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I am among those who think that science has great beauty. A scientist
in his laboratory is not only a technician: he is also a child placed
before natural phenomena which impress him like a fairy tale.

Marie Curie
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CHAPTER 1

Introduction

Justin is a ten year old boy. His school teachers often complain that he is eas-
ily distracted and not able to persistently work in class, disturbing the learning
environment for the other schoolmates. In a similar vein, his parents also stress
that he often jumps between different activities such as playing various games
or doing his homework, bringing none of them to an end. During the meals,
he shows difficulties to remain seated, stands up, and runs around in the dining
room. He is constantly on the move, even during playing or watching TV. His
parents report that Justin already showed this behaviour since early childhood
in kindergarten, but they are bothered more and more because of the growing
number of problems at school and at home.

Justin shows typical symptoms associated with attention-deficit/hyperactivity
disorder (ADHD), which is one of the most frequently diagnosed and most sta-
ble psychiatric disorders in childhood and adolescence (Biederman and Faraone,
2005). Starting as early as in preschool ADHD often persists up to adulthood
(see Faraone et al., 2000, for review). According to the Diagnostic and Statistical
Manual (DSM-IV), patients are characterised by developmentally inappropriate
degrees of inattention, impulsivity, and hyperactivity, affecting their life in a
variety of contexts such as school, family, and peer relationships (American Psy-
chiatric Association, 1994). Although ADHD is extensively studied employing
various research approaches, there is still no clear picture on the exact etiology
of this disorder.

The current thesis closes a gap in neuropsychiatric research on the etiology of
this disorder: During the past 30 years there has been a growing number of elec-
trophysiological studies aiming to identify neural correlates of ADHD in the elec-
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Chapter 1. Introduction

troencephalogram (EEG) by means of analysis of spontaneous as well as event-
related brain activity. In different tasks and conditions, the spontaneous EEG
of ADHD patients was characterised by cortical slowing reflected in significantly
enhanced activity in lower frequencies of the human EEG and, at the same time,
decreases of amplitudes at higher frequency ranges (e.g. Mann et al., 1992; Monas-
tra et al., 1999).

Furthermore, event-related potentials (ERPs; see Chapter 4.2) were also used to
assess the nature of the cognitive impairments in ADHD. Amplitude differences
in various components associated with attending to and processing of incom-
ing information have been observed (e.g. Satterfield et al., 1988; Brandeis et al.,
2002; Barry et al., 2003a), especially indicating deficient preferential processing
of attended stimuli (Satterfield et al., 1994). However, these studies typically
focused on brain activity up to 30 Hz of human EEG, neglecting EEG activity
in the gamma frequency range (30 Hz - 80 Hz). This is surprising since gamma
oscillations in human EEG correlate with attention and memory processes being
impaired in ADHD (Herrmann et al., 2004c). In addition, high-frequency EEG
activity in the gamma range was also found to be associated with coding informa-
tion associated with motor activity (Schnitzler and Gross, 2005; Gonzalez et al.,
2006). Thus, it seems plausible to assume that ADHD problems such as inat-
tention or hyperactive behaviour might be directly related to altered excitation
levels reflected in the gamma-band (Herrmann and Demiralp, 2005). As evoked
gamma-band responses (GBRs; see Chapter 4.3.1 for an introduction on the clas-
sification of brain oscillations) belong to the first cortical responses measureable
in the EEG, impairments at this early stage could have large impact on further
information processing. The etiology of ADHD rises further support for associat-
ing possible gamma-band abnormalities with ADHD: Although multiple factors
are thought to account for the disorder (Spencer et al., 2002; Swanson et al.,
2007), there is broad evidence for a genetic component (Thapar et al., 2005). In-
terestingly, genetic variations within the dopamine neurotransmitter system that
are linked to ADHD (DAT1 and DRD4 polymorphisms) have been also related
to high-frequency activity in the gamma-band (Demiralp et al., 2007). Thus, it
seems plausible to assume that impairments of ADHD patients in cognition and
behaviour might be directly related to altered gamma oscillations. Therefore,
the studies presented in this thesis aimed to elucidate the role of altered gamma
oscillations in ADHD patients during sensory encoding, evaluation, and classifi-
cation of incoming visual information.

In the following chapter, I give a brief overview on the primary symptoms of
ADHD (Chapter 2.1.1) and its neurobiological (Chapter 2.1.2) and neurophysi-
ological background (Chapter 2.1.3) as well as the role of gamma oscillations in
healthy states of cognition and behaviour (Chapter 2.2). Subsequently, I outline
my research questions (Chapter 3) and the general methodological approach be-
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ing the basis for the studies presented in this thesis (Chapter 4). Afterwards,
I describe three experiments that were designed to specifically investigate early
visual processing of ADHD patients in comparison to healthy participants by
means of evoked GBR analysis.

In Experiment I (Chapter 5) I assessed gamma-band activity of ADHD patients
during memory encoding in a short-term memory paradigm and compared the
results with those revealed in healthy participants. In a subsequent recognition
test, participants had to judge pictures as being old or new. Besides the com-
parison of evoked GBRs of ADHD children and healthy controls, a possible link
between evoked GBRs during stimulus encoding and performance in the recog-
nition test was investigated to associate behavioural performance with evoked
GBR amplitudes in both groups.

In Experiments II & III (Chapter 6) the role of evoked GBRs in healthy par-
ticipants and ADHD patients during early classification of visual information
was more precisely examined as evoked GBRs have also been assigned a pivotal
role during early stimulus evaluation and memory based classification (Herrmann
et al., 2004c). Therefore, disturbed early memory based classification processes
reflected by evoked GBRs could be a possible neuronal correlate of an early dys-
function in information processing that might be directly related to the ADHD
pathophysiology. The experimental procedure was based on a paradigm that
emphasised the crucial role of evoked GBRs during early visual processing in
healthy adults (Herrmann et al., 2004b), showing clear enhancements of evoked
GBRs following stimuli already represented in memory. Experiment II served as a
pilot study to elucidate whether healthy children already demonstrate enhanced
evoked GBRs for known stimuli as reported for healthy adults employing the
identical experimental procedure and stimulus material as in the investigation of
healthy adults (Herrmann et al., 2004b, Chapter 6.2). A modified stimulus set
was utilised in Experiment III, enabling the direct comparison of evoked GBRs
of ADHD patients during early memory processes with an age matched sample
of healthy participants. I investigated whether these evoked GBR patterns at an
early processing stage could be indicative of an early visual processing deficit in
ADHD patients (Chapter 6.3).
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CHAPTER 2

Theoretical background

2.1 Attention-Deficit/Hyperactivity Disorder

2.1.1 Prevalence and primary symptoms

ADHD children are characterised by developmentally inappropriate degrees of
inattention and distractability, impulsivity, and hyperactivity (Barkley, 2006),
affecting a wide range of their life and yielding a variety of impairments includ-
ing academic and social dysfunction, fine and gross motor skill deficits, and poor
self-esteem (Spencer et al., 2002). They often show permanent activity shifts,
daydreaming behaviour, a low frustration tolerance, or seem to be always ‘on
the run’. As summarised by Spencer et al. (2002), a worldwide prevalence be-
tween 3% and 9% can be assumed for children to get diagnosed with ADHD.
On average, the number of males has been found to be six times higher than of
females (Barkley, 2006). In contrast to earlier reports suggesting a full symptom
remission in adulthood, 15% of the patients still meet the full criteria of ADHD
at the age of 25 and 65% show only partial remission (Faraone et al., 2006).

The Diagnostic and Statistical Manual in its 4th revision classifies three different
ADHD subtypes according to the presence and severity of the specific symptom
clusters inattention and hyperactivity-impulsivity (redrawn from DSM-IV, Amer-
ican Psychiatric Association, 1994):

Inattention

The criterion of inattention is met, if six or more of the following symptoms
have persisted throughout the last six month.
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Chapter 2. Theoretical background

The child

• often fails to give close attention to details or makes careless mistakes in
schoolwork, work, or other activities.

• often has difficulty sustaining attention in tasks or play activities.

• often does not seem to listen when spoken to directly.

• often does not follow through on instructions and fails to finish school work,
chores, or duties in the workplace (not due to oppositional behaviour or
failure to understand instructions).

• often has difficulty organising tasks and activities.

• often avoids, dislikes, or is reluctant to engage in tasks that require sustained
mental effort (such as schoolwork or homework).

• often loses things necessary for tasks or activities (e.g. toys, school assign-
ments, pencils, books, or tools).

• is often easily distracted by extraneous stimuli.

• is often forgetful in daily activities.

The criterion of hyperactivity-impulsivity is met, if six (or more) of the following
symptoms of hyperactivity or impulsivity have persisted for at least 6 months to
a degree that is maladaptive and inconsistent with developmental level.

Hyperactivity

The child

• often fidgets with hands or feet or squirms in seat.

• often leaves seat in classroom or in other situations in which remaining
seated is expected.

• often runs about or climbs excessively in situations in which it is inappro-
priate.

• often has difficulty playing or engaging in leisure activities quietly.

• is often ‘on the run’ or often acts as if ‘driven by a motor’.

• often talks excessively.

Impulsivity

The child

• often blurts out answers before questions have been completed.

• often has difficulty awaiting turn.

6



2.1. Attention-Deficit/Hyperactivity Disorder

• often interrupts or intrudes on others (e.g. butts into conversations or
games)

According to these symptom clusters, the predominantly inattentive type (ful-
filling the criterion inattention but not hyperactivity-impulsivity), predominantly
hyperactive-impulsive type (fulfilling the criterion hyperactivity-impulsivity but
not inattention), and combined type (fulfilling both criteria for the last six month)
can be distinguished. As summarised by Spencer et al. (2007), the combined sub-
type is the most commonly diagnosed subgroup (50%-75%), followed by the pre-
dominantly inattentive subgroup (20%-30%), and the predominantly hyperactive-
impulsive subtype (less than 15%). However, it has to be noted that there is an
ongoing discussion whether these DSM-IV defined subtypes exist at all or whether
especially the inattentive and combined subtype might represent qualitatively dif-
ferent syndromes with diverging physiological and neuronal background (Clarke
et al., 2002; Barkley, 2003). Barkley (1997) emphasised that the inattentive sub-
type, typically showing daydreaming behaviour and being easily confused, has a
general deficit in information processing speed and specific problems in focused
or selective attention, whereas the combined subtype can be characterised by im-
paired sustained attention and enhanced distractability.

To meet the diagnosis of ADHD, the described symptoms have to

• be present before the age of 7 years.

• be present in at least two or more settings (e.g. at school as well as at
home).

• be clinically significant in social, academic, or occupational functioning.

• not occur exclusively during the course of a pervasive developmental disor-
der, schizophrenia, or other psychotic disorder and are not better accounted
for by another mental disorder (e.g. mood disorder, anxiety disorder).

However, although these criteria sound relatively clear and straightforward, di-
agnosis of ADHD is often difficult as the child’s behaviour has to be estimated
within a continuum between normal, non-pathological and pathological states,
not being separated by a clear boundary between both extremes. Thus, ADHD
is a disorder that cannot be assessed by objective testing, resulting in a score that
indicates its presence or absence. Rating scales may help during the assessment
of individual ADHD symptoms and document therapy progress, but should not
be used as a substitution for an elaborated diagnostic evaluation by experienced
clinicians incorporating information from different sources such as parents, teach-
ers, and the child himself (Collett et al., 2003).

Besides the described ADHD symptoms, patients often present other comorbid
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disorders: Epidemiological as well as clinical studies reported especially the co-
occurrence of oppositional defiant disorder (ODD) and conduct disorder (CD)
in 30% to 50% of the ADHD patients (Biederman et al., 1991; Spencer et al.,
2002). Furthermore, also learning disabilities (Mayes et al., 2000; McGillivray
and Baker, 2009), tic disorders (Spencer et al., 1999; Banaschewski et al., 2007),
and anxiety disorders (Schatz and Rostain, 2006) have been found to coexist with
ADHD.

2.1.2 Neurobiological and cognitive models

ADHD has been identified as a biopsychosocial disorder (Tannock, 1998) whose
etiology incorporates multiple interacting developmental and environmental fac-
tors (Spencer et al., 2002; Swanson et al., 2007) such as low birth weight and
complications during pregnancy and birth (Mick et al., 2002) as well as mater-
nal cigarette or alcohol abuse during pregnancy (Huizink and Mulder, 2006).
However, there is also broad evidence for an interaction of these factors with
neurobiological influences, involving e.g. a genetic component (Thapar et al.,
2005): Studies reporting an increased ADHD probability for parents and siblings
of ADHD children support the notion of a familial heritability and high involve-
ment of genetic factors in ADHD (Thapar et al., 1995; Faraone and Biederman,
1998; Durston, 2008). In molecular genetic approaches, candidate genes especially
involved in dopaminergic neurotransmission have been most widely confirmed
(Durston et al., 2009), e.g. the 7-repeat isoform of the 48-base pair variable num-
ber of tandem repeats (VNTR) polymorphism in exon 3 of the dopamine D4
receptor gene DRD4 (LaHoste et al., 1996; Faraone et al., 1999, 2001; Langley
et al., 2004) and a 10-repeat allel polymorphism at the dopamine transporter
gene DAT1 (Cook et al., 1995; Gill et al., 1997). Studies using knock-out mice
provide an animal model for the association between specific candidate genes and
ADHD (Giros et al., 1996). Furthermore, it has been demonstrated that these
variations might result in an increased density and activity of striatal dopamine
transporters in ADHD patients (Dougherty et al., 1999; Krause et al., 2000), lead-
ing to lowered dopamine concentrations within the synaptic cleft (Solanto, 2002;
Vles et al., 2003). Hyperactive behaviour has been associated with hypo- as well
as hyperfunctioning of dopaminergic signal transmission, indicating that both ex-
tremes could produce behavioural and cognitive dysregulations (Castellanos and
Tannock, 2002). Grace (2001) proposed a model of this dopamine dysfunction
that distinguishes between tonic and phasic dopaminergic activity. Here, ADHD
patients are characterised by lowered tonic dopaminergic activity resulting in
a decline of tonic stimulation of presynaptic inhibitory autoreceptors. These
autoreceptors modulate stimulus driven, phasic dopamine discharges. Thus, de-
creased activation of autoreceptors yields enhanced phasic activity that might
cause dysregulated motor and impulse control (Grace, 2001). Notably, medical
treatment employing methylphenidate blocks dopamine transporters (Kuczenski
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2.1. Attention-Deficit/Hyperactivity Disorder

and Segal, 1997; Solanto, 2002; Krause, 2008) and increases the level of extracel-
lularly available dopamine (Krause et al., 2000; Volkow and Swanson, 2003). As a
result, tonic dopamine levels elevate the stimulation of presynaptic autoreceptors
and, therefore, attenuate phasic dopamine release and postsynaptic activation to
normal levels (Grace, 2001; Seeman and Madras, 2002; Levy, 2004).

These results suggest that specific genetic polymorphisms especially within neu-
rotransmission might increase the risk for ADHD involving especially a cate-
cholamine dysregulation. Moreover, these genetic factors also interact with en-
vironmental conditions, possibly causing the heterogeneous picture of ADHD
(Castellanos and Tannock, 2002). Additionally, there is evidence that the re-
ported genetic variations might not only affect brain biochemistry, but also brain
structure: Structural imaging studies reported associations between DAT1 geno-
type and caudate volume as well as DRD4 genotype and prefrontal gray matter
volume, respectively (Durston et al., 2005). These results were not caused by
a general reduction in volume, but have been specifically observed in those re-
gions where the genes are predominantly expressed. Preliminary data by Durston
et al. (2008) suggested differential effects of DAT1 genotype also on functional
brain activiation of ADHD patients, e.g. striatal activity during Go/No-Go tasks.
However, it has to be noted that similar gene variations can also be observed in
healthy humans (Demiralp et al., 2007) and, that not all ADHD patients exhibit
the reported polymorphisms (LaHoste et al., 1996). Therefore, an interaction
of several genes with modest effects might account, at least in parts, for ADHD
origin (Faraone and Biederman, 1998).

The imbalances in dopaminergic and noradrenergic neurotransmission reported
above can also be linked to specific cognitive dysfunctions observed in ADHD pa-
tients within the fronto-striatal executive network (Cropley et al., 2006; Durston,
2008): The ability to inhibit prepotent courses of action is one of the internally
driven acts of self-regulation within the higher-order executive functions system
(Tannock, 1998). ADHD has been linked to dysfunctions in response inhibition,
working memory, and other aspects of executive functions (Doyle, 2006; Bie-
derman et al., 2007). ADHD patients demonstrate a response inhibition deficit
(Oosterlaan et al., 1998; Nigg, 2001; Johnstone and Clarke, 2009), as evident
in poor inhibitory reactions to stop-signals. Barkley (1997) argued that this
deficit might also account for further executive dysfunctions that depend upon
behavioural inhibition. The assumption of impaired inhibition underlying the
cognitive deficits is challenged by the delay aversion theory involving altered re-
ward mechanisms as represented in a shortened delay gradient (Sonuga-Barke,
2002). Delay aversion has been investigated in ADHD patients and is expressed
as intolerance or aversion for waiting, e.g. choosing immediate rewards instead
of larger, but delayed rewards (Tripp and Alsop, 2001; Castellanos and Tannock,
2002; Sonuga-Barke, 2005; Bitsakou et al., 2009). Within this theory, hyperac-
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tive behaviour might indicate stimulation seeking behaviour as a compensation
for unavoidable and aversive delays (Antrop et al., 2000; Thorell, 2007). Interest-
ingly, a shortened delay gradient has also been associated with a higher striatal
dopamine transporter density that reduces the availability of dopamine in the
synaptic cleft (Madras et al., 2002; Castellanos and Tannock, 2002). Thus, the
delay aversion hypothesis conceptualises ADHD symptoms not as an impaired
ability of response inhibition, but rather as a rational choice to avoid an aversive
delay suggesting that the overall delay rather than prerewarded delay or reward
size is a key motivational factor involved in the reported impulsive behaviour
(Solanto et al., 2001).

With respect to one of the core symptoms of this disorder, inattention, an im-
paired ability in sustained and selective attention has been reported (Konrad
et al., 2006) causing dysfunctions in the ability to direct and reallocate atten-
tional resources and ignoring irrelevant information (Tamm et al., 2006). This
is also evident in a poor performance in continuous performance tasks: Here,
ADHD patients demonstrate a slower and less efficient performance during vi-
sual serial search tasks originating from a disproportionately interference by dis-
tracting stimuli also affecting fluent shifts of the attentional focus (Carter et al.,
1995; Weiler et al., 2002; Shalev and Tsal, 2003). Similar support for difficulties
in restricting the attentional spotlight has been demonstrated using flanker tasks
that require the ability to direct attention selectively to a limited part of available
information (Shalev and Tsal, 2003).

