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Abstract

This dissertation was motivated by two questions: 1) Do children with developmental
disorders have reliable cortical characteristics that distinguish them from control
children or that are unique for different disorder-subtypes? 2) Do these cortical
characteristics reflect behavioural changes effectuated by an intervention?

Five studies that contribute to answering these questions will be presented
and discussed in detail. Study | was dedicated to source localisation of auditory
syllable-processing in children with developmental dyslexia and control children.
Study Il investigated the influence of different training programs on a cortical
measure of auditory sensitivity in dyslexia. Study Il investigated visual word
processing differences between dyslexic and control children. For more detailed
insight, study IV investigated the same set of words in skilled adult readers. Study V
examined the effect of a stimulant medication on cortical measures of attentional
deficit hyperactivity disorder (ADHD) — a disorder that often occurs comorbid with
dyslexia.

The results indicate that dyslexia is characterised by (a) more posterior source
localisations of speech sounds in right temporal regions possibly resulting from more
symmetrical plana temporali and (b) reduced activation and enhanced spectral
frequencies following words that require sublexical processing in occipital regions
possibly reflecting reduced phonological awareness in dyslexia. Dyslexic children did
not differ from control children in their sensitivity for sound changes. Nevertheless,
the auditory sensitivity measure was differentially influenced by different intervention
programs. It was found that a training of phonological awareness had most effects on
cortical and behavioural measures. These findings favour a phonological awareness
deficit as general aetiological factor in dyslexia rather than a more basic auditory
perceptual deficit.

The results on ADHD suggest different cortical profiles of ADHD subtypes.
Children with ADHD of the combined type not only differed from children with ADHD
of the predominantly inattentive type, they also responded differently to stimulant
medication. The results further propose that good and poor medication responders
have differing cortical characteristics. The overall medication effect supports fronto-

cortical hypoarousal as a relevant aetiological factor in ADHD.



Zusammenfassung

Diese Dissertation war malgeblich von 2 Fragestellungen motiviert: 1)
Unterscheiden sich Kinder mit einer Entwicklungsstorung in Bezug auf kortikale
Charakteristiken verlasslich von Kontroll-Kindern, bzw. unterscheiden sich
verschiedene Sub-Typen einer Stérung auf kortikaler Ebene voneinander? 2) Bilden
sich die Effekte verschiedener Interventionen in einer Veranderung der kortikalen
Male ab? Zur Beantwortung dieser Fragen werden funf Studien vorgestellt und im
Detail diskutiert.

Studie | berichtet die Unterschiede in der Quelllokalisation auditorischer
Silbenverarbeitung zwischen legasthenischen und Kontroll-Kindern. In Studie Il wird
der Einfluss verschiedener Trainingsverfahren auf ein kortikales Mal} auditorischer
Sensitivitat untersucht. Studie Ill berichtet Unterschiede bei der visuellen
Wortverarbeitung zwischen legasthenischen und Kontroll-Kindern. Flr ein genaueres
Verstandnis dieser Mechanismen untersucht Studie IV dasselbe Wortmaterial bei
erwachsenen, geubten Lesern. In Studie V wird der Einfluss von
Stimulanzmedikation auf kortikale Malde bei Kindern mit einer Aufmerksamkeits-
Defizit-Hyperaktivitats-Stroung (ADHS) untersucht.

Die Ergebnisse weisen darauf hin, dass Legasthenie charakterisiert ist durch
(a) rechts temporal weiter posterior gelegene Quelllokalisationen von Sprachreizen,
die moglicherweise von einer symmetrischeren Organisation der Plana Temporali
herrihrt und (b) eine reduzierte Aktiverung und erhdhte Spektralfrequenz-Werte nach
visueller Prasentation von Worten, die sublexikalische Verarbeitung erfordern. Dies
konnte mit einer reduzierten phonologischen Bewusstheit bei legasthenischen
Probanden zusammenhangen. Legasthenische und Kontroll-Kinder unterschieden
sich nicht in dem Mal} fur auditorische Sensitivitat. Nichtsdestotrotz wurde dieses
Mal von verschiedenen Trainingsverfahren differentiell beeinflusst. Die Ergebnisse
deuten darauf hin, dass ein Training phonologischer Bewusstheit die meisten Effekte
auf kortikaler und behavioraler Ebene erzielt. Insgesamt favorisieren die Ergebnisse
die Hypothese eines phonologischen Verarbeitungsdefizits als allgemeinen
atiologischen Faktor. Sie sprechen eher nicht flr eine basalere auditorische
Wahrnehmungsschwache.

