperative Group, 1999b. Moderators and mediators of treatment
response for children with attention-deficit/hyperactivity disorder: the
multimodal treatment study of children with attention-deficit hyperac-
tivity disorder. Arch. Gen. Psychiatry 56, 1088—1096.

Niedermeyer, E., 2001. Frontal lobe disinhibition, Rett syndrome and
attention deficit hyperactivity disorder. Clin. Electroencephalogr. 32,
20-23.

Niedermeyer, E., Naidu, S.B., 1997. Attention-deficit hyperactivity disorder
(ADHD) and frontal-motor cortex disconnection. Clin. Electroencepha-
logr. 28, 130—136.

Niedermeyer, E., Naidu, S.B., 1998. Rett syndrome, EEG and the motor cortex
as a model for better understanding of attention deficit hyperactivity
disorder (ADHD). Eur. Child Adolesc. Psychiatry 7, 69—72.

Nunez, P.L., 1981. Electric Fields of the Brain: the Neurophysics of EEG.
Oxford Univ. Press, New York.

Oades, R.D., Dittmann-Balcar, A., Schepker, R., Eggers, C., Zerbin, D.,
1996. Auditory event-related potentials (ERPs) and mismatch negativity
(MMN) in healthy children and those with attention-deficit or
Tourette/tic symptoms. Biol. Psychol. 43, 163—185.

Pauls, D.L., Leckman, J.F., Cohen, D.J.,, 1993. Familial relationship
between Gilles de la Tourette’s syndrome, attention deficit disorder,
learning disabilities, speech disorders, and stuttering. J. Am. Acad.
Child Adolesc. Psych. 32, 1044—1150.

Raghavachari, S., Kahana, M.J., Rizzuto, D.S., Caplan, J.B., Kirschen,
M.P., Bourgeois, B., Madsen, J.R., Lisman, J.E., 2001. Gating of
human theta oscillations by a working memory task. J. Neurosci. 21,
3175-3183.

Rizzuto, D.S., Madsen, J.R., Bromfield, E.B., Schulze-Bonhage, A., Seelig,
D., Aschenbrenner-Scheibe, R., Kahana, M.J., 2003. Reset of human
neocortical oscillations during a working memory task. Proc. Natl.
Acad. Sci. U. S. A. 100, 7931-7936.

Rothenberger, A., 1991. Wenn Kinder Tics entwickeln: Beginn einer
komplexen kinderpsychiatrischen Storung. G. Fischer, Stuttgart.

Rothenberger, A., Banaschewski, T., 2005. Tic-disorders. In: Gillberg, C.,
Harrington, R., Steinhausen, H.C. (Eds.), A Clinican’s Handbook of
Child and Adolescent Psychiatry. Cambridge Univ. Press, pp. 598—624.

Rothenberger, A., Banaschewski, T., Heinrich, H., Moll, G.H., Schmidt,
M.H., van’t Klooster, B., 2000. Comorbidity in ADHD-children: effects
of coexisting conduct disorder or tic disorder on event-related brain
potentials in an auditory selective-attention task. Eur. Arch. Psychiatry
Clin. Neurosci. 250, 101-110.

Sarnthein, J., Petsche, H., Rappelsberger, P., Shaw, G.L., von Stein, A.,
1998. Synchronization between prefrontal and posterior associa-
tion cortex during human working memory. Proc. Natl. Acad. Sci.
U. S. A. 95, 7092-7096.

Satterfield, J.H., Schell, A.M., Nicholas, T.W., Satterfield, B.T., Freese,
T.E., 1990. Ontogeny of selective attention effects on event-related
potentials in attention-deficit hyperactivity disorder and normal boys.
Biol. Psychiatry 28, 879—-903.

Satterfield, J.H., Schell, A.M., Nicholas, T., 1994. Preferential neural
processing of attended stimuli in attention-deficit hyperactivity disorder
and normal boys. Psychophysiology 31, 1-10.

Shaffer, D., Gould, M.S., Brasic, I., Ambrosini, P., Fisher, P., Bird, H.,
Aluwahlia, S., 1983. A children’s global assessment scale (CGAS).
Arch. Gen. Psychiatry 40, 1228—1231.

Shapiro, A.K., Shapiro, E.S., Young, J.G., Feinberg, T.E., 1988. Gilles de la
Tourette Syndrome, 2nd ed., Raven Press, New York.

Spencer, T., Biederman, J., Harding, M., O’Donnell, D., Wilens, T.,
Faraone, S., Coffey, B., Geller, D., 1998. Disentangling the overlap
between Tourette’s disorder and ADHD. J. Child Psychol. Psychiatry
39, 1037-1044.

Swanson, J., Castellanos, F.X., Murias, M., LaHoste, G., Kennedy, J., 1998.
Cognitive neuroscience of attention deficit hyperactivity disorder and
hyperkinetic disorder. Curr. Opin. Neurobiol. 8, 263-271.

Tallon-Baudry, C., Bertrand, O., Delpuech, C., Permier, J., 1997.
Oscillatory gamma-band (30—70 Hz) activity induced by a visual
search task in humans. J. Neurosci. 17, 722—-734.