Thus, Castellanos and Tannock (2002) summarised these findings in a psycho-
logical construct of ADHD that includes three major dysfunctions: a shortened
delay gradient (aversion of delays), impaired response inhibition (executive motor
inhibition deficit), and a deficit in arousal regulation.

Within the last years, neurophysiological research on ADHD pointed out sev-
eral structural and functional brain abnormalities that are involved in the afore-
mentioned processes. For a direct assessment of brain structure and functioning
imaging studies allow the localisation of brain dysfunctions, whereas electrophys-
iological studies assess the time course of deficits during information processing.
As stated above, the underlying neuronal correlates of the mentioned executive
deficits are presumed in prefrontal regions associated with planning, attention,
and behavioural inhibition supporting the concept of a dysfunction of frontosub-
cortical pathways in ADHD (Spencer et al., 2002). Although often not consistent
(Tannock, 1998), structural and functional brain abnormalities in the frontal cor-
tex, but also parietal regions, the anterior cingulate cortex, cerebellum, the basal
ganglia, or even a total decline of cerebral volume could be observed (e.g. Rubia
et al., 1999; Castellanos et al., 2002; Bush et al., 2005; Konrad et al., 2006; Sheri-
dan et al., 2007).
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2.1. Attention-Deficit/Hyperactivity Disorder

However, while structural or functional imaging studies allow the localisation
of brain dysfunctions in ADHD patients, they are imprecise on the temporal
course underlying those deficits. Here, electrophysiological approaches utilising
the EEG are advantageous. Even more, EEG studies revealed that ADHD pa-
tients present deficits at very early stages of information processing that could
lead to the above mentioned dysfunctions. Therefore, the current state of re-
search on EEG differences between ADHD patients and healthy participants is
summarised in the next chapter.

2.1.3 Neurophysiology

Characteristics of spontaneous EEG

Quantitative EEG involves the analysis of the spectral characteristics of the raw
EEG signal in circumscribed frequency bands of oscillatory brain activity (see
Chapter 4.3 for an introduction) and reveals the power of electrophysiological
activity in dependence of the studied frequency range.

Studies based on quantitative analysis of raw EEG consistently show differences
between ADHD patients and healthy participants during rest as well as differ-
ent cognitive states such as reading or drawing (Barry et al., 2003a). Among the
most prominent findings, increased slow wave activity in the theta-range has been
observed especially over frontal areas, whereas beta power is decreased which is
also evident in an enhanced theta/beta ratio (e.g. Mann et al., 1992; Chabot
and Serfontein, 1996). Monastra et al. (1999) provided interesting support for
utilising these EEG measures for neurometric testing within ADHD diagnostic
and revealed a sensitivity of 86% and a specifity of 98% for ADHD classification
based on theta/beta power ratio. In contrast, there is evidence that a specific
EEG subtype of ADHD patients presents elevated alpha levels (Swartwood et al.,
2003) as well as enhanced beta power (Chabot and Serfontein, 1996; Clarke et al.,
2001c) representing increased cerebral activity. Studies aiming to differentiate
ADHD subtypes based on the analysis of the EEG frequency spectrum yielded
no clear solutions how these subtypes differ in their spectral power. In a study
by Clarke et al. (1998), ADHD children of the predominantly inattentive subtype
were found to be significantly different from those of the combined subtype, being
more closer to the EEG profiles of healthy children. They concluded that this
might represent a difference in the severity of ADHD symptoms rather than a dif-
ferent neurological dysfunction. However, there also seem to exist distinct EEG
subtypes that are independent from the current subtype classification defined in
the DSM-IV (Clarke et al., 2001b,a). According to Clarke et al. (2002), three
different EEG subtypes can be distinguished, comprising a cortical hypoarousal
subtype, a maturational-lag subtype, and a subtype with an excess of beta ac-
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tivity. Although these results were based on diverging clinical samples, EEG
assessments, and mental states of the participants, they point to a distinction
of ADHD patients in different EEG subtypes. These subtypes either demon-
strate underarousal or neuronal hyperfunctioning in the EEG, respectively, and
do not necessarily correspond to the ADHD subtype classification of the DSM-IV
(Clarke et al., 2002).

Interestingly, these distinctive differences in the EEG power spectrum of ADHD
patients have been targeted by new treatment approaches such as neurofeedback
therapy (Monastra et al., 2005; Heinrich et al., 2007). As early as in 1976, Lubar
and Shouse (1976) were the first to observe behavioural improvements in a hy-
peractive child after neurofeedback training aiming to reduce theta power and,
at the same time, reinforcing power of the sensory motor rhythm (SMR; 12–
14 Hz) that is associated with motor inhibition abilities. Subsequently, similar
results have been reported in other studies applying also protocols to decrease
theta activity and increase beta or SMR power (e.g. Lubar et al., 1995; Linden
et al., 1996; Thompson and Thompson, 1998; Gevensleben et al., 2009). Fur-
thermore, Fuchs et al. (2003) demonstrated comparable improvements of ADHD
symptoms after neurofeedback treatment as in a control group that was treated
with methylphenidate. When neurofeedback is used supportive to a medical
treatment employing methylphenidate, these improvements even seem to persist
after discontinueing the medication (Monastra et al., 2002).

Event-related potentials

Analysis of ERPs allows the investigation of the exact time-course of neuronal
processing of incoming information. Being time-locked to the onset of some event,
the signals can be evaluated with respect to the amplitude or latency of specific
ERP components involved in event processing (see Chapter 4.2 for an introduc-
tion).

Several ERP differences have been reported for ADHD patients compared to
healthy participants (Barry et al., 2003b). One of the most common findings is
an altered P3 response, a component associated with attended processing and
discrimination of sensory information (Polich, 2007). ADHD patients exhibit
smaller amplitude differences between attended (relevant) and unattended (irrel-
evant) stimuli when compared to healthy children, indicating insufficient prefer-
ential processing of task-relevant stimuli (Satterfield et al., 1994). However, while
differential P3 differences and overall diminished P3 amplitudes have been con-
sistently reported (e.g. Johnstone and Barry, 1996; Kemner et al., 1996; Jonkman
et al., 1997; Brandeis et al., 2002), it is less clear whether these deficits are pre-
ceded by impaired earlier processing stages that might indicate inefficient early
filter stages (Tannock, 1998; Jonkman et al., 2004). For the auditory domain,
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2.1. Attention-Deficit/Hyperactivity Disorder

impaired early processing stages have been concluded from amplitude differences
at various components: Smaller N1 amplitudes following target stimuli were re-
lated to selective attention problems found in ADHD patients (Satterfield et al.,
1994; Johnstone and Barry, 1996; Kemner et al., 1996). Furthermore, enhanced
P2 amplitudes (Oades et al., 1996; Satterfield et al., 1994) were associated with
an atypical inhibition of sensory input from further processing (Johnstone et al.,
2001). Diminished N2 amplitudes to attended target as well as standard stim-
uli were linked to an impaired discrimination of task-relevant stimuli (Satterfield
et al., 1990, 1994; Johnstone and Barry, 1996). However, contrary findings are
reported for early visual processing (Tannock, 1998): Impaired filtering or ori-
enting during early stages of visual stimulus evaluation have been demonstrated
in reduced P1 (Kemner et al., 1996) and enhanced P2 amplitudes (Robaey et al.,
1992) as well as delayed peak latency of the N1 (Karayanidis et al., 2000). These
results are in contrast to findings of intact early visual processing at these early
stages (Satterfield et al., 1994; Novak et al., 1995; Strandburg et al., 1996). There-
fore, it is still unclear whether early visual processing deficits contribute to the
ADHD pathology or not.

Event-related oscillations

Another approach to study event processing in ADHD patients in comparison
to healthy participants is the analysis of frequency dynamics reflected by event-
related changes in the amplitude of specific oscillatory EEG responses (event-
related oscillations, EROs).

In the past, there have been only two studies investigating EROs of ADHD pa-
tients in comparison to healthy participants, highlighting differences in the theta
as well as gamma frequency range of the EEG. Yordanova et al. (2006) anal-
ysed event-related theta oscillations in an auditory selective attention task in an
early (0-200 ms) and late (200-450 ms) time interval. They observed enhanced
early event-related theta oscillations only in ADHD children with coexisting tic
disorder, whereas ADHD patients without tics and children with tic disorder
without coexisting ADHD did not differ significantly from healthy participants
(Yordanova et al., 2006). Additionally, they reported enhanced late event-related
theta oscillations in both groups, ADHD-only and ADHD+tics. However, this
effect was mediated by a generally enhanced spontaneous theta level in ADHD
patients. In a second study, Yordanova et al. (2001) assessed event-related gamma
oscillations in an auditory target detection paradigm. They reported enhanced
oscillatory activity in the gamma range over motor areas in ADHD patients for
stimuli presented to the right ear, irrespective whether these were attended or
unattended. They interpreted this finding to be a result of impaired motor inhi-
bition during early stages of auditory stimulus processing.
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As can be derived from this introduction on ADHD neurophysiology, most electro-
physiological studies investigating spontaneous or event-related EEG differences
of ADHD patients and healthy children focus on EEG activity between 4 and
30 Hz neglecting higher frequency ranges. Hence, there is a lack of studies in-
vestigating spontaneous or event-related oscillatory activity in the EEG gamma-
band of ADHD patients. This notion is surprising since gamma-band activity
has been reported to be a correlate of numerous cognitive processes and shows
a high relevance for perception and behaviour (Başar et al., 1999; Herrmann
et al., in revision). Allowing a precise temporal coordination of and communica-
tion between spatially distributed cortical networks during information processing
(Fries, 2005), GBRs are involved in integrating sensory information and enable
a rapid analysis, encoding, and categorisation of incoming information in a vari-
ety of cognitive processes, e.g. feature binding (Engel and Singer, 2001), object
processing (Tallon-Baudry and Bertrand, 1999), attention (Tiitinen et al., 1993;
Debener et al., 2003), and memory (Herrmann et al., 2004c; Kaiser and Lutzen-
berger, 2005; Gruber and Müller, 2006). Therefore, a relationship between GBRs
and pathological brain states involving impairments in these processes is obvious
(Herrmann and Demiralp, 2005; Uhlhaas and Singer, 2006; Başar and Güntekin,
2008). Altered GBRs have been reported in neuropsychiatric disorders such as
schizophrenia (Haig et al., 2000; Spencer et al., 2003; Başar-Eroglu et al., 2007),
Parkinson’s disease (Bosboom et al., 2006; Moazami-Goudarzi et al., 2008), or
Alzheimer’s disease (Koenig et al., 2005; van Deursen et al., 2008). Considering
the role of oscillatory activity in child psychiatric disorders (Rothenberger, 2009),
enhanced GBRs have been related to autism (Orekhova et al., 2007, 2008) and
ADHD (Yordanova et al., 2001).

Thus, gamma oscillations might be involved in the ADHD pathophysiology. There-
fore, the next chapter describes their role in healthy cognition and behaviour.
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2.2 Oscillatory activity in the gamma-band of human EEG

2.2.1 Gamma-band activity during cognitive processing

In recent years, high-frequency oscillatory activity in the gamma-band has re-
ceived particular interest within the field of research on EEG frequency dynam-
ics (see Chapter 4.3 for an introduction on EEG oscillations). Especially, their
functional correlates have been outlined suggesting multifold functions in sensory
and cognitive processing (Başar-Eroglu et al., 1996). Gamma oscillations have
been initially proposed as a correlate of feature binding and integrated object
representations, when Gray et al. (1989) demonstrated neural synchronisation in
the gamma-band in the visual cortex of cats in response to visual stimulation
with two bars moving into the same direction and, therefore, being perceived as
parts of one coherent object. This finding could be replicated in humans later on
(Müller et al., 1996).

Subsequently, human GBRs were thoroughly investigated in the visual (Tallon-
Baudry et al., 1996; Keil et al., 1999; Gruber et al., 2008) as well as the auditory
system (Pantev et al., 1991; Knief et al., 2000; Crone et al., 2001; Kaiser et al.,
2008c). Dealing with GBRs requires the differentiation between an early phase-
locked and a late non-phase-locked component (Galambos, 1992). The first is
referred to as evoked activity appearing within the first 100 ms after stimulus
onset, whereas the second component, the so-called induced activity, occurs later
at about 200 ms (see Chapter 4.3.1 for a detailed description).

While many authors consider gamma oscillations as correlates of cognitive func-
tions (Engel and Singer, 2001), others failed to find this type of activity in humans
at all (Juergens et al., 1999). This is most likely due to the fact that gamma oscil-
lations strongly depend on the physical characteristics of the stimuli used in the
experiments, which is especially the case for evoked GBRs. There is strong evi-
dence that evoked GBRs are correlates of sensory processing (Karakaş and Başar,
1998). Busch et al. (2004) revealed a large bottom-up influence on evoked GBRs,
driven by stimulus parameters such as size, duration, and eccentricity. Further-
more, modulations of evoked GBRs were also observed after systematic variations
of stimulus features such as spatial frequency (Bodis-Wollner et al., 2001; Fründ
et al., 2007a) and contrast (Schadow et al., 2007b) of visual stimulation, or loud-
ness (Schadow et al., 2007a) and pitch (Lenz et al., 2008a) of auditory stimuli.
From these bottom-up driven modulations of early GBRs it can be concluded
that evoked GBRs are generated at a very early stage of sensory information
processing which is still modulated by physical stimulus characteristics. This
implies an origin at primary sensory brain areas (Pantev et al., 1991; Schadow
et al., 2009b). Notably, there is evidence that even these very early stages are as-
sociated with top-down processes, too, and that evoked GBRs represent an early
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interface of interacting bottom-up factors and top-down processes as it has been
shown e.g. for the interaction of stimulus size and attention processes (Busch
et al., 2006).

Thus, in the last years a number of studies raised evidence that GBRs are involved
in cognitive processes. In a series of experiments, Tallon-Baudry and Bertrand
(1999) reported enhanced gamma activity in human EEG for stimuli which could
be bound to and perceived as coherent objects. In a subsequent study, Her-
rmann et al. (1999) adapted an experiment from Tallon-Baudry et al. (1996) and
revealed that target stimuli evoke a stronger GBR than all other stimuli, irre-
spective of their object features. They concluded that object selective attention
has a larger impact on the evoked GBR than binding processes (Herrmann and
Mecklinger, 2001). Furthermore, it turned out that the similarity of a stimulus
with the target was associated with the strength of the evoked GBR: The more
features of a stimulus matched to the target template the more enhanced evoked
GBRs could be observed.

Within the auditory domain, Debener et al. (2003) compared target sine tones
to novel environmental sounds which were irrelevant for the task. Even though
these novel sounds attracted the subject’s attention as reflected in an enhanced P3
component in their ERPs, only the target sound evoked significantly augmented
evoked GBRs compared to the standard stimuli, suggesting that the target role
of a tone is more important than its novelty. These findings support results from
Tiitinen et al. (1993) who also demonstrated enhanced evoked GBRs in response
to attended target sine tones. It is noteworthy to mention that a close connection
between selective attention to a target stimulus and memory can be assumed: If
a subject is asked to identify a target stimulus, a template of this target has to be
retained in short-term memory (STM) at the beginning of the experiment. Sub-
sequently, the participant is required to compare any presented stimulus with this
memory stored template. This template could be determined by either simple
object features like colour, form, size, or even the spatial position of the object.
Furthermore, as the number of features a stimulus shares with the target is related
to the amplitude of the evoked GBRs, this suggests that these successful matches
of sensory input with memory representations are a crucial process underlying the
reported modulations of GBRs during information processing. Moreover, these
matches with memory guide the attentional focus to the corresponding object and
lead to faster behavioural responses. Along the same line, several studies investi-
gated the role of GBRs in different aspects of visual memory. Tallon-Baudry et al.
(1998) found that the recall of object representations as well as their maintenance
in STM induces higher GBRs. In addition, both perceptual learning tasks (Gru-
ber et al., 2002) and the recall of previously learned stimuli (Gruber et al., 2001)
were accompanied by enhanced gamma oscillations. Jung-Beeman et al. (2004)
also showed that tasks involving verbal problem solving with aspects of recall
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of relevant information from long-term memory (LTM) induce gamma activity
around 300 ms prior to the actual reaction. Furthermore, it has been demon-
strated that matches of perceived images with LTM representations evoke early
GBRs (Herrmann et al., 2004b). In that study, the stimulus material consisted
of two different types of black and white images, either depicting line-drawings
of objects for which subjects already had a representation in LTM because they
were well-known, real-world objects, or unknown, new items being composed of
the same, but rearranged components of the known items. The participants were
instructed to judge whether the perceived figure appeared to be either edgy or
curvy. Therefore, they were naive about the purpose of the experiment and the
differentiation between known and unknown items. As a result, line-drawings of
known items for which subjects possessed LTM representations evoked stronger
activity over occipital areas than physically similar stimuli without such represen-
tations, even though stimulus familiarity was not task-relevant (see Figure 2.1).
This finding has been replicated in other studies, too (Morup et al., 2006; Freun-
berger et al., 2007; Roye et al., 2009). Moreover, Schadow et al. (2009b) recently
demonstrated that evoked GBRs reflect even anticipatory top-down modulation
in the auditory cortex as these are significantly increased when a perceived sound
within a tone sequence matches the mental representation of its anticipation.

Thus, this early matching process can be considered as a general stage during
information processing enabling an early automatic classification of sensory in-
put. Based on the conclusions from this study and integrating existing results on
the GBR involvement in attention, object and language perception, Herrmann
et al. (2004c) designed a framework incorporating these results: the ‘Match-and-
utilisation model’ (MUM). The authors assume that memory contents are stored
as strengthened synaptic connections. If thalamic input reaches primary cortices,
matching with existing memory representations could lead to enhanced activity
due to stronger feedback from higher visual areas. As demonstrated in our study
(Herrmann et al., 2004b), such matching processes take place at a very early stage
of visual processing. Thus, according to the MUM, successful matching processes
could facilitate further processing starting at a very early time-point.