Die Ergebnisse bezlglich ADHS deuten auf kortikale Unterschiede zwischen

den ADHS Subtypen hin. Kinder mit ADHS kombinierter Typus zeigen nicht nur
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andere kortikale Charakteristiken als Kinder mit ADHS vornehmlich unaufmerksamer
Typus, sie reagieren auch in unterschiedlicher Weise auf die Stimulanz-Medikation.
Daruber hinaus weisen die Ergebnisse in die Richtung, dass sich auch diejenigen
Kinder, die besonders gut auf Medikation ansprechen sich in ihren kortikalen
Charakteristiken von den Kindern unterscheiden, die weniger gut auf Mediaktion
ansprechen. Der allgemeine fronto-kortikal auftretende Medikamenteneffekt

unterstutzt die atiologische Hypothese einer frontalen Unteraktivierung bei ADHS.



Abbreviations

A alpha

ADHD attention deficit hyperactivity disorder
AP training of auditory perception

B beta

CNS central nervous system

CPT continuous performance test

cv consonant-vowel

D delta

D2 test of short-term attention

DAT dopamine transporter

DRT diagnostischer Rechtschreibtest

DSM IV diagnostic and statistical manual of mental disorders, 4th edition
ECD equivalent current dipole

ECG electrocardiogram

EEG electroencephalography, electroencephalographic, electroencephalogram
EOG electrooculogram

ERF event-related field

ERP event-related potential

FBA time-frequency-band analysis

fMRI functional magnetic resonance imaging
GL global power

GMA global mean amplitude

GPC grapheme-phoneme correspondences
HF high frequent

ICD 10 international classification of diseases, 10th edition
ISI inter-stimulus interval

LF low frequent

LGN lateral geniculate nucleus

MEG magnetoencephalography, magnetoencephalographic, magnetoencephalogram
MGN medial geniculate nucleus

MMN mismatch negativity

MNE minimum norm estimate

MPH methylphenidate

MRI magnetic resonance imaging

PA training of phonological awareness
PET positron emission tomography

PS pseudo

PT planum temporale

REML restricted maximum likelihood

RMS root mean square

RP recognition potential

RSVP rapid serial visual presentation

SLI specific language impairment

SOA stimulus onset asynchrony

SPECT single photon emission computed tomography
SPM standard progressive matrices

SR training of spelling rules

T theta

VWFA visual wordform area

WCST Wisconsin card sorting test

ZLT Zircher Lesetest



1. General Introduction

This dissertation was motivated by two questions:

1) Do children with developmental disorders have reliable cortical
characteristics that distinguish them from control children or that are unique for
different disorder-subtypes?

2) Do these cortical characteristics reflect behavioural changes effectuated

by an intervention?

Five studies that contribute to answering these questions will be presented and
discussed in detail. Study | was dedicated to source localisation of auditory syllable-
processing in dyslexic and control children. Study Il investigated the influence of
different training programs on a cortical measure of auditory sensitivity in dyslexia.
Study Il investigated visual word processing differences between dyslexic and
control children. For more detailed insight, study IV investigated the same set of
words in skilled adult readers. Study V examined the effect of a stimulant medication
on cortical measures of attentional deficit hyperactivity disorder (ADHD) — a disorder
that often occurs comorbid with dyslexia (9-48%, [1]; 40% in males, 20% in females,
[2]).