Tannock, R., 1998. Attention deficit hyperactivity disorder: advances in
cognitive, neurobiological, and genetic research. J. Child Psychol.
Psychiatry 39, 65-99.

van Boxtel, G.J.M., 2004. The use of the subtraction technique in the
psychophysiology of response inhibition and conflict. In: Ullsperger,
M., Falkenstein, M. (Eds.), Errors, Conflicts, and the Brain, Current
Opinions on Performance Monitoring, Max-Planck Institute Special
Issue in Human Cognitive and Brain Sciences, vol. 1, pp. 219-225.

van der Meere, J., Gunning, W.B., Stemerdink, N., 1996. Changing a
response set in normal development and in ADHD children with and
without tics. J. Abnorm. Child Psychol. 24, 767-786.

van der Stelt, O., van der Molen, M., Boudewijn Gunning, W., Kok, A.,
2001. Neuroelectrical signs of selective attention to color in boys with
attention-deficit hyperactivity disorder. Cogn. Brain Res. 12, 245-264.

van de Wetering, B.J., Martens, C.M., Fortgens, C., Slaets, J.P., van
Woerkom, T.C., 1985. Late components of the auditory evoked
potentials in Gilles de la Tourette syndrome. Clin. Neurol. Neurosurg.
87, 181-186.

van Woerkom, T.C., Roos, R.A., van Dijk, J.G., 1994. Altered attentional
processing of background stimuli in Gilles de la Tourette syndrome: a
study in auditory event-related potentials evoked in an oddball
paradigm. Acta Neurol. Scand. 90, 116—123.

von Stein, A., Sarnthein, J., 2000. Different frequencies for different scales
of cortical integration: from local gamma to long range alpha/theta
synchronization. Int. J. Psychophysiol. 38, 301-313.

Yordanova, J., Kolev, V., 1996. Brain theta response predicts P300 latency
in children. NeuroReport 8, 277—280.



J. Yordanova et al. / Neurolmage 32 (2006) 940—955 955

Yordanova, J., Kolev, V., 1997. Developmental changes in the relationship
between EEG theta response and P300. Electroencephalogr. Clin.
Neurophysiol. 104, 418—430.

Yordanova, J., Kolev, V., 1998a. A single-sweep analysis of the theta
frequency band during an auditory oddball task. Psychophysiology 35,
116—126.

Yordanova, J., Kolev, V., 1998b. Developmental changes in the theta
response system: a single sweep analysis. J. Psychophysiol. 12,
113-126.

Yordanova, J., Dumais-Huber, C., Rothenberger, A., 1996. Coexistence of
tics and hyperactivity in children. Int. J. Psychophysiol. 21, 121—133.

Yordanova, J., Dumais-Huber, C., Rothenberger, A., Woerner, W., 1997.
Frontocortical activity in children with comorbidity of tic disorder
and attention deficit hyperactivity disorder. Biol. Psychiatry 41,
585-594.

Yordanova, J., Kolev, V., Heinrich, H., Banaschewski, T., Woerner, W.,
Rothenberger, A., 2000. Gamma band response in children is related to
task-stimulus processing. NeuroReport 11, 2325-2330.

Yordanova, J., Banaschewski, T., Kolev, V., Woerner, W., Rothenberger, A.,
2001. Abnormal early stages of task stimulus processing in children
with attention-deficit hyperactivity disorder—evidence from event-
related gamma oscillations. Clin. Neurophysiol. 112, 1096—1108.

Yordanova, J., Kolev, V., Heinrich, H., Woerner, W., Banaschewski, T.,
Rothenberger, A., 2002. Developmental event-related gamma oscilla-
tions: effects of auditory attention. Eur. J. Neurosci. 16, 2214-2224.

Yordanova, J., Falkenstein, M., Hohnsbein, J., Kolev, V., 2004. Parallel
systems of error processing in the brain. Neurolmage 22, 590—-602.

Yordanova, J., Kolev, V., Heinrich, H., Rothenberger, A., in preparation.
Event-related theta oscillations play a major role for distinguishing
relevant from irrelevant information in the brain.



	Increased event-related theta activity as a psychophysiological marker of comorbidity in children with tics and attention-deficit/hyperactivity disorders
	Introduction
	Methods
	Subjects
	Subgroups
	Task procedure
	Data recording
	Data analysis
	Spontaneous theta activity
	Event-related theta activity
	Statistical analysis


	Results
	Behavioral data
	Spontaneous theta activity
	Time-frequency ERP analysis
	Event-related theta activity
	Early theta response (0-200ms)
	Scalp distribution
	Task effects
	Psychopathology effects

	Late theta response (200-450ms)
	Scalp distribution
	Task effects
	Psychopathology effects

	Correlational analyses


	Discussion
	Comorbidity of TD and ADHD: a specific nosology in the neurocognitive domain
	Functional correlates of event-related theta oscillations
	The early theta response: discriminating stimulus task relevance
	Spatial target selection
	Physical features selection
	Motor task relevance

	The functional involvement of the late theta response

	Cognitive stimulus evaluation in children with TD and ADHD: theoretical implications

	Conclusions
	Acknowledgments
	References