This section clearly emphasises that evoked GBRs are generated in very early sen-
sory areas and that they are modulated by bottom-up factors as well as cognitive
processes in different experimental conditions, tasks, and modalities. However,
there is much less evidence for the actual behavioural and perceptual relevance
of these oscillations. More precisely, as suggested by Sejnowski and Paulsen
(2006), if oscillations are essential for and related to perception and behavioural
responses, these processes should be impaired by disturbing the oscillations which
should lead to behavioural changes. This issue linking behavioural performance
measures with GBRs is discussed in the next chapter.
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Figure 2.1: As early as 90 ms after stimulus onset, the grand-average of the individually
adapted time-course of evoked GBRs shows a significant enhancement in response to known
line-drawings already represented in LTM (red) compared to line-drawings without such repre-
sentation (blue). This difference is also visible in the topographical maps, revealing augmented
evoked GBRs over parieto-occipital areas for known objects (adapted from Herrmann et al.,
2004b).
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2.2.2 Direct links of GBRs to perception and behaviour

This chapter is part of the following review-article, currently in revision:

Herrmann CS, Fründ I, Lenz D (in revision)
Human gamma-band activity: A review on cognitive and behavioural correlates
and network models
Neuroscience and Biobehavioral Reviews

There are several ways how direct relationships can be assessed even without
experimental interference. First of all, in a between-subject approach, one can
compare subjects exhibiting low GBRs with subjects showing higher GBRs and
associate these differences with behavioural responses. Even though this classifi-
cation is done in the opposite direction (e.g. comparison of GBRs between good
and bad performers) in the majority of studies, this is also indirect evidence for
GBR involvement in behavioural performance. Secondly, a more rigorous solu-
tion is the direct correlation of GBR with a behavioural measure. Finally, on
the within-subject level, single-trial analyses enable us to directly compare intra-
subject performance differences and their relation to GBRs.

In this section, I will focus on the question, whether and how gamma oscilla-
tions are related to behavioural responses and whether they are associated with
perceptual decisions or behavioural events. Thereby, I will concentrate on per-
formance measures such as reaction times or response accuracy. The relevance of
GBRs for memory encoding, recognition performance, and perceptual processes
will also be addressed throughout this section.

Reaction times

There are several studies that presented evidence for a strong association of GBRs
with behavioural response speed. The first evidence has been raised by Jokeit and
Makeig (1994). In their study, slow and fast responders in an auditory reaction-
time task using click sounds were compared with respect to high-frequency activ-
ity. Slow responders were characterised by enhanced prestimulus GBRs, whereas
fast responders showed shortened peak-latencies of poststimulus GBRs and en-
hanced amplitudes of the later induced GBR. Along the same line, single-trial
analysis done by Haig et al. (1999) revealed a robust correlation between gamma
peak-latency and reaction time in an auditory oddball paradigm, with slower re-
action times corresponding to delayed peak latencies. Fründ et al. (2007b) were
the first to show an association between the amplitude of evoked GBRs and per-
formance speed in a simple reaction task where subjects were asked to press a
button as fast as possible immediately after the appearance of a large visual stim-
ulus. After classifying trials with fast and slow responses, they found that fast
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trials were accompanied by stronger phase-locked gamma oscillations around 100
ms after stimulus onset, whereas slow trials showed significantly reduced evoked
GBRs that were delayed in comparison to fast response trials. The robustness
of these results is supported by other studies that also associated response speed
and GBRs (Gonzalez Andino et al., 2005; Schadow et al., 2009a). Neuronal os-
cillations in the gamma-range before and after a behaviourally relevant stimulus
seem to be predictive for response speed. Thus, higher GBR synchrony or ampli-
tude might be advantageous for faster processing and fast classification processes.
Interestingly, reaction times not only reflect the overall time that is required for a
cognitive task. If all other parameters are held constant, while the features of an
object are manipulated from trial to trial, reaction times can reflect more specific
cognitive processes such as the time needed to recognise an object (Martinovic
et al., 2008). In an object recognition task, Martinovic et al. (2007) demonstrated
that the latency of induced gamma responses correlates with the time needed to
identify objects of different rotation angles. Taken together, it is plausible to
assume that both the strength (amplitude or phase-locking) and the latency of
GBRs mirror the time course of cognitive processes.

Response accuracy

Besides the analysis of reaction times, the response accuracy as represented by
the number of correct responses or hitrate is another behavioural measure which
seems to be linked to oscillatory activity in the gamma-range.

In an auditory spatial delayed matching-to-sample paradigm, Kaiser et al. (2008b)
investigated the association of performance in maintaining the lateralisation an-
gle of a sample sound and subsequent comparison with a test stimulus with GBR
characteristics. Interestingly, the difference between the GBRs of the two possi-
ble sample sounds, specifying the degree to which oscillatory signals differentiated
between sample sounds, positively correlated with the rate of correct responses.
Participants who maintained a distinctive differentiation of oscillatory activity
emerging after presentation of the sample sounds until presentation of the probe
stimulus showed better performance. Additionally, good performers showed this
consistent differentiation for a longer duration than average or poor performers.
Focussing on the test stimulus, Kaiser et al. (2008a) also reported an associa-
tion between GBR and response accuracy. GBRs were more pronounced in good
performers than in bad performers. This difference was particularly manifested
around the onset of the test stimulus. These results suggest the relevance of
GBRs for optimal differentiation between stimulus characteristics. Furthermore,
correct responses are related to GBR components elicited by the processing of
differences between sample and test stimuli (Kaiser et al., 2008a,b,c).

The role of GBR in detection of illusory or real acoustic changes has been in-
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vestigated in a study by Kaiser et al. (2006). Illusory acoustic changes were
induced by incongruent audiovisual stimuli (incongruent visual stimulus leading
to a different auditory percept). The detection rate for these illusory deviants
was closely associated with gamma-band activity, yielding a positive correlation
with induced oscillatory activity over occipital areas. Interestingly, the detection
of real acoustic changes (actual variation of the auditory stimulus) was positively
associated with GBRs, too. Contrary to illusory induced changes, this effect for
real changes was found over auditory areas.

These results substantiate the involvement of early sensory areas in the detailed
analysis of auditory and visual stimulus features. Hence, GBRs seem to con-
tribute largely to correct responses in different tasks and modalities as the mag-
nitude of GBR components appears to have predictive value for task performance.

Memory encoding and recognition performance

There are several studies suggesting a prominent role of gamma oscillations in suc-
cessful memory encoding and subsequent memory performance. Sederberg et al.
(2003) recorded electrophysiological activity during a memory paradigm in epilep-
tic patients with electrode grids subdurally on the cortical surface where subjects
had to study wordlists. Subsequent free recall was predicted by increases in GBR
power during the encoding phase, found in widespread cortical sites. Similar
results were reported by Gruber et al. (2004) who found significantly higher in-
duced GBRs during the encoding of words that were subsequently remembered as
compared to forgotten ones. Comparable enhancements of GBRs during success-
ful encoding were described by Summerfield and Mangels (2006). Osipova et al.
(2006) investigated the encoding of pictorial stimuli and compared brain activ-
ity during encoding of subsequently remembered items with electrophysiological
activity during encoding of subsequently forgotten items (‘subsequent memory ef-
fect’). Subsequently remembered stimuli were characterised by enhanced induced
GBR during encoding in occipital areas. As a between-subject-approach, Busch
et al. (2008a) compared good performers with bad performers. After an initial
study phase, during which participants were asked to perform a visual discrim-
ination task of abstract line drawings, subjects had to judge items being old or
new in a subsequent test phase. Presentation of old items evoked stronger GBRs
than new items. This old/new effect differed between both groups and was only
visible in good performers. Thus, differentiation of electrophysiological data of
both groups reflected behavioural performance data and supports the relevance
of GBRs for recognition memory.

In conclusion, associations of GBRs and behavioural performance suggest a di-
rect relationship between electrophysiology and memory processes, where GBRs
seem to facilitate memory encoding predicting subsequent recall.
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Perceptual relevance

Besides this behavioural significance, there are also reports showing a strong as-
sociation of GBR with subjects’ perceptual abilities. When subjects are grouped
according to the number of reversals of multistable figures into high-rate and low-
rate switchers, GBRs seem to differentiate between the two groups (Strüber et al.,
2000). High-rate switchers are characterised by augmented phase-locked and non-
phase-locked GBRs compared to low-rate switchers. In a similar manner, Ohla
et al. (2007) divided naive subjects in those that were aware of a task-irrelevant
global structure in a set of random dots (Glass patterns), and participants who
were not. Enhanced evoked GBRs were observable after the presentation of cir-
cular patterns compared to random patterns only for those participants that
were subjectively aware of this global pattern structure. Additionally, compared
to unaware subjects, participants that were aware of the structure also showed
a general enhancement of evoked GBR as well as stronger phase-locking and a
more pronounced early total activity. Thus, early evoked GBRs are engaged in
conscious perception as they indicate whether or not a participant has a specific
perceptual experience.

Along these lines, Hanslmayr et al. (2007) demonstrated differences in prestimulus
EEG and effects on subsequent perceptual abilities in a recent study. In a masked
perception and discrimination task, subjects were instructed to distinguish four
shortly presented letters. A within-subject analysis revealed higher prestimu-
lus phase-coupling in trials, where subjects were able to correctly perceive the
presented letter, suggesting a link between enhanced GBR phase-coupling and
correct performance. Single-trial analysis also yielded a strong linear relationship
between perception performance and prestimulus deviation from the mean phase
of GBR, whereas the detection performance was nearly perfect in trials with
low deviation and decreased to lower levels with higher deviations from mean
phase. Thus, prestimulus synchrony in the gamma-range predicts performance
on single-trial basis with higher synchrony being advantageous for visual percep-
tion abilities.

Therefore, GBRs seem to have substantial relevance in perceptual processing.
Human perceptual abilities appear to be strongly associated with activity in the
gamma-range not only after stimulus presentation, but even in prestimulus time-
ranges.
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Research questions

Previous electrophysiological as well as imaging research has contributed to the
understanding of impairments in attention, executive functions, and memory in
patients with ADHD. However, although gamma activity is strongly associated
with cognitive processes impaired in ADHD patients such as attention and is also
modulated by dopaminergic polymorphisms that are linked to ADHD, there is
a lack of studies investigating ADHD related differences in the gamma band of
human EEG. Furthermore, there are indicators that ADHD patients demonstrate
deficits at very early stages of visual processing, although converging evidence can
be found, too. Visual evoked GBRs, appearing as early as 90 ms after stimulus
onset, can therefore be considered a suitable measure to assess those deficits at
very early processing stages.

Three experiments aim to comprehensively characterise early cognitive processes
in the visual system by means of analysis of evoked GBRs to answer the question
in which way visual evoked GBRs differ between ADHD children and age matched
healthy participants. Moreover, the employed paradigms were designed to allow
the investigation of possible group differences in EEG activity, but enable also
the direct estimation of the relevance of evoked GBRs in cognition and behaviour
in both groups.

1. Do ADHD patients demonstrate altered evoked GBRs during sen-
sory evaluation and encoding of visual stimuli? Are evoked GBRs
of ADHD patients similarly related to recognition performance as in
healthy participants?

The first study (presented in Chapter 5) assesses associations between evoked
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GBRs during encoding of visual stimuli in a short-term memory paradigm and
subsequent behavioural performance in a recognition test where the participants
had to judge pictures as being old or new. Given the reported involvement of
GBRs in memory processes, this approach allows the comparison of evoked GBRs
of ADHD patients with those of healthy participants and emphasises whether
both groups show a similar association of evoked GBRs during stimulus encoding
and later performance in a recognition test or not.

2. Are evoked GBRs of healthy children also related to early memory
matching processes as it has been demonstrated for healthy adults? If
so, evoked GBRs should be enhanced following known stimuli that are
already represented in memory.

Experiments II and III (see Chapter 6) focus on a pivotal cognitive function of
evoked GBRs, reflected in early memory matching processes. As a prerequisite, a
pilot study (Experiment II) elucidates whether evoked GBR patterns during these
very early stages of information processing can be similarly observed in healthy
children and adolescents as it has been reported for healthy adults. This should
be the case, if memory matching represents a fundamental process during visual
stimulus encoding and is indeed reflected in enhanced evoked GBRs. The experi-
mental procedure and stimulus material was identical to that formerly employed
in the investigation of healthy adults. The participants were asked to decide
as fast as possible, whether they perceived visual line-drawings as either edgy
or curvy. Irrespective of this task, the stimuli either depicted known real-world
items which were supposed to activate a representation in LTM or unknown items.

3. Do ADHD patients present the same early, memory based clas-
sification processes as healthy participants represented by the differ-
entiation of evoked GBRs between known and unknown visual stimuli?

In Experiment III, I investigated early memory based classification processes
reflected by evoked GBRs in ADHD patients as well as in age matched healthy
participants. Evoked GBRs could be a possible neuronal correlate of an early dys-
function in visual information processing that might be, according to the MUM,
directly related to the ADHD pathophysiology. Additionally, evoked GBRs can
be considered as a suitable measure for elucidating the question whether early
visual processing in ADHD patients is impaired or not.

24



CHAPTER 4

General methods

In this chapter I will focus on the general methodology underlying the reported
experiments. The specific experimental procedures of each study are outlined in
the corresponding sections.
The EEG served as the preferred method to assess the time-course of electrical
brain activity. Therefore, I will describe the basic principles of EEG recording
and analysis in the next paragraphes.

4.1 Electroencephalogram

Even in the era of functional neuroimaging the EEG, first described in 1929 by
the German neurologist Hans Berger (Berger, 1929), is an important method for
studying cognitive processes in healthy as well as pathological states. Offering an
excellent temporal resolution within the range of milliseconds, the EEG enables
a more precise assessment of the time-course of cortical processes, compared
to functional brain imaging that demonstrates a lower temporal but therefore
higher spatial resolution. The EEG reflects fluctuations of the electrical activity
of a sizeable population of synchronised neurons, being non-invasively registered
with Ag/AgCl-electrodes placed at the scalp surface and connected to a hardware
amplifier.

In order to account for interindividual differences in head size and form, a spe-
cific approach has to be followed during the placement of these electrodes: For
facilitating the comparisons between laboratories and to allow between-subject
comparisons, Jasper (1958) suggested an internationally standardised position-
ing guide termed the ‘10-20-system’ (meanwhile extended to the ‘10-10-system’).
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According to this guideline, electrodes should be placed in a certain order with
specific relative distances between each other (in steps of 10% or 20%, respec-
tively), starting at defined landmarks on the skull such as the nasion or inion.
Additionally, he introduced a consistent nomenclature for labelling the electrode
positions, starting with a letter for the underlying area (Fp - frontal pole, F -
frontal, C - central, P - parietal, O - occipital) and followed by odd numbers
for electrodes above the left hemisphere, whereas even numbers index electrodes
above the right hemisphere. Starting with ‘z’ for midline electrodes (zero), the
numbering is higher the more lateral the electrode is positioned. This approach
allows an adequate coverage of all parts of the head and, at the same time, enables
interindividual comparisons. In modern systems, electrodes are already placed in
an elastic cap according to this standard.

The scalp measured EEG signals, typically showing amplitudes between 1-200
µV, reflect summed synchronised post-synaptic potentials generated by cortical
pyramidal cells (Zschocke, 2002, Chapter 1): If an excitatory (or inhibitory) input
reaches the apical dendrites of a cortical pyramidal cell, this causes a current flow
between extracellular space and the cell at this region. Additionally, there is also
current flow between the cell body and its basal dendrites and the extracellular
space. This results in a cortical field potential exhibiting a dipolar structure,
represented by charge differences between the region around the apical dendrites
and the region around the cell body (Luck, 2005). If many pyramidal cells receive
identical input at the same time and the resulting neuronal dipoles have a sim-
ilar spatial orientation, their individual electrical fields summate and create an
electrical dipole with current flows between positive and negative charges (Coles
and Rugg, 1995). These summed voltages are measureable at the scalp surface
and therefore constitute the EEG.

However, EEG recording from outside the head distant from the original cor-
tical source of the measured signals makes it vulnerable for contaminations with
electrical potential fluctuations not originating from the human brain. These can
be distinguished into physiological and technical artifacts. Physiological artifacts
can be attributed to the measured participant and are caused by extracerebral
sources within the human body, including e.g. eye-movement artifacts, cardiobal-
listic artifacts, and artifacts resulting from swallowing, pulsation, and respiratory
or body movements. On the other hand, technical artifacts derive from failures
during the measurement itself, comprising e.g. poor or even fluctuating electrode-
impedances, broken electrodes or wire contacts, cable movements, and electro-
magnetic or electrostatic inductions (Zschocke, 2002, Chapter 20).

Within this thesis, all raw data of the described experiments were first examined
for non-stereotyped artifacts like swallowing and excessive electromyographic ac-
tivity. Sections containing these types of artifacts were removed from further EEG
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analysis. Subsequently, stereotyped artifacts resulting from eye-movement activ-
ity were corrected using Independent-Component-Analysis (ICA) based on the
extended infomax algorithm implemented in the open source toolbox EEGLAB
(Delorme and Makeig, 2004, http://www.sccn.ucsd.edu/eeglab). The ICA de-
composes data into spatially fixed and maximally temporally independent com-
ponents by applying spatial filters to multi-channel EEG data. The sources of
stereotyped artifacts like eye-blinks show a distinct spatial distribution and time-
course, and are independent from EEG signals. Therefore, the ICA results in
independent and separable components for eye-movement activity, which can be
extracted from the original EEG data, determined by inspection of the topo-
graphical component maps, and removed afterwards. An additional automatic
artifact rejection excluded epochs from further analysis, if the standard deviation
in a moving 200 ms time-window exceeded 50 µV. Furthermore, all trials were
visually inspected for possible remaining artifacts and rejected if necessary.

Although EEG is superior in assessing the exact time-course of cognitive pro-
cesses, the method also presents some constraints: While it fosters conclusions
about the temporal dynamics of cortical processes, it is less informative con-
cerning the localisation of the cortical source of the measured activity. As stated
above, the EEG registers superficial sources while being less susceptible for signals
with subcortical origin as the detectable signal strength caused by the source de-
creases with increasing scalp distance (Zschocke, 2002, Chapter 1). Furthermore,
the scalp measured EEG signals are mostly not generated by just one cortical
source, but are the result of a summation and superposition of multiple sources.
This makes it difficult to infer the neuronal sources from the scalp signal (the
so called ‘inverse problem’, see e.g. Niedermeyer, 1996). However, new recording
techniques using up to 256 electrodes enabling a more exact source reconstruction
and improved analysis methods are considered to overcome this issue (see Grech
et al., 2008, for review).

Within the field of EEG research, different methodological techniques were es-
tablished for investigation of electrical brain activity associated with cognitive
processes. In case of the studies presented within this thesis, data were assessed
based on the examination of event-related potentials as well as time-frequency
analysis of oscillatory brain activity. These approaches are introduced in the
following sections.