The first question is especially relevant for both dyslexia and ADHD. They
share the difficulty of most psychological disorders that diagnostics are solely based
on observations of distinctive behavioural features. These distinctive features (e.g.
spelling difficulties or inattention) also occur in healthy children — the difference lies in
the intensity and appropriateness for the developmental stage a child is in.
Diagnostics based on behavioural ratings increase the chance that a child might
become falsely diagnosed with a developmental disorder. On the other hand, it is
also possible that a child will not be diagnosed despite indication, because the
symptoms are considered as “normal”’ and difficulties are explained by a child’s
personality. Therefore, it is necessary to formulate a better understanding of the
cortical mechanisms behind developmental disorders. Identification of cortical
characteristics might not only be useful for more complementary diagnostics. It also

helps to gain better insight in aetiological factors of a disorder. This in turn is critical
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for the development of valuable training or remediation programs that focus not only
on the symptoms but also the causes.

The second question is relevant for three reasons. First, intervention-induced
changes of cortical parameters can be correlated with behavioural improvements.
Thus, it can be determined which cortical dynamics are relevant for behavioural
changes. Second, intervention-induced cortical changes might also serve as a more
objective control of intervention progression than behavioural changes. Finally,
varying the focus of intervention and observing the effects on both behavioural and
cortical levels can also be an applicative resource for gaining insight in aetiological

determinants of a disorder (The latter will be discussed in more detail in chapter 2.2.).

1.1. Dyslexia

1.1.1. Phenotype and diagnostics

Dyslexia is a specific learning disability that is neurological in origin. It is
characterized by difficulties with accurate and/or fluent word recognition and by poor
spelling and decoding abilities. These difficulties typically result from a deficit in the
phonological component of language that is often unexpected in relation to other
cognitive abilities and the provision of effective classroom instruction. Secondary
consequences may include problems in reading comprehension and reduced reading
experience that can impede the growth of vocabulary and background knowledge
(definition taken from the International Dyslexia Association, USA). Dyslexia is coded
as reading disorder (315.00) and/or disorder of written expressions (315.20) in the
DSM |V (Diagnostic and statistical manual of mental disorders, [3]) and as reading
disorder with spelling problems (F81.0) or isolated spelling disorder (F81.1) in the
ICD 10 (International classification of diseases, [4]). Prevalence estimates range
between 2 and 5.6% in Germany [5] and between 6 and 9% the USA [6]. Rutter and
colleagues [7] reported results from 4 large-scale epidemiological studies in New
Zealand and the UK. Prevalence estimates varied between 8 and 22%, boys being
more affected than girls (1.4-3:1). It should be noted, however, that the latter results
were only based on reading tests as critical measure. Nevertheless, prevalence
estimates in English-speaking countries appear to be higher than in Germany (or Italy

[8]). This is very likely the consequence of a more transparent phonology in German
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or Italian compared to English, i.e. the letters of the alphabet, alone or in combination,
are in most instances clearly mapped to each of the speech sounds occurring in
German or Italian, while this is not the case for English [9]. As an example the letter
bigram /au/ in the German words Haus, Maus, Brauch, Auto, Mauer, etc. is always
pronounced as [au], while the letter-string /ough/ in the English words bough, tough,
although, through, etc. is pronounced differently in each case ([au], [af], [ou], [u:]).
Prevalence differences between languages with differing transparancy of phonology
already indicate to phonology as a crucial factor for the development of a functioning

reading and spelling ability.

1.1.2. Cortical measures of dyslexia

Dyslexic children and adults have been found to differ in cortical measures from
control subjects (see [10] for a recent review). First, reduced activity has been found
in regions of a ventral reading pathway (left inferior temporal / occipito-temporal).
This was the case during letter perception in the MEG, as well as during implicit and
explicit word and pseudoword reading in PET studies. Second, reduced activity has
been found during rhyming, pronunciation, reading and decision making tasks in PET
studies, as well as during phonological processing in the fMRI in left parietal/temporal
regions that are part of a dorsal reading path. Finally, decreased activation was
revealed in left inferior frontal regions during memory tasks in a PET study.
Additionally, increased activation was reported in the same region during
phonological processing in the fMRI, as well as implicit and explicit word and
pseudoword reading.

More detailed findings from studies investigating cortical mechanisms in
dyslexia will be discussed in the chapters 2.1., 2.2. and 2.3. Nevertheless, it already
becomes apparent that dyslexia is linked with cortical processing differences in a
variety of tasks and regions. Again, the majority of differences seem to be found
during tasks that involve phonological processing in one or another way (e.g.

pseudoword reading, rhyming).