4.2 Event-related potentials

If visual, auditory, somatosensory, or even mental events are associated with
measurable EEG voltage fluctuations, these are termed ‘event-related potentials’
(ERPs, Makeig et al., 2004). Typically, the processing of such events is not visible
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in the raw EEG as it demonstrates much lower amplitudes in the range of 1 to
20 µV being superimposed by the much higher amplitudes of the spontaneous
background EEG. However, it is assumed that the electrical activity reflecting the
time-course of event processing is constant during each event repetition. There-
fore, averaging of a sufficient number of trials should yield activity related to
event processing to sum up while the random background EEG signals cancel
out. This is the basic principle for studies comparing different experimental con-
ditions: Each condition is repeated a number of times and each time-point within
a specified time-window of trials belonging to the same condition is averaged. As
this improves the ratio between ‘signal’ and ‘noise’, this yields only signal frac-
tions that are directly associated with the event while background EEG noise is
diminished with the increasing number of trial repetitions. The resulting EEG
voltage fluctuation demonstrates a modality specific, characteristic sequence of
minima and maxima that are considered as the ERP components. These com-
ponents can be analysed regarding their amplitude, latency, and duration and
constitute the real-time characteristics of neuronal processes directly associated
with the event (Picton et al., 2000).

4.3 Oscillatory brain activity

Since the beginning of the research on EEG activity, oscillatory rhythms of elec-
trical brain activity have been observed and analysed. Moreover, a number of
studies demonstrated that brain oscillations are more than irrelevant background
activity, but are instead related to mental states as well as cognitive processes
(Başar et al., 1999, 2001). Thus, it seems plausible to also expect altered oscil-
latory EEG activity in psychiatric patients demonstrating cognitive deficits. In
fact, this has been repeatedly demonstrated (see e.g. Başar and Güntekin, 2008,
for a review) and, therefore, EEG and its oscillatory rhythms have gained more
attention in providing additional indications for the diagnose of psychiatric dis-
orders (e.g. Hughes and John, 1999; Boutros and Struve, 2002; O’Sullivan et al.,
2006; Rothenberger, 2009).

The next chapter will outline the classification of oscillatory EEG activity ac-
cording to specific parameters characterising the EEG signal.

4.3.1 Classification of brain oscillations

Oscillatory EEG signals in the human brain can be described as overlapping
sine waves, characterised by different frequencies (the number of cycles per sec-
ond in Hz), amplitudes (typically measured in µV), and phase-angles within the
current period (ranging from 0 to 2π). The first rhythm already described by
Hans Berger is the alpha–rhythm (α), containing activity within the frequency
range of 8–12 Hz and showing amplitudes up to 50 mV (Berger, 1929). This
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alpha–rhythm was considered by Berger as the ‘basic rhythm’. Starting at 13
Hz, the chronologically next identified frequency range up to 30 Hz was named
consequently the beta–rhythm (β). Later, even faster oscillations in the EEG
between 30 and 80 Hz could be detected in hedgehogs and were termed gamma–
oscillations (γ; Adrian, 1942). The brain rhythms covering frequencies below the
alpha range were divided into the delta (δ, 0–4 Hz) and theta (ϑ, 4–8 Hz) rhythm.

In addition to the number of cycles per second, EEG oscillations are also de-
termined by their phase-angle. With respect to the degree of phase-locking, two
types of oscillations can be distinguished (besides spontaneous activity) (Galam-
bos, 1992):

1. Evoked activity
Triggered by an external or internal event (e.g. onset of stimulation), these
oscillations show a high phase-locking to event onset with a high phase-
stability across trials. Therefore, they can be extracted by averaging the
single-trial signals with respect to the event onset which yields the ERP (see
Chapter 4.2). However, high-frequency oscillations typically show much
lower amplitudes than lower frequency components and are therefore not
visible in the ERP. According to that, specific methods have to be ap-
plied. One way to assess event-related oscillations is subsequent band-pass
filtering of the ERP resulting the amplitudes of activity at a selected fre-
quency range while rejecting signal portions containing higher and lower
frequencies. This is illustrated in Figure 4.1B. However, the more exact
time-frequency analysis based on Morlet wavelets allows a more accurate
analysis of the time-course of frequency dynamics (see Chapter 4.3.2).
Evoked oscillations in the gamma-frequency range that are subject of the
current thesis typically appear around 50-60 ms after auditory stimulation
and about 100 ms after visual stimulation, showing a modality specific,
local topography.

2. Induced activity
Although elicited by stimulation, too, induced oscillations exhibit decreased
phase-locking across trials and are therefore not visible in the ERP.
Induced oscillations in the gamma-frequency range mostly occur around 200
ms after stimulus onset. Even though there is a number of studies point-
ing out their crucial role in cognitive processes, recent evidence suggested
that scalp measured induced GBRs are contaminated with signals originat-
ing from micro-saccadic eye-movements (Yuval-Greenberg et al., 2008; Fries
et al., 2008; Yuval-Greenberg and Deouell, 2009). Therefore, I abstain from
reporting results of induced GBRs and focus the results presented in this
thesis on evoked GBRs.
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Figure 4.1: (A) The unfiltered ERP is obtained by averaging the single-trial signals with
respect to stimulus onset. (B) Bandpass filtering at 35-43 Hz yields a clear increase of activity
around 60 ms after stimulus onset, not visible in the unfiltered ERP. (C) Wavelet transformation
at a frequency of 39 Hz reveals the exact time-course of the activity at this frequency, being
detected as peak-frequency in the gamma-band in the time-frequency decomposition of the
signal (D).

The methodological approach for the analysis of oscillatory dynamics in the
gamma-band is outlined in the following section.

4.3.2 Time-frequency analysis based on Morlet wavelets

Until the early nineties of the last century, the conventional analysis of EEG fre-
quency dynamics was based on a Fast Fourier Transformation (FFT) of the data.
Using this approach, the complex source data is decomposed into simpler com-
ponents consisting of sine-waves of different frequencies, each contributing with
a different magnitude to the original signal. Afterwards, the amplitude of each of
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these frequency components can be revealed from the ‘frequency spectrum’ of the
signal. However, although an FFT can be performed on short subsequent data
segments yielding a rough estimation of spectral changes, it disregards the exact
time-course of underlying frequency dynamics within the range of milliseconds
that can be observed for higher frequencies.

This insufficiency has been overcome by employing wavelet transformation within
the data analysis. Wavelet transformations enable the evaluation of the time-
course of frequency dynamics: The use of complex wavelets directly yields the
amplitude and phase of non-stationary oscillatory components at a specified time-
point. Within this thesis, complex Morlet wavelets, invented by the French geo-
physicist Jean Morlet, have been applied to investigate evoked GBRs. Thereby,
the original time-domain data is convolved with a mother-wavelet, showing a
Gaussian envelope in time and frequency (c.f. Herrmann et al., 2004a). At 40
Hz, the applied wavelets had a time resolution of 2σt = 50 ms and a frequency
resolution of 2σf = 13 Hz. Being advantageous to other approaches, the exact
time-frequency resolution of the wavelet depends on the analysed frequency by
adapting the length of the time window according to the analysed frequency. The
window length decreases with higher frequencies, yielding a finer temporal resolu-
tion for higher frequencies. Unfortunately, this also results in a poorer frequency
resolution with increasing frequency.

An exact decomposition of the EEG signal can be achieved by performing wavelet
transformations for multiple frequencies to cover the whole EEG frequency spec-
trum. Wavelet transformations of all frequencies between 1 and 100 Hz in fre-
quency steps of 1 Hz therefore reveal the detailed distribution of specific frequency
components at a given time-point in a so-called ‘time-frequency-diagram’, where
the amplitude of the signal fraction is represented by different colours with ‘red’
being related to the highest activity (see Figure 4.1D for an example). Besides
the benefit of accurate analysis of event-related spectral EEG dynamics, only the
detailed data inspection based on a time-frequency-decomposition of the EEG
signal allows a further, more exact analysis according to the individual frequency
peak that has been reported to show an interindividual variability especially in
the gamma-band (see Figure 5.2 for an example).

Two different approaches for time-frequency analysis have to be distinguished
in order to separate evoked and induced signal fractions: Evoked activity can be
assessed by employing the wavelet transformation on the averaged and unfiltered
signal (the ERP), yielding only signal portions phase-locked to stimulus onset
while omitting non-phase-locked, induced signals that are cancelled out during
averaging. For analysis of induced oscillations, the wavelet transformation has to
be applied separately on the signals of each single-trial. Afterwards, the results
of the frequency transformation of each single-trial are averaged. This method
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obtains evoked as well as induced signal fractions. Therefore, it is also referred
to as ‘total’ activity.

The methodological differences between the analysis of evoked and induced os-
cillations are depicted in Figure 4.2.

Figure 4.2: In order to separate evoked and induced signal fractions, averaging and wavelet
transform (WT) have to be applied in a certain order. The figure illustrates 100 simulated
single-trials, containing both early evoked and late induced gamma bursts (upper left). The
ERP is revealed by averaging all trials. Subsequent wavelet transform yields only evoked activity
that shows high phase-locking to stimulus onset (bottom left). Transforming the single-trials
into the frequency domain (upper right) and subsequent averaging of the absolute values of each
single-trial’s WT (bottom right) results in total activity, comprising evoked as well as induced
activity (modified from Herrmann et al., 2004c; Lenz et al., 2008b).
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CHAPTER 5

Experiment I: Behavioural relevance of evoked GBRs in

ADHD children and healthy participants

The data from the following chapter have been published in:
Lenz D, Krauel K, Schadow J, Baving L, Duzel E, Herrmann CS (2008).
Enhanced gamma-band activity in ADHD patients lacks correlation with memory
performance found in healthy children.
Brain Research 1235:117-32

and:

Krauel K, Duzel E, Hinrichs H, Lenz D, Herrmann CS, Santel S, Rellum T,
Baving L. (2009)
Electrophysiological correlates of semantic processing during encoding of neutral
and emotional pictures in patients with ADHD.
Neuropsychologia 47(8-9):1873-1882

5.1 Introduction

ADHD is one of the most frequently diagnosed and most stable psychiatric dis-
orders in childhood and adolescence (Biederman and Faraone, 2005). There are
also indications that it can persist in adulthood (see Faraone et al., 2000, for
review). According to the DSM-IV, patients are characterised by developmen-
tally inappropriate degrees of inattention, impulsivity, and hyperactivity, which
appear in more than one environment (American Psychiatric Association, 1994).

Because of its high prevalence and social impact, there is a wide range of re-
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search on ADHD, pointing out impairments in different aspects of cognition,
e.g. attention (Konrad et al., 2006), executive functions (Doyle, 2006), or memory
(Martinussen et al., 2005; Sheridan et al., 2007; Krauel et al., 2007). Electrophys-
iological studies support these findings since they consistently show neurophys-
iological differences between ADHD patients and healthy children of the same
age (Barry et al., 2003a; Banaschewski and Brandeis, 2007). In different tasks
and conditions, ADHD patients are characterised by cortical slowing reflected
by significant excess of activity in lower frequencies of human EEG, primarily
the theta range, and decreases of amplitudes in the beta range (Mann et al.,
1992; Chabot and Serfontein, 1996; Monastra et al., 1999; El-Sayed et al., 2002).
In comparison to healthy controls, ADHD patients exhibit amplitude differences
in various ERP components associated with attending to and processing of in-
coming information (e.g. Satterfield et al., 1988, 1990; Jonkman et al., 1997;
Brandeis et al., 2002), especially indicating deficient preferential processing of
attended stimuli (Satterfield et al., 1994). Analysis of event-related oscillatory
activity also strengthens the evidence for abnormal processing of task relevant
stimuli, demonstrated by Yordanova et al. (2001). They reported enhanced os-
cillatory activity in the gamma range over motor areas in ADHD patients in an
auditory target detection paradigm. They interpreted this finding to be a result
of impaired motor inhibition. To my knowledge this is the only study associating
gamma-band responses (GBR) with the pathology of ADHD, even though there
are multiple indications to assume a crucial role of high-frequency oscillations in
the neurophysiology of ADHD.

As pointed out in Chapter 2.2, gamma oscillations in human EEG correlate with
processes of attention (Tiitinen et al., 1993; Debener et al., 2003) and memory
(Herrmann et al., 2004c; Lenz et al., 2007). In addition, gamma activity was also
found to be associated with motor activity (Schnitzler and Gross, 2005). Thus,
it seems plausible to assume that the hyperactive behaviour of ADHD patients
results from a neuronal hyper-excitation reflected by enhanced gamma activity
(Herrmann and Demiralp, 2005). Along the same lines, the attention and mem-
ory deficits could also stem from altered gamma oscillations.

The etiology of ADHD further supports the notion of a correlation between
gamma-band abnormalities and ADHD: Although multiple factors are thought
to account for the disorder (Spencer et al., 2002; Swanson et al., 2007), there is
broad evidence for a large genetic component (Thapar et al., 2005). Most widely
confirmed are candidate genes involved in dopaminergic pathways, especially the
7-repeat isoform of the 48-base pair variable number of tandem repeats (VNTR)
polymorphism in exon 3 of the dopamine D4 receptor gene (DRD4) (Faraone
et al., 1999, 2001; Langley et al., 2004) and a polymorphism at the dopamine
transporter gene DAT1 (Cook et al., 1995; Gill et al., 1997). The latter results
in an increased density and activity of dopamine transporters in ADHD patients
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(Dougherty et al., 1999) and therefore leads to lowered dopamine concentrations
in the synaptic cleft (Vles et al., 2003). Interestingly, Demiralp et al. (2007)
were able to show that these very polymorphisms yield significantly augmented
gamma-band activity in healthy subjects in a target detection task. However, it
may at first seem counterintuitive to assume higher GBRs in ADHD as Herrmann
and Demiralp (2005) suggested a positive correlation between dopamine availabil-
ity and gamma activity based on findings of Ahveninen et al. (2000). Therefore,
it is necessary to distinguish between phasic, stimulus driven dopamine responses
and the tonic, extracellular dopamine level as some authors suppose an increased
phasic dopamine response in ADHD patients due to the lower tonic dopamine re-
sulting in reduced inhibition via presynaptic autoreceptors (Seeman and Madras,
1998; Grace, 2001; Sagvolden et al., 2005). The low tonic dopamine level is tar-
geted by stimulant treatments such as methylphenidate, which blocks dopamine
transporters resulting in augmented extracellular dopamine availability (Dresel
et al., 2000; Krause et al., 2000; Spencer et al., 2000; Volkow and Swanson, 2003).
Seeman and Madras (2002) hypothesize that this in turn yields a lower phasic
dopamine release. Thus, increased phasic dopamine activity in unmedicated pa-
tients would be in line with the assumption of augmented GBRs.

Based on these findings, I investigated whether gamma-band oscillations are dis-
turbed in ADHD children and compared them to healthy subjects. As suggested
by Barceló and Gale (1997), I did not investigate gamma activity in spontaneous
EEG but event-related gamma-band oscillations in a cognitive experiment. In
line with the recommendation of Başar and Güntekin (2007), I have chosen an
experimental design which tests an impaired cognitive function of ADHD patients
that has been associated with a physiological parameter, i.e. gamma activity in
case of memory processes. Therefore, I analysed data from a study, which inves-
tigated ERP differences in a visual memory paradigm (Krauel et al., 2009), now
focussing on the analysis of activity in the gamma-band. This experiment started
with an encoding phase, where 240 pictures were presented in the context of two
different encoding tasks. In a later recognition test, the pictures were presented
again along with 120 new stimuli and subjects had to distinguish between old
and new pictures. I hypothesized, that patients should exhibit stronger stimulus
related visual GBRs than healthy children. I further investigated the interac-
tion between evoked GBRs during stimulus encoding and subsequent memory
performance.

5.2 Experimental procedure

5.2.1 Participants

Thirteen male ADHD patients and thirteen male healthy control subjects partic-
ipated in this study. The patients were referred to us by the Department of Child

35



Chapter 5. Experiment I: Behavioural relevance of evoked GBRs in ADHD
children and healthy participants

and Adolescent Psychiatry at the University of Magdeburg as well as local pae-
diatricians. Initially, all subjects and their parents were interviewed separately
by clinical child psychologists or psychiatrists with a German translation of the
Revised Schedule for Affective Disorders and Schizophrenia for School-Age Chil-
dren: Present and Lifetime Version (Kaufman et al., 1997; Delmo et al., 2000).
The patients met diagnostic criteria for ADHD according to the DSM-IV (10
combined type, 3 inattentive; see Chapter 2.1.1) and six patients also fullfilled
criteria of ODD or CD. Patients who met present or lifetime criteria for any other
psychiatric disorder were excluded from the study. Eight patients received medi-
cal treatment, but had to discontinue their medication at least 24 hours prior to
the EEG session.

Healthy control subjects were recruited by local press announcements and had no
evidence of any previous or current psychiatric disorder according to the struc-
tured clinical interview. Furthermore, none of the subjects had a history of
any neurological disorder and past or present substance abuse. As I aimed to
avoid possible confounds resulting from age differences (Böttger et al., 2002; Yor-
danova et al., 2002), I focussed on a more narrow age range (11 - 15 years) than
the companion ERP study (Krauel et al., 2009) and both groups were pairwise
age matched, yielding to slightly different sample sizes between this report and
that of Krauel et al. (2009). Demographic and clinical characteristics of both
groups are presented in Table 5.1. As additional measures, the Child Behaviour
Checklist (CBCL; Achenbach, 1991a) as well as the Youth Self-Report (YSR;
Achenbach, 1991b) were employed and all subjects had to score higher than 80
on the Culture Fair Intelligence Test (Weiss, 1997). To exclude severe memory
impairments, all participants performed a standardised figural memory screening
(Lamberti and Weidlich, 1999). There were no significant differences in intelli-
gence or figural memory between the two groups. Handedness was determined
with the Edinburgh Handedness Inventory (Oldfield, 1971) and the participants
had normal or corrected to normal vision.

The study was approved by the ethics committee of the Otto-von-Guericke-
University Magdeburg and was conducted in accordance with the Declaration
of Helsinki concerning human experimentation. All participants as well as their
parents gave a written informed consent/assent. The subjects were reimbursed
with vouchers for their attendance.