1.1.3. Aetiology of dyslexia — phonological awareness
By now, it is undisputed that lacking phonological awareness is one of the core
deficits in dyslexia [11-13]. Learning to read and write involves the awareness that

each grapheme corresponds to a phoneme and vice versa [11]. This is only possible,
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if there is explicit knowledge that the sound-stream of spoken language can be sub-
divided into distinct units [14, 15], such as phonemes. Phonological awareness
therefore denotes the ability to perceive and manipulate the sounds of spoken words
[16]. Phonological awareness is not only crucial when reading and spelling is being
instructed for the first time in first grade children, it is also necessary in skilled
readers when it comes to decoding low frequent words (words that do not occur often
in written language). According to dual route models of reading (e.g. [17]), the
pronunciation of words can be retrieved in two different ways, depending on the
frequency and regularity of a word. High frequent words are more familiar to the
reader, as they appear more often in spoken and written language. It is likely that the
visual forms of high frequent words are directly associated with their meaning in the
same way as images are [18]. Therefore it is possible to read a word at a glance, if it
is well-known enough. In contrast, other strategies may be used to decode low
frequent words or pseudowords. If a word is not familiar to the reader, it is necessary
to phonologically assemble the word from sublexical parts following grapheme-to-
phoneme correspondences in order to read and retrieve the meaning correctly.

Tests (and training) of phonological awareness can involve counting or
repeating phonemes within a word (“name each sound in drink”); the “deletion” of
distinct phonemes (“what does /toeb/ sound like without the /b/?”); naming of words
with the same initial or last letter; pseudoword repetition; syllable segmentation
(“name all syllables in the word television”); rhyme tasks (“does bat rhyme with hat?)
or the combination of several scrambled phonemes to form one or more existing
words (“make as many words of /r/ /e/ /a/ /d/ as you can”). Muter and colleagues [19]
investigated 90 children between 4 and 6 years on tests of letter knowledge, word
recognition and phonological awareness in a longitudinal study. Phoneme awareness
and letter knowledge were found to be early predictors of word recognition at age 6.
The authors interpreted, that children who come to school knowing letters and being
able to segment spoken words into speech sounds do better when it comes to
reading. In a recent review about phonological awareness [16] it was argued that the
nature of that awareness is most likely the ability to perceive and manipulate
phonemes (with lower impact of syllabic or rhyme awareness).

Snowling et al. [20] followed the development of at-risk children for dyslexia
(children with a family history of dyslexia). Those children, who were going to be

classified as dyslexic at age 8 were already impaired on measures pf phonological
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awareness and letter knowledge at age 6. Marshall and colleagues [21] tested 17
dyslexic children on tasks of phonological awareness (phoneme deletion,
pseudoword repetition) and found them to perform significantly worse than the control
group matched for chronological age and even the younger control group matched
for reading age. This strongly supports the notion that phonological awareness is not
only delayed, but also deficient in dyslexia.

Difficulties with phonological awareness seem to persist into adulthood.
Ramus and colleagues [22] tested 16 adult dyslexics with a large test battery
including tests of phonological awareness. The authors found that despite individual
performance profiles and deficits varied to a great extent, all subjects were impaired
at tests of phonological awareness. More evidence comes from a recent study on
event related potentials (ERPs) in dyslexic adults [23] and controls. Subjects
participated in an auditory lexical decision task with spoken stimuli of which 80%
started with a standard phoneme and 20% with a deviant phoneme. A P300
modulation was revealed for deviants in control adults, indicating that the
phonological change had been detected. This effect was absent in dyslexic adults.
This result suggests that dyslexic adults still fail to detect phonological cues in the
same way that normal adult readers do.

There have been many studies showing that phonological awareness training
has positive effects on later reading skills in preschool-children and school children
(see [24] and [16] for review). However, not so many studies have investigated
phonological awareness training in dyslexic children. Schneider and colleagues [25]
examined the effects of a phonological awareness training on reading and spelling
performance in grades 1 and 2. Training was performed with kindergarten children at
risk for developing dyslexia. They found that the trained children at risk showed better
reading and spelling performance than a randomly selected control group and that
the training program substantially reduced the risk of becoming dyslexic in school.
Torgesen and colleagues [26] investigated sixty children with severe reading
disabilities who were assigned to instructional programs that incorporated instruction
in phonemic awareness and phonemic decoding skills. Although the children only
received two 50-minute sessions per day for 8 weeks, large improvements in
generalized reading skills that were stable over a 2-year follow-up period could be

achieved (effect sizes of 4.4 for one of the interventions and 3.9 for the other).

14



Effectiveness of phonological awareness training could even be shown in
adults [27]. Phonological training led to improved performance at single word
decoding and secondary reading skills (reading accuracy) for trained dyslexics
compared to un-trained dyslexics. Behavioural improvements were accompanied by
signal increases in bilateral parietal and right perisylvian cortices — those left-
hemisphere regions being normally activated in skilled readers.

Taken together, it has been shown that dyslexic children and adults have
lesser phonological awareness than control children and adults and training this
ability seems to positively influence reading skills. This strongly supports the idea of
lacking phonological awareness being the major underlying factor in dyslexia.
Nevertheless, there is still debate about whether deficient phonological awareness is
the consequence of yet another, more basic deficit of auditory perception — a deficit

in auditory temporal processing.

1.1.4. Aetiology of dyslexia — auditory temporal processing

Children with dyslexia have been found to show poorer performance than control
children categorizing speech sounds [28-31] or distinguishing consonant-vowel (CV)
syllables [31]. This might be a result of their deficiency processing stop-consonants
[31, 32]. While vowels are constituted of relatively stable, changeless formants, the
formants of stop-consonants are characterised by fast frequency changes. These
formant transition periods contain all the information needed to identify a stop-
consonant and last only for a very short time. l.e. the time range that distinguishes
the syllables /ba/ and /da/, for example, only lasts about 40 ms. The idea that
something might be wrong in the ability of dyslexic children to process short auditory
information has been formulated in the 70ies. Tallal and Piercy [33] found that
children with specific language impairments (SLI) have difficulties judging two stimuli
as being same or different when the inter-stimulus interval (ISI) was short. While
control children were still able to perform the task when stimuli were only about 10
ms apart, SLI children failed at ISIs below ~400 ms. In another study discrimination of
vowels and syllables was investigated [34]. Syllables and vowels were 250 ms long.
The vowels differed from each other over the whole time range of 250 ms, while the
syllables only differed within the first 43 ms. Both, control and SLI children were able
to perform the same/different judgement for vowels, i.e. stimuli not being

characterised by a short formant transition period. However, SLI children were
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impaired judging the syllables. These results were interpreted in the sense that SLI
children are selectively impaired processing rapid auditory information. A similar
result was obtained for a sample of dyslexic children [35].

Support for these findings was obtained by electrophysiological measures of
auditory sensitivity for sound changes (mismatch negativity, MMN [36]). Schulte-
Kbérne and colleagues found both, dyslexic children and adults to have diminished
MMN amplitudes after stimulation with syllables [37, 38]. Interestingly, no attenuated
MMN amplitudes were found after stimulation with sine tones [37]. However, when a
sequence of 4 sine tones was used as standard and deviant stimulus, the two tone
sequences only differing in the position of the second and last tone (which had the
same frequency), an attenuated MMN was found for dyslexic subjects. Since the only
difference between standard and deviant stimuli lay in the temporal structure of the
tone-pattern, the authors concluded that temporal auditory processing might be
deficient in dyslexia.

Assuming that an auditory perceptual deficit might be the underlying deficit in
dyslexia, a training program was developed by Merzenich and Tallal [39, 40], that
aimed at improving the perception of rapidly changing auditory information. The
training consisted of audio-visual “games” that involved identification and ordering
frequency modulated tones and CV syllables. One important aspect of the training
was that its adaptiveness to the children’s performance. l.e. the tasks became more
difficult when children reacted correctly in three consecutive trials and became more
difficult when children made mistakes. Difficulty was modulated by increasing or
decreasing ISls or shortening/lengthening the formant transition period of syllables,
and respectively the frequency modulation duration of tone sweeps. After completion
of the training, SLI children had improved significantly on the tasks within the training,
as well as a test of speech comprehension and phoneme discrimination.