5.2.2 Stimuli and task

Subjects performed a well established levels-of-processing paradigm (Krauel et al.,
2007). The present chapter reports a reanalysis of a study which illustrates de-
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Table 5.1: Demographic and clinical characteristics of the current sample

ADHD (N=13) Controls (N=13) p-value
mean ± SD mean ± SD

Age 12.8 (1.0) 12.6 (1.1) n.s.
IQ 107.4 (11.3) 111.0 (9.9) n.s.
Figural Memory 46.9 (25.8) 64.5 (23.7) .08
CBCL
Attention problems 70.6 (4.4) 51.3 (3.9) <.001
Delinquent rule- 65.3 (7.6) 52.6 (5.9) <.001
breaking behaviour
Aggressive behaviour 69.8 (9.5) 51.7 (3.3) <.001
Internalising 62.5 (8.7) 48.0 (6.2) <.001
Externalising 68.3 (8.4) 47.4 (7.7) <.001
YSR
Attention problems 62.3 (6.6) 52.1 (3.1) <.001
Delinquent rule- 61.8 (4.5) 52.6 (4.2) <.001
breaking behaviour
Aggressive behaviour 61.5 (8.5) 52.1 (3.7) .002
Internalising 54.4 (18.7) 46.5 (5.3) n.s.
Externalising 62.3 (8.6) 49.1 (6.2) <.001

tailed results of behavioural and ERP analyses (Krauel et al., 2009). The ex-
periment started with an encoding phase, in which 240 pictures of either neutral
(50%) or emotional (50%) content were presented, each picture superimposed by
a rectangular or an oval contour. Most of the pictures were chosen from the Inter-
national Affective Picture System (IAPS; Lang et al., 2001). Additional pictures
(40%), which were similar in content to the IAPS stimuli, were included. Emo-
tional pictures could be either of positive or negative content (50:50), but were
matched in arousal. Participants had to decide either whether there was a rect-
angle or an oval in the picture (shallow task) or whether there was a human being
in the picture or not (deep task). Since I focussed the analysis on visual process-
ing per se, both tasks were collapsed in all analyses. Tasks alternated across six
runs (three runs of each kind, 40 pictures per run), which were counterbalanced
across subjects. To avoid confounding effects of task switching, subjects worked
on only one task per run, but were reminded about the current task before each
stimulus with an instruction screen starting 1000 ms before stimulus onset. Af-
terwards, the pictures were displayed for 600 ms and were followed by a fixation
cross at the centre of the screen (see Figure 5.1 for details). The participants re-
sponded via button press and were allowed to correct their response. Before the
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EEG session, subjects were made familiar with both encoding tasks, but were
not instructed about the later recognition test which started with a 5 minute
delay after the encoding phase. Here, all 240 pictures from the encoding phase
were presented again along with 120 randomly displayed new stimuli. These were
carefully matched in salience and content with pictures from the encoding phase.
All pictures were shown for 1000 ms without the superimposed contour and the
delay between each picture was set to 3000 ms. The task of the subjects was to
judge the pictures via button press being old or new.

All pictures were shown on a 17 inch computer screen against a black back-
ground and spanned a visual angle of 11◦. The experiment was performed using
Presentationr software (Version 0.53, http://www.neurobs.com).

Figure 5.1: Trials in the encoding phase started with an instruction screen, reminding the
subjects either to perform the deep task (human being or no human being) or the shallow
task (rectangle or oval). The tasks did not vary within one run. Afterwards, the stimulus was
displayed for 600 ms and the trial ended with a fixation cross at the centre of the screen.

5.2.3 Data acquisition

The electroencephalogram was recorded using 32 sintered Ag/AgCl-electrodes
mounted in an elastic cap (Easycap GmbH, Herrsching-Breitbrunn). These were
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placed according to the 10-10 system and connected to a SynAmps amplifier
(Compumedics Neuroscan, Charlotte). Signals were referenced to Pz, the ground
electrode was placed at AFz. Eye-movement activity was recorded using elec-
trodes at the outer canthi of both eyes and the left sub- and supraorbital posi-
tions. All signals were sampled at 500 Hz and analog filtered between 0.01 Hz and
70 Hz. Additionally, a 50 Hz notch filter was applied to remove interferences by
line frequency. Electrode impedances were kept below 10 kΩ. Data were digitally
saved for later offline analysis.

5.2.4 Data analysis

Behavioural data

Reaction times and responses were recorded and analysed in the encoding phase
as well as the recognition test. Reaction times of incorrect responses were re-
moved from further behavioural analysis.

The performance in the recognition test was additionally measured by subtract-
ing false alarms (new pictures misjudged as old) from correctly recognised old
items. This so-called ‘corrected hit-rate’ is a well-established measure to correct
for response biases and therefore provides an assessment of memory accuracy
(Spaniol and Bayen, 2004).

Electrophysiological data

The EEG analysis was conducted using EEProbe (ANT Software, Enschede).
Raw data were first examined for non-stereotyped artifacts like swallowing and
excessive electromyographic activity. Sections containing these types of artifacts
were removed from further analysis. As described in Chapter 4.1, stereotyped
artifacts resulting from eye-movement activity were corrected using Independent-
Component-Analysis (ICA) implemented in the open source toolbox EEGLAB
(Delorme and Makeig, 2004, http://www.sccn.ucsd.edu/eeglab). Subsequently,
the data were digitally high-pass filtered at 0.1 Hz and re-referenced to mean val-
ues of all electrodes except ocular electrodes and electrodes T7 and T8, as they
were often contaminated by activity of the masseter muscles. Further analysis
was conducted on two different epochs: The first epoch ranged from 200 ms before
to 600 ms after onset of the instruction screen (instruction epoch, IE), the second
epoch lasted from 200 ms before until 600 ms after stimulus onset to investigate
stimulus related activity (stimulus epoch, SE). An automatic artifact rejection
excluded epochs from further analysis, if the standard deviation in a moving 200
ms time-window exceeded 50 µV. Additionally, all trials were visually inspected
for possible remaining artifacts and rejected if necessary. Both groups did not
differ in percentage of remaining epochs after artifact rejection (ADHD patients:
86.9% ± 6%, healthy controls: 89.7% ± 7.1%; t24 = 1.104, p = 0.281). To avoid

39



Chapter 5. Experiment I: Behavioural relevance of evoked GBRs in ADHD
children and healthy participants

a decline in signal-to-noise ratio, I did not differentiate between trials correctly
recognised or forgotten in the later recognition test and kept all trials in the anal-
ysis. Baseline activity was calculated and subtracted from each epoch using the
time-window between 200 ms and 100 ms before onset of the instruction screen
and stimulus onset, respectively.

Time-frequency analyses were performed on a parieto-occipital region of inter-
est (ROI), which exhibited strongest activation in the gamma-band after visual
stimulation and comprised the electrodes P3, P4, P7, P8, O1, and O2. GBR
can be distinguished in evoked and induced activity. Evoked activity has been
analysed by transforming the averaged single-trials into the frequency domain
(see Chapter 4.3.2 for an detailed description). I focussed the analysis on evoked
GBRs and abstained from the investigation of the total GBRs since there was no
such activity visible in the current study.

Because of considerable interindividual variability in subjects’ peak-frequencies
in the evoked GBR (exemplary shown in Figure 5.2), I used each subject’s indi-
vidual peak-frequency in the gamma-band (30-80 Hz) for the wavelet transform,
defined as the highest GBR in the time-frequency plots averaged across all ROI
electrodes, separately for IE and SE, in the time interval between 50 ms and
150 ms (see e.g. Senkowski and Herrmann, 2002; Herrmann et al., 2004b; Lenz
et al., 2007, for a similar approach). The wavelet transform was computed by
convolving the raw EEG signal with a complex modulated Gaussian, allowing a
continuous measure of amplitudes for a given frequency component (Herrmann
et al., 2004a). At 40 Hz, the wavelet had a time resolution of 2σt = 50 ms and a
frequency resolution of 2σf = 13 Hz. The exact time-frequency resolution of the
wavelet depended on the analysed frequency.

Statistical analysis

Demographic and clinical characteristics between groups were investigated using
t-tests for independent samples.

For the encoding phase, averages and standard deviations were computed for
reaction times as well as correct responses and effects of GROUP (ADHD pa-
tients vs. healthy controls) were analysed using a t-test for independent samples.

Effects of GROUP on the corrected hit-rate were investigated using a t-test for
independent samples. As the evoked GBR showed a latency of around 80 ms in
IE and SE, statistical analyses of evoked GBRs in both epochs were performed
on mean amplitudes in the time window between 60 ms and 100 ms. To detect
GROUP differences in the evoked GBRs, t-tests for independent samples were run
separately for IE and SE. In order to assess relations between behavioural perfor-
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Figure 5.2: Depicted are the time-frequency plots
for 3 single subjects (healthy controls), averaged
across the analysed ROI and both task conditions.
Each subject shows a distinct and well-defined max-
imum in the gamma range at a specific frequency.
However, averaging the plots of all subjects results
in a more widespread activity covering a broader fre-
quency range and therefore leading to an activity pat-
tern that looks less distinct.

mance in the recognition test and evoked GBR in the encoding phase, post-hoc
Pearson correlations between the overall corrected hit-rate and GBR amplitudes
during IE and SE were calculated.

The alpha level for t-tests was a priori determined as 0.05. For all statistical
analyses the Statistical Package for the Social Sciences (SPSS), version 15 was
used (SPSS Inc., http://www.spss.com).
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5.3 Results

5.3.1 Behavioural performance

Participants performed the tasks in the encoding phase with high accuracy (see
Table 5.2). ADHD patients and healthy control subjects neither differed in re-
action time (t24 = -0.319; p = 0.752) nor in percentage of correct responses
(t24 = 0.550; p = 0.587).

In the recognition test, ADHD patients showed a slightly diminished recogni-
tion performance. However, this difference did not reach statistical significance
(t24 = 1.332; p = 0.195). Analysis of reaction times also yielded no significant
GROUP effects (t24 = -0.544; p = 0.591).

Table 5.2: Behavioural performance for ADHD patients and healthy control subjects.
Although ADHD patients showed longer reaction times and a slightly reduced performance in
the recognition test, these differences did not reach significance.

ADHD (N=13) Controls (N=13)
mean ± SD mean ± SD

Encoding phase
Reaction times in ms 670.8 (145.2) 649.9 (185.9)

Correct responses in % 96.8 (3.1) 97.6 (3.8)
Recognition test

Reaction times in ms 1034.0 (199.4) 989.4 (217.8)
Corrected hit-rate in % 41.7 (12.5) 47.6 (10.1)

5.3.2 Evoked gamma-activity

An analysis in the parieto-occipital ROI yielded no significant GROUP differ-
ences in gamma-band activity evoked by the instruction screen, which reminded
the subjects about the current task (t24 = -0.444, p = 0.661; see Figure 5.3A).
However, comparison of stimulus related GBR resulted in a significant GROUP
difference (t24 = -2.170; p = 0.04). ADHD patients exhibited enhanced ampli-
tudes as compared to healthy subjects (Figure 5.3A and B) in the parieto-occipital
ROI (Figure 5.3C).

5.3.3 Associations between behavioural performance and evoked GBR

Healthy control subjects showed a significant positive correlation between evoked
GBRs during the encoding phase and subsequent recognition performance as
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Figure 5.3: A: Time-frequency plots averaged across electrodes of the parieto-occipital ROI
and both task conditions reveal clear differences between healthy subjects and ADHD patients
in the GBR evoked by the stimulus (second row), while the instruction screen evoked comparable
activation in both groups (top row). B: Averaging the individual time courses of the wavelet
transform according to the peak frequency of each subject also demonstrates higher GBR
amplitudes for ADHD patients (red) compared to healthy subjects (blue). Data are exemplary
displayed for electrodes O1 and O2 and all stimuli were averaged, irrespective of the task
condition. C: The topographical maps, here depicted as mean of stimulus evoked GBR in the
analysed time-window, indicate strong GBR enhancements for ADHD patients in the parieto-
occipital ROI, which is emphasised by the oval.
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represented by corrected hit-rate (r = 0.636; p = 0.019). This indicated a bet-
ter performance for subjects who exhibited higher amplitudes in evoked GBRs
during encoding. Interestingly, this association was absent in the ADHD group
(r = 0.063, p = 0.839). This is depicted in Figure 5.4.

Recognition performance and GBRs evoked by the instruction screen were not
significantly correlated, neither in ADHD patients (r = -0.299; p = 0.320) nor in
healthy control subjects (r = 0.425; p = 0.148).

Figure 5.4: Correlations between average
corrected hit-rate (ordinate) and stimulus
evoked GBR in the parieto-occipital ROI (ab-
scissa). While the relationship between GBR
during the encoding phase and later recogni-
tion performance is clearly visible for healthy
subjects (top), this association is absent in the
ADHD group (bottom).

5.4 Discussion

This is the first study revealing differences between ADHD patients and healthy
control subjects in electrophysiological activity above 30 Hz during visual pro-
cessing. The intention was to shed further light on the role of evoked GBR
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accompanying pathological states such as ADHD and its relevance for memory
performance.

5.4.1 Group differences in evoked GBRs

Brain activity in the gamma-range has been repeatedly correlated with a multi-
tude of perceptual (Busch et al., 2004; Karakaş and Başar, 1998; Tallon-Baudry
et al., 1996) and cognitive functions (Başar-Eroglu et al., 1996; Başar et al., 1999,
2001; Engel et al., 2001). For the latter, modulations by tasks involving atten-
tion or memory processes could be elucidated, both for evoked (Tiitinen et al.,
1993; Herrmann and Mecklinger, 2001; Debener et al., 2003; Herrmann et al.,
2004b; Freunberger et al., 2007) and induced gamma oscillations (Tallon-Baudry
et al., 1998; Gruber et al., 2004; Lenz et al., 2007). As these processes are often
impaired in psychiatric disorders, there is a growing body of research associat-
ing GBR variations with different pathological states (Herrmann and Demiralp,
2005; Uhlhaas and Singer, 2006). Altered high-frequency oscillatory activity has
been described in disorders like schizophrenia (Clementz et al., 1997; Lee et al.,
2003; Gallinat et al., 2004; Başar-Eroglu et al., 2007), autism (Grice et al., 2001;
Brown et al., 2005; Orekhova et al., 2007), or affective disorders (Strelets et al.,
2007), where increased as well as decreased GBRs have been found to be asso-
ciated with impairments in different cognitive functions. However, to date there
was only one study investigating GBRs in ADHD patients. In an auditory target
detection paradigm, Yordanova et al. (2001) encountered enhanced evoked GBRs
for stimuli presented to the right ear for both attended and ignored stimuli. They
interpreted their finding as a marker of impaired motor inhibition in ADHD. I also
observed comparable enhancements in these data. While there were no signifi-
cant differences between healthy subjects and ADHD patients in the behavioural
performance, the electrophysiological results highlight a clear augmentation of
visual evoked GBRs in a parieto-occipital region, which is involved in the pro-
cessing of visual stimuli. Interestingly, this augmentation could only be found for
stimuli, that were directly relevant for solving the required task and demanded a
behavioural response. The difference was not visible in the evoked GBR following
the instruction screen, which reminded the subjects about the current task. This
absence of an effect probably results from the fact that the instruction screen
remained constant across a whole run and the repeated extraction of stimulus
features was not necessary.

According to Yordanova et al. (2001), one could assume impaired motor inhibition
to be the crucial factor for the observed GBR increases regarding task-relevant
stimuli since all stimuli required motor responses. However, the enhancement
affected a parieto-occipital area and for this reason a pure relation to impaired
motor preparation seems improbable. In my opinion, the stronger evoked GBRs
could be indicative of additional neural activation in ADHD patients to compen-
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sate for less efficient processing during extraction of stimulus features and inte-
gration of the perceived sensory input. Imaging studies support this assumption
demonstrating task-related compensatory activation as response to developmen-
tal deviations from normal maturational processes (Durston et al., 2003; Krauel
et al., 2007; Sheridan et al., 2007). Interestingly, GBRs also show a direct relation
to task demands (Yordanova et al., 1997; Senkowski and Herrmann, 2002) and
vigilance (May et al., 1994) as well as voluntary allocation of attentional resources
(Landau et al., 2007). Hence, it seems convincing to assume a higher activation
of processing resources in ADHD patients for task-relevant stimuli, reflected by
enhanced activity in the gamma-range.

It has been argued that electromyographic activity (EMG), possibly generated by
neck muscles, could account for the described GBR difference (Whitham et al.,
2007), potentially originating from the distinct hyperactive behaviour of ADHD
patients. There are several points that suggest a brain origin of the measured
activity: First of all, I removed even minimal myogenic activity after exact vi-
sual inspection of the raw data. Thus, I avoided artifact contamination as far
as possible. Secondly, if the signal would merely reflect EMG activity stemming
from pronounced motor hyperactivity in ADHD patients, this GBR enhancement
should also appear during the instruction epoch, which was not the case. Finally,
the investigated signals are strongly phase-locked to the stimulus-onset. Thus, it
is very unlikely that they represent the mostly randomly occurring EMG activ-
ity. Instead, these oscillations can be interpreted as a marker of active stimulus
processing, which is essential for successful task performance.

5.4.2 Association between evoked GBRs and subsequent memory

performance

A relation between evoked GBRs and cognitive processes is also supported by
the observed correlation between the amplitude of evoked GBR during stimu-
lus encoding (but not during the instruction epoch) and the performance in the
recognition test as measured by the corrected hit-rate, which was only present in
healthy subjects. The link between brain activity during encoding and later item
recognition has been previously demonstrated for oscillatory activity in the alpha
and theta range (Klimesch et al., 1996; Klimesch, 1999; Doppelmayr et al., 2000)
as well as induced GBR (Sederberg et al., 2003; Osipova et al., 2006; Busch
et al., 2008b). Gruber et al. (2004) also reported this association for induced
GBR. However, the induced activity in their study peaked around 200 - 300 ms
after stimulus onset. For the first time, the current study reveals a significant
correlation between evoked GBR during the first 100 ms of stimulus encoding
and subsequent recognition performance. Thus, these data suggest a direct link
between electrophysiology and behaviour in healthy subjects, reflected by a bet-
ter recognition performance of those subjects which exhibited enhanced evoked
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GBRs during stimulus encoding. Hence, one could argue that ADHD patients,
who are characterised by augmented GBR during stimulus encoding, should ben-
efit and show a better recognition performance. However, the corrected hit-rates
of ADHD patients did not significantly differ from healthy subjects in the cur-
rent study and the described correlation was not visible for the patient group. If
anything, the patients demonstrated a tendency for a slightly reduced recogni-
tion performance. This is another evidence for an unspecific neuronal excitation
reflected by enhanced gamma activity. The unspecific and uncorrelated enhance-
ment of excitation probably resulted in a downgraded signal-to-noise ratio and
might be the reason for different aspects of ADHD pathology like an impairment
to maintain attentional focus or hyper-active behaviour.

5.4.3 Possible interactions of ADHD neurobiology and evoked GBRs

Interestingly, neuronal fine-tuning of the enhanced excitation in ADHD patients
can be achieved by medical treatment with methylphenidate, which blocks dopa-
mine transporters (Kuczenski and Segal, 1997; Seeman and Madras, 1998; Solanto,
2002), resulting in an increased concentration of extracellular dopamine (Krause
et al., 2000; Spencer et al., 2000; Volkow and Swanson, 2003). This raises the
signal-to-noise ratio with enhanced task-related cell firing (Volkow et al., 2001)
by changing the relation between excitatory and inhibitory actions in tonic and
phasic dopaminergic neural activity (Devilbiss and Berridge, 2006). According
to the model of dopamine dysfunction by Grace (2001), ADHD patients are
characterised by lowered tonic dopaminergic activity leading to decreased tonic
stimulation of inhibitory autoreceptors. This results in enhanced phasic activity
causing dysregulated motor and impulse control (Grace, 2001). Treatment with
methylphenidate augments tonic dopamine levels elevating stimulation of presy-
naptic autoreceptors, attenuating phasic dopamine release to normal levels and
yielding less postsynaptic activation (Grace, 2001; Seeman and Madras, 2002;
Levy, 2004). Thus, dopamine tone is increased and phasic release is diminished
facilitating inhibition and increasing the signal-to-noise ratio (Silk et al., 2005).
This enhanced phasic dopaminergic cell firing in unmedicated patients is in line
with the postulated positive correlation between dopaminergic activity and GBRs
(Herrmann and Demiralp, 2005) and the results of enhanced GBRs in ADHD pa-
tients.

Further insights for stronger GBRs can be recovered from genetic research on
ADHD unveiling polymorphisms, which seem to contribute to the pathology
(Swanson et al., 2000), in candidate genes in the dopaminergic pathway such
as the DRD4 (Faraone et al., 2001; Roman et al., 2001; Gornick et al., 2007)
and DAT1 polymorphism (Cook et al., 1995; Gill et al., 1997). Several studies
demonstrated an increased transporter density and activity in ADHD patients
(Dougherty et al., 1999; Dresel et al., 2000; Madras et al., 2002). This results
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in a lower availability of dopamine in the synaptic cleft (Vles et al., 2003) caus-
ing ineffective dopaminergic neurotransmission and impaired ability to suppress
background neural noise, especially in brain regions involved in attention and
behaviour (Swanson et al., 2000). It is noteworthy, that the above-mentioned
polymorphisms are also associated with high-frequency EEG activity. Demiralp
et al. (2007) studied GBRs in healthy subjects with and without these DRD4
and DAT1 variants in an auditory target detection experiment. They observed
augmentations of evoked and induced gamma-band activity in response to all
stimuli in subjects exhibiting the DRD4 polymorphism and enhanced evoked
GBRs only for target stimuli in the DAT1 group, in the absence of any effect on
any other investigated frequency band (delta, theta, alpha, beta) or wideband
ERP waveforms. Hence, ADHD patients, bearing a higher probability to show
these polymorphisms, are also likely to exhibit stronger GBRs related to impaired
dopaminergic neurotransmission. This notion is supported by the current results.
The differential effect of a GBR enhancement for attentively processed stimuli but
not for the instruction screen is in line with selectively enhanced gamma activity
for targets in the DAT1 group of Demiralp et al. (2007). Additional evidence is
illustrated by studies describing clinical differences between ADHD patients in
dependency on the polymorphisms, for instance a more likely diagnosis as ADHD
combined type (Waldman et al., 1998) or rather more distinctive hyperactive be-
haviour (Bellgrove et al., 2005) for patients with the DAT1 polymorphism. Thus,
although there is no information about the genetic background of the participat-
ing subjects, more patients in the current sample show ADHD combined type.
This could be an indicator for a higher number of subjects having the DAT1
polymorphism which predisposes for ADHD and resulted enhanced gamma ac-
tivity in the study by Demiralp et al. (2007), resulting in enhanced GBR to task
relevant stimuli in this experiment. Unfortunately, the sample size did not suf-
fice to test for differences between ADHD subtypes. This could be subject of
future work, particularly since this could contribute to the discussion about the
existence of these DSM-IV defined subtypes (Clarke et al., 2002; Barkley, 2003).
However, the direct linkage between ADHD, genetic polymorphisms and GBR
remains to be established in future studies, as well as expected differences during
GBR measurement under methylphenidate treatment, which could be assumed
to yield normalised activity in the gamma-band.

5.5 Conclusions

The current study revealed stimulus-related augmentations of evoked GBRs dur-
ing early visual processing of task relevant stimuli in ADHD patients and assume
them to be a result of enhanced excitation levels and unspecific activation of pro-
cessing resources. This compensation for inferior performance by enhanced activ-
ity could potentially result in an increase of performance to the level of healthy
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subjects. However, it may also lead to a downgraded neuronal signal-to-noise ra-
tio, partially caused by impaired dopaminergic neurotransmission, contributing
to different aspects of the pathology of ADHD.
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CHAPTER 6

Experiments II & III: Cognitive relevance of evoked GBRs in

ADHD children and healthy participants

The study described in this chapter is currently under review:
Lenz D, Krauel K, Flechtner HH, Schadow J, Hinrichs H, Herrmann CS (under
review)
Altered evoked gamma-band responses reveal impaired early visual processing in
ADHD children
Biological Psychiatry

6.1 Introduction

Epidemiological studies indicate that an estimated number of 4% to 7% of chil-
dren worldwide is affected by developmentally inappropriate degrees of inatten-
tion, impulsivity, and hyperactivity (Spencer et al., 2007). Thus, attention-
deficit/hyperactivity disorder (ADHD) is one of the most frequently diagnosed
psychiatric disorders in childhood and adolescence (Biederman and Faraone,
2005). In order to investigate one of the core symptoms, inattention, experi-
mental paradigms require participants to selectively shift their attentional focus
to a specific stimulus while ignoring other stimuli appearing within a stream of
visual or auditory events. In those tasks, ADHD patients typically show a higher
number of omission errors or false alarms than healthy children (e.g. Jonkman
et al., 1997). The EEG allows the analysis of the exact time-course underlying
these impairments (Loo and Barkley, 2005; Banaschewski and Brandeis, 2007;
Rothenberger, 2009), indicating smaller amplitude differences between attended
(relevant) and unattended (irrelevant) stimuli in ADHD patients in comparison to
healthy children in those components of the event-related potential (ERP) associ-
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ated with task-relevant processing (e.g. the P3; Satterfield et al., 1994; Jonkman
et al., 1997; Brandeis et al., 2002). Thus, insufficient preferential processing of
task-relevant stimuli could arise from deficits in discriminating relevant and irrel-
evant information (Satterfield et al., 1994). In auditory information processing,
there is agreement that these deficits around 300 ms are preceded by impairments
at earlier stages, representing inefficient filtering of relevant information (John-
stone et al., 2001; Jonkman et al., 2004). However, contrary findings are reported
for visual processing (Tannock, 1998). Impaired filtering or orienting during early
stages of stimulus evaluation in the visual modality have been reported (Robaey
et al., 1992; Jonkman et al., 1997; Karayanidis et al., 2000), but are in contrast
to findings of intact early visual processing (Satterfield et al., 1994; Novak et al.,
1995; Strandburg et al., 1996).

Therefore, it is still unclear whether early visual processing deficits contribute to
the ADHD pathology. In order to investigate this discrepancy, evoked gamma-
band responses (GBRs) can be considered as a suitable measure for elucidating
early visual processing in ADHD patients: Occurring as early as 100 ms after
visual stimulation, high-frequent oscillatory activity in the gamma-band (30-80
Hz of human EEG) is one of the earliest cortical responses associated with im-
portant aspects of visual processing (Başar et al., 2001). Due to the fact that
evoked GBRs are stable within an individuum but vary across individuals (Fründ
et al., 2007), they have been considered a trait variable (Zaehle et al., 2009). Al-
lowing a precise temporal coordination of and communication between spatially
distributed cortical networks during information processing (Fries, 2005), GBRs
are involved in integrating sensory information and enable a rapid analysis, en-
coding, and categorisation of incoming information in a variety of cognitive pro-
cesses (Başar-Eroglu et al., 1996; Herrmann et al., in revision), e.g. feature binding
(Engel and Singer, 2001), object processing (Tallon-Baudry and Bertrand, 1999),
attention (Tiitinen et al., 1993; Debener et al., 2003), and memory (Herrmann
et al., 2004c; Kaiser and Lutzenberger, 2005; Gruber and Müller, 2006). This,
in turn, facilitates a fast allocation of attentional resources that is necessary for
the estimation of the importance of e.g. external events, but also requires a fast
extraction and analysis of stimulus features and an internally driven comparison
with representations stored in memory. Evoked GBRs have been demonstrated to
be involved in such memory processes as they are enhanced when known stimuli
match their representation stored in memory (Herrmann et al., 2004b). Thus, as
attentional capacity is limited, this fast mechanism allows a rough classification
of incoming information with respect to their relevance at a very early process-
ing stage, indicating an early processing advantage for stimuli that already have
a representation in memory and, afterwards, enabling an efficient allocation of
attentional resources. This link between attentional and memory processes has
been summarised in the ‘Match-and-Utilisation-Model’ (MUM) (Herrmann et al.,
2004c). In this model, attention gains the role of a modulating factor that en-
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ables the matching process, but is, in turn, also modulated by the result of this
match. Therefore, as evoked GBRs gain a pivotal role in early visual processing
and index disordered perceptual abilities (Spencer et al., 2004), they can be con-
sidered a suitable measure for assessing early visual processing in ADHD patients.

As demonstrated in Experiment I, altered very early stages (<100 ms) of vi-
sual processing can be observed in ADHD children (see Chapter 5): During the
encoding phase of a visual short-term memory paradigm, ADHD patients showed
enhanced evoked GBRs compared to an age-matched sample of healthy children.
Interestingly, evoked GBR amplitudes of healthy participants were associated
with their task performance in the subsequent recognition test, where partici-
pants yielded a better recognition rate when they exhibited higher evoked GBRs
during stimulus encoding. In contrast, the augmented evoked GBRs of ADHD
patients were not related to recognition performance. Thus, the ADHD patients
showed unspecifically increased evoked GBRs, but did not benefit from these.
Additional support for altered early stages of information processing in ADHD
was raised by the result of enhanced evoked GBRs in ADHD patients during
auditory stimulus processing (Yordanova et al., 2001). To my knowledge, these
are the only reports associating early GBRs with the pathology of ADHD, even
though a dysfunction at this early automatic processing stage could influence
subsequent processing, yielding impairments in the ability to discriminate rel-
evant from irrelevant information and inappropriate reallocation of attentional
resources as it is reported for ADHD patients.

The aim of the current experiments was to shed additional light on early visual
processes in ADHD patients. In particular, I investigated early memory based
classification processes reflected by evoked GBRs as a possible neuronal correlate
of an early dysfunction in information processing that could, according to the
MUM, be directly related to the ADHD pathophysiology. The experimental pro-
cedure was based on a paradigm that elucidated the crucial role of evoked GBRs
during early visual processing in healthy adults (Herrmann et al., 2004b), show-
ing clear enhancements of evoked GBRs following stimuli already represented
in long-term memory. However, before examining ADHD patients I aimed to
investigate whether employing the identical paradigm in healthy children yields
comparable results as demonstrated in healthy adults.

6.2 Experiment II: Pilot study on evoked GBRs in healthy
children

Prior studying early visual memory matching processes reflected in the evoked
GBR of ADHD patients, it is essential to elucidate whether healthy children show
similar enhanced evoked GBRs for known stimuli as reported for healthy adults.
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This is an important issue since human development during childhood is char-
acterised by major structural and functional brain changes (Sowell et al., 2003;
Toga et al., 2006). Electrophysiological correlates of these major developmental
changes have been detected in the ERP (Dustman et al., 1993; de Haan, 2008)
as well as evoked GBRs (Böttger et al., 2002; Yordanova et al., 2002; Yordanova
and Kolev, 2008). Moreover, there is recent evidence that the extent of neural
synchrony in the gamma-band is directly mirrored by different stages of brain
maturation during human development, demonstrating peaks and troughs at dif-
ferent age groups (Uhlhaas et al., 2009). Thus, it is plausible to assume that
children and adolescents might show a different pattern of evoked GBRs during
the sensory encoding, evaluation, and classification of visual input.

Within a pilot study, I addressed this question by recording EEG from fifteen
male, healty children and adolescents (mean age: 14.4 ± 1.5 years). The ex-
perimental procedure and stimulus material was identical to that employed in
the investigation of healthy adults (see Herrmann et al., 2004b, for a detailed
description). In short, the participants were asked to decide as fast as possible,
whether they perceived visual stimuli as either edgy or curvy. Irrespective of
this task, the stimulus set consisted of 96 stimulus pairs, either depicting known
real-world items which were supposed to activate a representation in LTM, or
physically similar, unknown items. Each figure subtended a visual angle of 5◦ to
10◦ and was presented at center of the screen for 1000 ms, followed by an inter-
stimulus interval randomised between 1300 and 1700 ms, during which a black
fixation cross was shown. Assessment and analysis of evoked GBRs were iden-
tical to Experiment III of this thesis and are illustrated in detail in Chapter 6.3.1.

The analysis within a posterior ROI yielded no effect of stimulus type (known
vs. unknown). Thus, in contrast to healthy adults there was no enhanced evoked
GBR for known items that were already represented in LTM (F1,24 = 1.48; n.s.).
However, as visible in Figure 6.1B, the grand-average of the individually adapted
time-courses of evoked GBRs demonstrated no peak at all within the time-range
typically characterised by GBR enhancements after visual stimulation (50 ms to
150 ms). In order to test, whether this post-stimulus activity was actually en-
hanced compared to pre-stimulus activity, I contrasted the amplitude maxima
during a pre-stimulus time-interval (-100 ms to 0 ms) and this post-stimulus in-
terval, revealing no significant amplitude differences between both (F1,14 = 0.95;
n.s.).
Thus, these results support the fact of age dependent variations of scalp mea-

sured evoked GBRs (Böttger et al., 2002; Yordanova and Kolev, 2008). More
importantly in the context of the aim of this pilot study, the stimuli used in this
paradigm did not evoke a distinct GBR in healthy children. This clearly indicates
that the stimulus material in its current form cannot be identically transferred
from adult participants to children and is not suitable for comparing early top-
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Figure 6.1: A) The time-courses of evoked GBRs of healthy adults at a posterior electrode site
demonstrate a clear peak around 90 ms after stimulus onset that is significantly enhanced when
stimuli match a representation stored in memory. B) Employing the same stimulus material in
healthy children, no clear peak deviating from background noise is detectable and evoked GBRs
do not differentiate with respect to memory contents. C) After modification of the stimulus-set
by increasing the stimulus size, line thickness, and trial number (improving the signal-to-noise
ratio), healthy children presented a clear peak in evoked GBR, too. Furthermore, evoked GBRs
at 90 ms were also significantly enhanced for known items already stored in memory (see the
full description of this experiment in the following Chapter 6.3).

down processes in healthy children and ADHD patients. A possible explanation
for this finding can be drawn from a recent report by Busch et al. (2006): The
authors demonstrated that modulations of early evoked GBRs reflect not only
bottom-up (Busch et al., 2004; Schadow et al., 2007b) and top-down (Herrmann
et al., 2004b; Schadow et al., 2009b) processes, but an early interaction between
both (Busch et al., 2006). According to that, the detection of top-down effects
on evoked GBRs in scalp measured EEG depends on a sufficient bottom-up in-
put, e.g. an adequate size and intensity of the stimulation. Interestingly, there is
evidence that bottom-up driven modulations also interact with the age of inves-
tigated subjects: Children and adolescents necessitate larger stimuli to exhibit
evoked GBR amplitudes that are similar to GBR amplitudes evoked by smaller
stimuli in adult participants (Werkle-Bergner et al., 2009). These results suggest
that the converging findings concerning the evoked GBR patterns of children in
the current study and healthy adults might be caused by inadequate bottom-up
stimulus features being more pivotal in the investigation of children and ado-
lescents. Therefore, a modification of the bottom-up input with respect to the
stimulus size and salience could enhance stimulus evoked GBRs and facilitate the
detection of top-down effects in children.

55



Chapter 6. Experiments II & III: Cognitive relevance of evoked GBRs in
ADHD children and healthy participants

To account for this, I adjusted the stimulus-set to be used in Experiment III
by increasing the size and line thickness of the presented stimuli. Additionally,
new stimulus pairs were added to improve the signal-to-noise ratio.

6.3 Experiment III: Altered evoked GBRs reveal impaired
early visual processing in ADHD children

6.3.1 Experimental procedure

Participants

Twentysix boys were included in the current study (13 ADHD patients and 13
healthy participants). Patients were referred to the study by the Clinic of Child
and Adolescent Psychiatry in Magdeburg, healthy children were recruited through
local press announcements. All children as well as their parents were interviewed
separately by clinical child psychologists with the German translation of the Re-
vised Schedule for Affective Disorders and Schizophrenia for School-Age Children:
Present and Lifetime Version (Kaufman et al., 1997; Delmo et al., 2000). All pa-
tients met diagnostic criteria for ADHD according to the DSM-IV (8 combined
type, 5 inattentive) (American Psychiatric Association, 1994) and showed no
present or lifetime criteria for any other psychiatric disorder except five patients
who also met criteria for ODD or CD. Six patients received medical treatment,
but discontinued their medication at least 24 hours prior to the EEG session. Ac-
cording to the structured clinical interview, there was no evidence for any previous
or current psychiatric disorder in the group of healthy participants. Additionally,
for none of the children in both groups present or past neurological disorders or
substance abuse were reported. As human GBR varies with age (Böttger et al.,
2002; Yordanova et al., 2002), both groups were pairwise age matched in a range
between 11 and 17 years to avoid confounds resulting from age differences. All
participants scored higher than 90 on the Culture Fair Intelligence Test (Weiss,
1997), IQ scores did not differ significantly between both groups.

The Child Behaviour Checklist (CBCL; Achenbach, 1991a) and the Youth Self-
Report (YSR; Achenbach, 1991b) served as additional measures to characterise
the current sample. One participant in each group was left handed, determined
with the Edinburgh Handedness Inventory (Oldfield, 1971). All children had nor-
mal or corrected to normal vision. The demographic and clinical characteristics
of the sample are presented in Table 6.1.

This study was approved by the local ethics committee of the Otto-von-Guericke-
University Magdeburg. All participants as well as their parents gave written
informed consent/assent. The children were reimbursed with vouchers for their
attendance.
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Table 6.1: Demographic and clinical characteristics of the current sample

ADHD (N=13) Controls (N=13) p-value
mean (± SD) mean (± SD)

Age 13.9 (2.0) 13.8 (2.0) n.s.
IQ 103.3 (8.0) 109.9 (11.3) n.s.
CBCL
Attention problems 66.7 (4.9) 54.58 (5.7) <.001
Delinquent rule 55.8 (5.1) 52.6 (5.6) n.s.
breaking behaviour
Aggressive behaviour 59.3 (6.4) 53.3 (3.3) <.05
Internalising 54.1 (5.6) 50.0 (7.8) n.s.
Externalising 58.2 (5.3) 48.2 (10.1) <.001
YSR
Attention problems 60.5 (8.2) 53.2 (6.6) <.05
Delinquent rule- 55.3 (7.1) 54.0 (4.3) n.s.
breaking behaviour
Aggressive behaviour 58.4 (8.2) 51.3 (2.2) <.05
Internalising 52.7 (11.7) 49.5 (8.3) n.s.
Externalising 54.0 (11.0) 48.7 (5.9) n.s.

Stimuli and task

The participants performed a simple forced choice reaction task adapted from
a previous study (Herrmann et al., 2004b). They were asked to decide as fast
as possible, whether they perceived visual stimuli as either edgy or curvy. The
decision was indicated by pressing one of two buttons with the left or right in-
dex finger, respectively. The mapping of left or right key to the two response
conditions was counterbalanced across all participants. The picture set consisted
of 130 pairs of black and white line drawings, either depicting real-world items
(e.g. elephant, guitar, pencil) or unknown, new items. The current paradigm
was modified considering the results of Experiment II: 34 new picture pairs were
added to increase the trial number. Additionally, all stimuli were revised and
modified increasing line-width and stimulus size (8◦ to 12◦ visual angle) to evoke
clearly visible responses deviating from background noise. To avoid confounds
resulting from differences in physical stimulus characteristics such as the number
of black and white pixels, edges, and the overall form of the stimuli, these features
were kept roughly unchanged between both stimulus conditions by constructing
unknown items through a rearrangement of parts of the real-world items. Thus,
130 pictures had an existing representation in memory (known items), whereas
130 physical similar pictures had none (unknown items). The children were not
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informed about this differentiation.

Prior to the experiment, all children received a written task instruction displayed
on the computer screen and performed a short practice block containing ten
stimulus pairs with known and unknown items, being not used in the actual
experiment. They were also informed that their judgement was subjective and
no correct or wrong answer could be given. The experiment consisted of five
blocks of equal length (52 stimuli in each block), separated by brief pauses. The
stimulus sequence was pseudorandomised and identical for each participant. The
figures were shown at the centre of the screen against a white background for
1000 ms, followed by an interstimulus interval randomised betweeen 1300 and
1700 ms where a black fixation cross was shown. The experiment was performed
using Presentationr (http://www.neurobs.com). The temporal sequence of the
paradigm as well as stimulus examples are depicted in Figure 6.2.

Figure 6.2: Children were instructed to decide as fast as possible, whether the picture appeared
more curvy or edgy. They were not informed about the differentiation between known and
unknown items. Each item occurred in its original form (e.g. the lorry truck) and also as
rearranged unknown item (e.g. the not identifiable snowman). Please note the counterparts
of these examples below the drawings that were also presented during the experiment and
displayed similar physical characteristics.
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Data acquisition

In order to avoid electrical interferences from line frequency, the experiment was
performed in an electrically and acoustically shielded cabin, where no devices re-
quiring AC power supply were operated (IAC GmbH, Niederkrüchten, Germany).
Visual stimulation was provided by a Dell 24” TFT display (model 2405 FPW),
placed at a distance of 100 cm outside the cabin behind an electrically shielded
glass window.

The EEG was recorded using 31 sintered Ag/AgCl-electrodes mounted in an elas-
tic cap (Easycap GmbH, Herrsching-Breitbrunn, Germany). These were placed
according to the 10-10 system and connected to a BrainAmp amplifier (Brain
Products, Munich, Germany). Signals were referenced to a nose-tip electrode,
and the ground electrode was placed at AFz. Eye-movement activity was mon-
itored using an additional electrode placed suborbitally to the right eye. All
signals were digitised at 500 Hz and analog filtered between 0.016 Hz and 250
Hz. Electrode impedances were kept below 10 kΩ and the digitised signal was
transferred to a computer outside the cabin using a fiber optic cable for later
offline analysis.

Data analysis

Reaction times (RT) were recorded and analysed. Trials in which the RT exceeded
two standard deviations from the mean were removed from the behavioural anal-
ysis. Mean RTs and standard deviations were statistically assessed by repeated
measures ANOVAs with the within-subject factor CONDITION (known vs. un-
known) and the between-subject factor GROUP (ADHD patients vs. healthy
participants).

The analysis of electrophysiological data was conducted using EEProbe (ANT
Software, Enschede, The Netherlands). Raw data were examined for non-stereo-
typed artifacts like swallowing and excessive electromyographic activity which
were removed when necessary. Afterwards, eye-movement artifacts were corrected
as described in Chapter 4.1 using Independent-Component-Analysis (ICA), based
on the extended infomax algorithm implemented in the open source toolbox
EEGLAB (Delorme and Makeig, 2004, http://www.sccn.ucsd.edu/eeglab). Sub-
sequently, a digital high-pass filter of 0.1 Hz was applied and data were epoched
starting 300 ms before until 600 ms after stimulus onset. An additional automatic
artifact rejection excluded epochs from analysis, if the standard deviation in a
moving 200 ms time-window exceeded 40 µV. Afterwards, all trials were visually
inspected for remaining artifacts and rejected if necessary. Baseline activity was
calculated and subtracted from each epoch using the time window between 200
ms and 100 ms before stimulus onset for time-frequency as well as ERP analysis.

59



Chapter 6. Experiments II & III: Cognitive relevance of evoked GBRs in
ADHD children and healthy participants

To avoid loss of statistical power, electrodes which exhibited strongest activations
in the gamma-band were pooled in a posterior region of interest (ROI), compris-
ing the electrodes P3, P4, P7, P8, Pz, O1, and O2. GBRs can be distinguished
in evoked and induced activity. Evoked activity as analysed in the current study
is strictly phase-locked to the stimulation and appears within the first 150 ms
after stimulus onset. Analysis is conducted by transforming the averaged single-
trials (the ERP) into the frequency domain (see Chapter 4.3.2). There is broad
evidence for a notable interindividual variability in the frequency of oscillatory
activity (see Figure 6.3 for an illustration). Therefore, I used each participants’
individual peak-frequency in the gamma-band for the wavelet transform. To de-
termine this individual frequency, the wavelet transformation was performed for
each frequency bin in the gamma-frequency range (30-80 Hz) in steps of 1 Hz.
A peak was defined as the highest response in the time interval between 50 ms
and 150 ms in the time-frequency plots of the ROI average, separately for each
of the two conditions. Both groups did not differ significantly in the mean peak
frequencies (ADHD patients: 50 Hz ± 11; Healthy participants: 55 Hz ± 12).
Additionally, peak amplitudes of the ERP components were analysed for P1 (90

Figure 6.3: Depicted are the ROI-averaged time-frequency plots of four representative partic-
ipants for the ‘known’-condition (left: two healthy participants; right: two ADHD patients).
For each participant, a well-defined peak activity at a specific frequency in the gamma range is
visible. However, individual differences in the peak frequency are also observable (top: maxi-
mum at lower frequency, bottom: maximum at higher frequency). Thus, averaging the plots of
all participants results in spreading of activity over a broader frequency range. Therefore, the
activity patterns of averaged time-frequency plots as depicted in Figure 6.4 look less distinct.

ms - 160 ms), N1 (150 ms - 200 ms), P2 (210 ms - 250 ms), and frontal negativity
(260 ms - 400 ms). Mean amplitudes were computed to assess the posterior P3
component (280 ms - 400 ms). ERP analyses were also run on two ROIs that
showed the highest activity according to the analysed component: a frontal ROI
for analysis of the frontal negativity (electrodes Fp1, Fp2, F3, F4, F7, F8, and
Fz) and a posterior ROI for analysis of the remaining components comprising the
same electrodes as in the time-frequency analysis.
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Statistical analysis on evoked GBRs as well as ERP components were run us-
ing separate repeated measures ANOVAs with the within-subject factor CON-
DITION and the between-subject factor GROUP. Significant interactions were
assessed by repeated measures ANOVAs (factor: CONDITION) separately for
each group. The alpha-level for all statistical tests was a priori determined as
0.05.

6.3.2 Results

Behavioural data

The analysis of behavioural data revealed no main effects of GROUP or CON-
DITION on reaction times (ADHD patients: 729 ± 76 ms; healthy participants:
731 ms ± 203 ms). Although not statistically significant, there was a trend for
a slightly higher within-subject response variability in the patient group (mean
standard deviation of healthy participants: 113 ms; ADHD patients: 135 ms;
F1,24 = 3.05; p = .093).

Electrophysiological data

As depicted in Figure 6.4, the time-frequency analysis within the posterior ROI
yielded clearly visible evoked GBRs in both conditions and groups peaking around
90 ms after stimulus onset. Figure 6.1 also contrasts the results of evoked GBRs
of healthy subjects in Experiment II and III, repsectively, depicting a strong
augmentation of evoked GBRs after employing the modified stimulus material
in the current study. Although there was no significant main effect of CONDI-
TION or GROUP, there was a significant CONDITION × GROUP interaction
(F1,24 = 5.58; p = .027): Only healthy participants showed significantly enhanced
evoked GBRs following known items compared to responses evoked by unknown,
new pictures (F1,12 = 5.32; p = .04). In contrast, ADHD patients failed to show
such early differentiation between known and unknown items as they evoked sim-
ilar GBRs in both conditions (F1,12 = 1.47; n.s.). The ERP analysis revealed no
statistically significant main effects of CONDITION or GROUP on the ampli-
tudes of early components such as P1 and N1. Within the time range of P2 and
P3, there was a stronger positivity for unknown items compared to known items
(CONDITION: P2: F1,24 = 36.20; p < .001; P3: F1,24 = 132.33; p < .001). Over-
all, the amplitudes were significantly decreased in the patient group (GROUP;
P2: F1,24 = 10.97; p = .003; P3: F1,24 = 6.48; p = .018). Analysis of the frontal
negativity revealed a larger amplitude following known items (F1,24 = 14.05;
p < .001). However, there was a significant interaction of GROUP × CONDI-
TION (F1,24 = 5.46; p = .028). Separate ANOVAs in each group resulted in
a significant main effect of CONDITION only in the patient group, revealing a
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Figure 6.4: Top: The time-frequency plots averaged across all seven ROI electrodes depict
strong differences in the memory based activation pattern of healthy participants (left) and
ADHD patients (right): Healthy participants showed significantly augmented GBRs following
stimuli that matched with a representation already stored in memory (red line) compared to
new items without such memory representation (blue line) as early as 90 ms after stimulus onset,
whereas evoked GBRs of ADHD patients did not differentiate between these conditions yielding
similar amplitudes. Bottom: Averaging the individual time-courses of the wavelet transform
according to the peak frequency of each participant across all ROI electrodes also demonstrates
larger evoked GBR amplitudes for known items in the group of healthy participants only.

higher negativity for known stimuli in this group (ADHD patients: F1,12 = 22.75;
p < .001; healthy participants: F1,12 = 0.84; p = .377). The ERP time-courses
at representative electrodes are depicted in Figure 6.5.

6.4 Discussion of Experiments II & III

The current studies examined early visual processing of ADHD patients as well
as healthy participants with the aid of measuring evoked GBRs during a simple
forced choice reaction task.

Contrary to the results of Experiment II, healthy children demonstrated a clear
peak of evoked GBRs during processing of the modified stimulus material em-
ployed in Experiment III. This raises support for evoked GBRs being an early
interface of interacting bottom-up and top-down processes (Busch et al., 2006)
as well as a link between bottom-up processing and brain development (Werkle-
Bergner et al., 2009). These results suggest, that the stimulus material employed
to study top-down driven processes has to be carefully selected and cannot be
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Figure 6.5: Grand-average of event-related potentials at electrodes selected from the frontal
(F3/F4) as well as posterior ROI (O1/O2). While P1 and N1 amplitudes differed neither
between both groups (ADHD patients: dashed lines; healthy participants: solid lines) nor be-
tween both conditions (red lines: known items already stored in memory; blue lines: new items
without memory representation), amplitudes of P2 and P3 were more positive for unknown,
new items and in the group of healthy participants. Over frontal areas and starting at about
200 ms, only ADHD patients showed a significantly higher negativity following pictures with
memory representation. Please note the different amplitude scalings at frontal and posterior
electrodes.

easily transferred from one investigated age group to another.

Furthermore, Experiment III revealed enhanced evoked GBRs in healthy children
following visual stimuli that matched with a representation stored in memory.
This confirms that evoked GBRs play a fundamental role in early visual memory
matching processes as demonstrated for healthy adults (Herrmann et al., 2004b).
Similar results were reported for the auditory domain: A very recent study re-
vealed that ones own cell phone ringtones that have a high personal significance
and are individually represented in each participant’s memory, elicit an enhanced
evoked GBR during the first 60 ms after stimulus onset compared to new, un-
known ringtones (Roye et al., 2009). Moreover, I could demonstrate that early
evoked GBRs reflect anticipatory top-down modulation in the auditory cortex as
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these are significantly increased when a perceived sound within a tone sequence
matches the mental representation of its anticipation (Schadow et al., 2009b).
These results highlight the importance of evoked GBRs during early automatic
classification processes, enabling a fast and efficient memory based categorisation
of incoming information as outlined in the MUM (Herrmann et al., 2004c). In this
model, attention as a central factor during information processing, facilitates the
matching process between incoming information and stored memory contents. In
turn, the successful completion of this match also improves attentional processes
such as resource reallocation.

This study demonstrates for the first time that ADHD patients, in contrast to
healthy participants, do not exhibit an implicit differentiation between known
and unknown items in the evoked GBRs, implying that already the very early
categorisation of incoming information is impaired. This result extends the con-
tradictory reports concerning the impairment of early visual processing stages in
ADHD patients (Jonkman et al., 2004): Early ERPs (P1 and N1) in the current
study also did not differentiate between healthy children and ADHD patients as
it has been reported elsewhere (Strandburg et al., 1996). However, at an even
earlier processing stage around 90 ms, ADHD patients demonstrated a deviating
activity pattern of evoked GBRs. As the current study focused on automatic
visual processing per se, not requiring participants to actively shift the attention
to a specific relevant stimulus, this is a strong evidence for dysfunctional early
stages of visual information processing. Furthermore, these findings support re-
sults reporting evoked GBRs to be more sensitive than early ERPs (Schadow
et al., 2007a).

According to the MUM, two conclusion can be derived: First, as attended pro-
cessing of incoming information facilitates stimulus evaluation and, therefore,
the comparison with memory contents, impaired matching at this early stage
could originate from a diminished stimulus evaluation caused by higher atten-
tional fluctuations in ADHD patients (Castellanos and Tannock, 2002). This is
also evident in the trend of an increased intrapersonal response variability ob-
served in the ADHD group. In line with similar reports (Leth-Steensen et al.,
2000; Martino et al., 2008; Rubia et al., 2007), this higher variability in response
speed is considered to be caused by fluctuations and lapses of attention, result-
ing in higher performance inconsistency (Castellanos et al., 2005). Furthermore,
attentional lapses lead to reduced stimulus-evoked activity in sensory cortices,
indicating a failure of attention to facilitate the formation of behaviourally rele-
vant representations of the perceived input (Weissman et al., 2006). Thus, brief
attentional lapses in ADHD patients might cause an interruption of top-down
signals that foster processing in primary sensory cortices (Woldorff et al., 1993;
Kastner et al., 1999), resulting in a reduced quality of stimulus evaluation and
differentiation, and, at the same time, enhancing the influence of distracting in-
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formation (Weissman et al., 2006).

Second, lacking fast classifications of incoming information with respect to their
relevance could further affect the ability to rapidly shift the attentional focus
from irrelevant to important information. As a result, filtering of irrelevant in-
formation could be dysfunctional, represented in selective attention deficits, also
yielding an enhanced distractability to novel information as observed in ADHD
patients (Satterfield et al., 1994; van Mourik et al., 2007). This corresponds to
fMRI data, highlighting decreased brain activation in several brain regions asso-
ciated with sustaining or shifting attention to relevant stimuli in ADHD patients
(Rubia et al., 2007; Stevens et al., 2007). Furthermore, it is conceivable that the
reported GBR differences in ADHD patients could also impact later processing
(Barry et al., 2003a): In target detection tasks that are applied to investigate
attentional processes, a diminished differentiation between relevant and irrele-
vant stimuli is usually observed in ADHD patients, yielding more omissions and
false alarms (e.g. Satterfield et al., 1994; Jonkman et al., 1997). Interestingly,
these tasks also require a fast stimulus evaluation, comparison with a target rep-
resentation held in memory, and subsequent categorisation for driving a correct
response. These data as well as recent findings consider evoked GBRs, being one
of the earliest scalp measured signals, to have a fundamental role in such classifi-
cation of incoming information (Tiitinen et al., 1993; Herrmann and Mecklinger,
2001; Busch et al., 2006). Hence, unsuccessful early matching processes might
impact later stages (e.g. at the P3 latency range). This is also consistent with
the current data, revealing a higher P3 amplitude for unknown stimuli in both
groups, but an overall diminished P3 amplitude in the ADHD group. The P3 has
been associated with attention (Polich, 1986) and memory processes (Schendan
and Maher, 2009) and is larger following unidentifiable pictures, reflecting higher
cortical activity for feature encoding (Holcomb and McPherson, 1994; McPher-
son and Holcomb, 1999). Compared to healthy participants, ADHD patients
consistently show smaller P3 amplitudes during auditory (Holcomb et al., 1986;
Johnstone and Barry, 1996) as well as visual stimulus processing (Frank et al.,
1996; Satterfield et al., 1990). As this has been interpreted as a marker of de-
creased cognitive processing and attentional allocation, it is directly related to
ADHD pathology (Barry et al., 2003a).

Additionally, the disadvantage of ADHD patients during early classification might
also necessitate more detailed stimulus integration during later processing stages.
This is evident in the enhanced frontal negativity following known items com-
pared to unknown items observed in the ADHD group, starting at around 200
ms after stimulus onset. This N4-like fronto-central component is also related to
familiarity categorisation processes, indicating the depth of semantic processing
associated with meaningful stimuli (Kutas and Iragui, 1998). This negative de-
flection represents the degree of effort that is required to integrate the meaning
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of a concept into a higher level representation (Holcomb and McPherson, 1994).
An enhanced negativity at this time range for familiar stimuli (Lenz et al., 2007;
Kirmse et al., 2009) has been interpreted as marker of perceptual expertise ac-
tivating semantic knowledge (Tanaka et al., 2006). Thus, as a successful early
memory comparison is compromised in ADHD patients, they seem to activate
more processing resources for stimulus evaluation and classification at later pro-
cessing stages.

So far and to the best of my knowledge, only two studies assessed evoked GBRs
in ADHD patients. In an auditory target detection paradigm, Yordanova et al.
encountered enhanced evoked GBRs for stimuli presented to the right ear, while
there was no enhancement for stimuli presented to the left ear (Yordanova et al.,
2001). The authors interpreted their finding as a marker of impaired motor inhi-
bition in ADHD. I also observed enhanced evoked GBRs in Experiment I during
the encoding of visual stimuli in a short-term memory paradigm, highlighting
clear augmentations of visual evoked GBRs in a parieto-occipital region, which
is involved in the processing of visual stimuli. Interestingly, this augmentation
only followed task stimuli, while it did not occur in response to the instruction
screens appearing before each stimulus. Similarly to the GBRs evoked by the
instructions screens in that study, I also did not reveal enhanced evoked GBRs
in ADHD patients in the current study. This suggests that different results in
evoked GBRs of ADHD patients may be related to task demands or stimulus com-
plexity: The instruction screen in the former study also depicted line drawings
comparable to the line drawings used in the current study, while the stimuli in the
last study were complex photographs of natural scenes. Furthermore, all three
studies slightly differ regarding the age of the investigated samples. Thus, differ-
ences in evoked GBRs of ADHD patients may show a similar age-dependency as
reported for early ERPs (Johnstone et al., 2001), particularly, as age dependent
variations of evoked GBRs have been demonstrated (Böttger et al., 2002; Yor-
danova et al., 2002). Additionally, neural synchrony in the gamma-band has also
been suggested to index brain maturation, showing synchrony peaks at different
developmental stages (Uhlhaas et al., 2009). This is of special interest as ADHD
patients demonstrate a delay in brain maturation, reaching the peak of cortical
thickness later than their peers (El-Sayed et al., 2003; Shaw et al., 2007). Given
that neural synchrony also indexes modulation through higher cortical areas in
a top-down fashion (Uhlhaas et al., 2009), this could indeed be related to the
present findings. However, additional longitudinal research is needed to clarify
this issue.
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6.5 Conclusions

In summary, the data emphasise the relevance of evoked GBRs in early classifi-
cation processes as they facilitate rapid stimulus processing, yielding advantages
for important, meaningful stimuli. Furthermore, while early visual processing of
healthy participants is more efficient as it is already shaped by long-term repre-
sentations stored in memory, ADHD patients demonstrate disadvantages during
early phases of visual processing. This could result in an impaired ability to
rapidly reallocate processing resources and could also affect filtering of irrelevant
information, suggesting that ADHD patients are not only characterised by prob-
lems of selective or sustained attention, but that these problems could also be
directly related to a more general visual processing deficit during early automatic
classification of incoming information.
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CHAPTER 7

General discussion

Although electrophysiological as well as imaging research significantly enhanced
our knowledge on the pathophysiology of ADHD, the details on the exact etio-
logical factors causing ADHD as well as their interactions and neural correlates
are still not enlightened to the full extent and are a matter of ongoing research.

Within this thesis, I aimed to close a gap in research on the electrophysiolog-
ical manifestations of the cognitive and behavioural impairments of ADHD pa-
tients. During the last two to three decades, numerous studies reported several
differences in the spontaneous as well as event-related EEG of ADHD patients.
However, with one exception by Yordanova et al. (2001) all of those studies dis-
regarded faster oscillatory activity in the gamma-band of human EEG, starting
at 30 Hz. This fact astonishes since a lot of reports attribute GBRs to important
cognitive functions such as attention or memory (Herrmann et al., 2004c). Fur-
thermore, cognitive deficits in other pathological states such as schizophrenia or
autism are also accompanied by altered gamma activity (Herrmann and Demi-
ralp, 2005; Uhlhaas and Singer, 2006; Başar and Güntekin, 2008). Therefore, the
present experiments were intended to shed further light on the role of evoked
gamma-band activity in ADHD patients. Moreover, I also assessed the direct
relevance for behaviour as well as cognition and compared these with healthy
children. With respect to the research questions stated at the beginning, three
main findings can be derived from my investigations:

1. ADHD patients exhibit enhanced evoked GBRs during encoding
of visual stimuli. These enhancements are rather unspecific and are
not related to behavioural performance.
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Analysis of evoked GBRs during stimulus encoding revealed a strong task-related
enhancement for ADHD patients in parieto-occipital areas, being involved in the
processing of visual stimuli. These stronger evoked GBRs were only found in
response to stimuli that were directly relevant for solving the task and could
therefore be indicative of the activation of additional neural resources in ADHD
patients as a compensation for inefficient processing during extraction and inte-
gration of stimulus features. This notion gains support by recent imaging studies
where task-related compensatory activation has been observed (Durston et al.,
2003; Krauel et al., 2007; Sheridan et al., 2007). Thus, it seems convincing to
assume a higher allocation of processing resources in ADHD patients for task-
relevant stimuli as reflected by enhanced evoked GBRs, especially since these
were related to task-demands in the past, too (Yordanova et al., 1997; Senkowski
and Herrmann, 2002).

Within the context of the behavioural relevance of evoked GBRs, the study
yielded another interesting finding: Healthy children exhibited a strong posi-
tive correlation between evoked GBRs during stimulus encoding and subsequent
performance in a recognition test represented in the corrected hit-rate. Thus,
participants who demonstrated higher amplitudes of evoked GBRs were more
successful in the subsequent recognition test. Similar associations have been re-
ported for alpha and theta oscillations (Klimesch, 1999; Doppelmayr et al., 2000)
and induced GBRs (Sederberg et al., 2003; Osipova et al., 2006; Busch et al.,
2008b). However, for the first time the present data corroborate that also early
evoked GBRs, appearing as early as 90 ms after stimulus onset, are strongly
linked to stimulus encoding and facilitate the later recognition of visual stimuli.
In contrast, this finding could not be observed in ADHD patients. This lack of
an association to memory retrieval performance indicates that the observed GBR
augmentation in ADHD children was rather unspecific and did not foster a bet-
ter behavioural performance. The unspecific and uncorrelated enhancement of
brain excitation probably yields a downgraded signal-to-noise ratio and could be
involved in different aspects of ADHD pathology like an impairment to maintain
the attentional focus or in motor inhibition.

Neuronal fine-tuning of the enhanced excitation in ADHD patients is achieved
by medical treatment with methylphenidate that blocks dopamine transporters
(Solanto, 2002). This raises the signal-to-noise ratio during task-related process-
ing by increasing the concentration of extracellular dopamine (Krause et al., 2000;
Spencer et al., 2000; Volkow and Swanson, 2003) changing the relation between
excitatory and inhibitory actions in tonic and phasic dopaminergic neural ac-
tivity (Devilbiss and Berridge, 2006). As explained in the Introduction, ADHD
patients demonstrate lowered tonic dopaminergic activity and enhanced phasic
activity that causes dysregulated motor and impulse control (Grace, 2001) and
which is targeted by treatment with methylphenidate (Seeman and Madras, 2002;
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Levy, 2004). This increases dopamine tone and diminishes phasic dopamine re-
lease. Therefore, a facilitation of inhibition is achieved and the signal-to-noise
ratio is enhanced (Silk et al., 2005). The enhanced phasic dopaminergic cell firing
in unmedicated ADHD patients can be linked to the postulated association be-
tween dopaminergic activity and evoked GBRs (Herrmann and Demiralp, 2005).
An additional link can be derived from genetic research on ADHD and the ob-
served higher probability for specific polymorphisms which seem to contribute to
the pathology (Swanson et al., 2000), such as the DRD4 (Faraone et al., 2001)
and DAT1 polymorphism (Cook et al., 1995). Similar polymorphisms were as-
sociated with high-frequency EEG activity, too, whereas no link to any other
investigated electrophysiological parameter was visible (Demiralp et al., 2007).
This is further support for the observed involvement of evoked GBRs in ADHD
that could be related to impaired dopaminergic neurotransmission. Additionally,
there is a strong relationship between GBR and performance in recognition tasks
that seems to be impaired in neuropsychiatric disorders.

2. Healthy children demonstrate enhanced evoked GBRs following
stimuli that are already represented in memory. This result is similar
to healthy adults, but necessitates an adequate bottom-up input to be
detectable in the EEG.

Before investigating the involvement of evoked GBRs in early visual memory
matching processes in ADHD patients, I aimed to clarify whether healthy chil-
dren show enhanced evoked GBRs for stimuli already represented in memory.
In the pilot study, no evoked GBRs deviating from background noise were vis-
ible. This could be attributed to an interaction of bottom-up (Busch et al.,
2004; Schadow et al., 2007a) as well as age-dependent (Böttger et al., 2002; Yor-
danova and Kolev, 2008) influences on the evoked GBR. Werkle-Bergner et al.
(2009) revealed that children and adolescents require larger stimuli to exhibit
evoked GBR amplitudes comparable to those evoked by smaller stimuli in adult
participants. This indicates that the stimulus material employed in the pilot
study (Experiment II) was not suitable to investigate cognitive processes in child
samples. Therefore, I modified all stimuli with respect to their line-width and en-
compassed visual angle and added further stimuli to improve the signal-to-noise
ratio. Applying those updated line-drawings in Experiment III resulted in clearly
visible evoked GBR peaks around 90 ms that were augmented for stimuli with
LTM representation. This is in line with the results of healthy adults (Herrmann
et al., 2004b) and highlights that memory matching reflected by evoked GBRs is a
crucial process within early visual processing and is already observeable at earlier
stages of brain development. Similar reports can be found for the auditory do-
main (Roye et al., 2009; Schadow et al., 2009b). This stresses that evoked GBRs
are important for an early automatic classification that enables fast and efficient
memory based categorisation of incoming information. As outlined in the MUM,
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attention is a cardinal factor and facilitates these matching processes between
incoming information and stored memory contents (Herrmann et al., 2004c). In
turn, a successful completion of this match improves attentional processes such
as resource reallocation and, therefore, fosters processing of relevant information.

3. ADHD patients lack an early, memory based classification of in-
coming information as reflected in evoked GBRs. This implies that
already very early stages of visual processing are impaired.

Evoked GBRs of ADHD patients indicate disadvantages at early visual process-
ing stages: In contrast to healthy participants, ADHD patients lack an early
memory based classification, possibly resulting in an impaired ability to rapidly
reallocate attentional resources to relevant information. This finding suggests
that impaired early automatic stimulus classification in ADHD patients could be
involved in deficits of selective and sustained attention as these matches with
memory guide the attentional focus and lead to faster behavioural responses.

These results raise further support for studies reporting impaired early stages
of visual stimulus processing in the visual ERP of ADHD patients (Jonkman
et al., 2004) as evoked GBRs are among the first cortical responses that can be
observed in scalp measured EEG (Başar et al., 2001). This suggests an early
processing deficit in the evaluation of incoming information. Therefore, auto-
matic stimulus classification might be affected as the participants accomplished
the task independently from memory and no active discrimination with respect to
memory was required. As a consequence, lacking this early categorisation might
prevent a facilitated information processing and could boost the influence and
processing of distracting information at the same time. Especially with respect
to the limited attentional capacity, this filter deficit could have major impact on
the ability to turn and keep the attentional spotlight at necessary information
and could therefore be associated to the attentional problems reported for ADHD
patients (Weiler et al., 2002; Shalev and Tsal, 2003). Figure 7.1 illustrates this
link between an early processing deficit and impaired later processing stages. The
early deficit seems to be compensated at a later processing stage as evident in a
higher differentiation between known and unknown items in the frontal negativ-
ity, a component also associated with memory access and classification processes
(Kutas and Iragui, 1998; Lenz et al., 2007). Imaging studies suggest that such
enhanced activity might indeed represent task-related compensatory activation
(Durston et al., 2003; Krauel et al., 2007; Sheridan et al., 2007).

However, with respect to the results of Experiment II and III and bearing in
mind the maturational delay hypothesis of ADHD (El-Sayed et al., 2003), one
could ask whether ADHD patients would show a differentiation between known
and unknown items, if the bottom-up input would be even larger evoking higher
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Figure 7.1: TOP: In healthy children, memory matches during stimulus encoding are repre-
sented in evoked GBRs. A successful match, occuring as early as 90 ms after stimulus onset,
enables to shift the attentional focus to relevant information for facilitated processing and in-
hibition of further processing of irrelevant information. BOTTOM: Evoked GBRs of ADHD
patients, however, do not reflect successful memory matching. This lack of a first rough clas-
sification of incoming information at this early stage impairs the ability to rapidly shift the
attentional focus to relevant information causing a higher possibility for interference through
distracting information.
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GBRs (Busch et al., 2004). Hence, it has to be noted that there was no over-
all group difference in the evoked gamma-band amplitude as well as early ERPs.
This suggests similar sensory processing levels of bottom-up input in both groups.
Nevertheless, ADHD patients miss an early differentiation of evoked GBRs that
originates from top-down modulations through higher cortical areas in healthy
participants.

Given the results of the two visual experiments presented here, two different
conclusions can be drawn for the evoked GBR of ADHD patients: In Experiment
I, as similarly shown in an auditory study by Yordanova et al. (2001), evoked
GBRs of ADHD patients were enhanced compared to healthy children. In con-
trast, the results of Experiment III revealed no overall main effect of group on the
evoked GBR amplitudes, but ADHD patients showed an altered activity pattern
compared to healthy children as represented in a missing differentiation between
known and unknown stimuli. This discrepancy could be explained by several rea-
sons. ADHD is a very heterogeneous disorder with different emphases regarding
the presence and severity of specific symptom clusters in its subtypes (Tannock,
1998). Thus, evoked GBRs might be associated with specific ADHD symptoms:
Yordanova et al. (2001) investigated only ADHD patients diagnosed as combined
type and the ADHD sample investigated in Experiment I also comprised more
combined type children than the sample in Experiment III. Hence, while the
presence of hyperactivity symptoms might be related to inhibitory deficits and
could be represented in augmented evoked GBRs, dominance of inattention could
be rather linked to more specific deficits in evoked GBRs not mirrored by pure
amplitude differences, but instead an altered activity pattern during cognitive
processes. However, the sample size of the presented studies does not suffice to
differentiate between ADHD subtypes to shed light on this question. This is a
very important point that should be addressed in future studies to account for
the heterogeneity observed in the ADHD group.

Furthermore, the different results in evoked GBRs of ADHD patients may also
be related to different task demands and varied stimulus complexity. In Experi-
ment I, the instruction screen before each stimulus also depicted simple black and
white line-drawings comparable to the line-drawings used in the current study.
In contrast, the stimuli following the instruction screens encompassed complex
photographs of natural scenes. While there was no amplitude difference in evoked
GBRs following the instruction screen, a GBR enhancement in the ADHD group
was observed for the more complex task stimuli. As Experiment III also em-
ployed more simple line-drawings yielding no GBR augmentation in the patient
group, this could be an indicator that the reported effects might be linked to an
interaction of ADHD electrophysiology and bottom-up parameters.

Moreover, all three studies slightly differ in regard to the age of the investi-
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gated samples. Therefore, differences in evoked GBRs of ADHD patients may
also demonstrate an age-dependency as reported for the ERPs of ADHD patients
(Johnstone et al., 2001), particularly, as age dependent variations of evoked GBRs
have also been reported (Böttger et al., 2002; Yordanova et al., 2002). Notably,
neural synchrony in the gamma-band has also been suggested to index brain
maturation, showing synchrony peaks and troughs at different developmental
stages, also representing an enhanced or reduced modulation through higher cor-
tical areas in a top-down fashion (Uhlhaas et al., 2009; Werkle-Bergner et al.,
2009). This is of special interest within the context of the maturational delay
hypothesis of ADHD: Child development is characterised by major structural
and functional brain changes (Sowell et al., 2003; Toga et al., 2006) and there is
an ongoing discussion whether ADHD results from a maturational delay within
brain development (El-Sayed et al., 2003). This hypothesis is supported by recent
neuroanatomic findings indicating that ADHD patients reach the peak of cortical
thickness later than their peers (Shaw et al., 2007). According to Yordanova and
Kolev (2008), the differential task-specific functional reactivity of evoked GBRs
might change during development, possibly reflecting different task processing
strategies at different developmental stages. Thus, the differences in evoked GBR
patterns of ADHD patients in this three studies might be related to the stage of
brain development at which the measurement was conducted and an assessment
at a younger or older sample could yield different patterns of evoked GBRs in
both groups, ADHD patients as well as healthy participants.
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CHAPTER 8

Conclusions and implications for future studies

The experiments presented in this thesis clearly demonstrate for the first time
that visual evoked GBRs are indeed involved in the pathophysiology of ADHD.
ADHD patients show altered gamma-band amplitudes during visual stimulus en-
coding lacking a behavioural relevance for short-term memory performance. Fur-
thermore, whereas the results in healthy children confirm the notion that evoked
GBRs are functional relevant for early memory based classification processes
during visual stimulus evaluation, ADHD patients exhibit a different pattern of
evoked GBRs not reflecting such cognitive processes. These reported evoked GBR
variations, potentially associated with genetic variations within the dopaminergic
pathway, could be a possible marker of impaired neurotransmission in ADHD.
Moreover, they indicate an early disadvantage within processing of visual infor-
mation that might also impact later processing stages.

These results on evoked GBRs in ADHD patients implicate new research ques-
tions that should be focused on in future studies. Until now, the association of
evoked GBRs in ADHD patients and genetic polymorphisms is rather indirect
and speculative. Therefore, it would be fruitful to investigate evoked GBRs in
ADHD patients in dependence whether they show a specific genetic polymor-
phism (e.g. DAT1) or not. This is especially interesting within the context of
medical treatment employing methylphenidate that targets the dopamine trans-
porter. Studying the question whether such medical treatment yields a normal-
isation of evoked GBRs as it has been observed for other frequency components
and the ERP (Klorman et al., 1990; Wienbruch et al., 2005) could offer new in-
sights why some ADHD patients show a lower responsiveness to treatment with
methylphenidate. Additionally, besides medical treatment, new approaches based
on neurofeedback showed promising results in ADHD therapy as they enable the
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children to normalise electrophysiological activity within frequencies up to the
beta range (Monastra et al., 2005; Heinrich et al., 2007). Hence, bearing in mind
the involvement of GBRs in fundamental cognitive processes as well as the altered
patterns in ADHD patients raises the question whether neurofeedback incorpo-
rating the gamma frequency range might further enhance the effectiveness of a
treatment using neurofeedback. Knowledge of the activity pattern in the whole
frequency spectrum also allows a more individualised neurofeedback treatment
targeting the actual neurophysiological impairments.

Furthermore, extending the research on GBRs in ADHD patients could also facil-
itate the utilisation of EEG and GBRs as an electrophysiological biomarker with
possible diagnostic value in ADHD. Considering irregularities on a broader fre-
quency spectrum than between the theta and beta range as well as the potential
interaction between the frequency bands could yield a more precise electrophysio-
logical endophenotype of ADHD. Here, investigation of spontaneous gamma-band
activity could also lead new insights. Along the same line, GBR patterns might
also resemble the presence or absence of specific symptom clusters of ADHD pa-
tients. A differentiation according to the ADHD subtype could stimulate the dis-
cussion whether these subtypes belong to the same disorder or constitute rather
different diseases. However, taking into account a possible age dependency of the
reported altered GBR patterns, longitudinal approaches should clarify at which
developmental stage evoked GBR patterns start or end differing from healthy
children.
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