Based on these results, Temple and co-workers [41] measured the magnetic
resonance images (MRIs) of 20 children with dyslexia during phonological processing
before and after a remediation program analogue to the one described above. The
authors found behavioural improvements of oral language and reading performance.
Physiologically, children with dyslexia showed increased activity in left temporo-
parietal regions and left inferior frontal gyrus, bringing brain activation in these

regions closer to that seen in normal-reading children. Further, a correlation between
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the magnitude of increased activation in left temporo-parietal cortex and improvement
in oral language ability was reported.

Taken together, the findings above speak in favour of an even more basic
deficit than impaired phonological awareness in dyslexia. Improving the children’s
ability to perceive subtle auditory changes also seemed to improve other language-
relevant abilities beyond auditory processing of the trained stimuli. However, based
on results described in the following, this view has become more and more
challenged.

Another study on the effectiveness of a training program that aimed to improve
the ability to detect and identify rapidly changing auditory stimuli was performed by
Agnew and colleagues [42]. Children showed improved accuracy on a test of auditory
duration judgement following the intervention. However, these improvements did not
generalize to reading skills, as assessed by measures of phonological awareness
and non-word reading. Mody and colleagues [30] investigated performance of
dyslexic children on several tasks requiring auditory judgement. They found that
dyslexic children were not impaired on either temporal order judgement or
identification of the syllables /ba/ and /sa/ and respectively /da/ and /fa/ even at the
shortest ISIs of 10 ms. Neither were the dyslexic children impaired to discriminate or
identify two complex sounds that had been designed to resemble the structure of the
syllables /ba/ and /da/. The authors interpreted that dyslexic children do not generally
have an impaired auditory perception. They argued that “all the supposed difficulties
in ‘auditory temporal perception’ or actual difficulties in perceiving rapidly presented
information, so far reported for both reading-impaired and specifically language-
impaired children, can be traced to difficulties in stimulus identification.” From this
point of view, one might not expect differences in electrophysiological measures of
sound changes, such as MMN, that do not involve identification of the stimuli.
However, attenuated MMN amplitudes have been found in dyslexic samples [37, 38,
43-45]. How can this caveat be explained?

Share and colleagues [46] investigated a large unselected sample of over 500
children over subsequent years. Most importantly, a subgroup of reading disabled
children with evidence of temporal deficits did not perform lower on later phonological
or reading measures than children with no evidence of early temporal impairment.
The authors concluded that although there seemed to be a concurrent correlation

between temporal deficits and phonological awareness at school entry, early
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temporal deficits did not predict later phonological impairment, pseudoword
processing difficulties, or specific reading disability. Bretherton and co-workers [47]
examined forty-two children with developmental reading disability. They were
subdivided by their performance on a tone-order task. Average and poor tone-order
subgroups were then compared on their ability to process speech sounds and visual
symbols, and on phonological awareness and reading. The authors did not find a
relationship between performance on the order processing of speech sounds with
phonological awareness or more severe reading difficulties. Further, they did not find
evidence of a group by interstimulus interval interaction, and thus little support for a
general auditory temporal processing difficulty as an underlying problem in poor
readers. They concluded that deficient order judgement on a nonverbal auditory
temporal order task did not underlie phonological awareness or reading difficulties.
Ramus and co-workers [13] investigated 16 adult dyslexics with an extensive test-
battery focussing on phonological, auditory, visual and cerebellar deficits. Besides
the fact that the profile of performance and individual deficits varied to a great extent
across the subjects, they found that all of the dyslexics had problems with phonology,
while only 10 of 16 had deficits with auditory processing. They even consider this as
a high incidence compared to other studies that typically find 1/3 of dyslexics affected
on auditory processing [22]. In accord, Amitay and colleagues [48] investigated 30
reading disabled adults and found that only 6 had difficulties on tasks with high
demand on temporal processing while all of them had difficulties with other auditory
and visual tasks with no special demand on temporal processing.

It thus appears that given the selectivity of the dyslexic sample investigated, a
greater or smaller subset of the subjects will be found being impaired on auditory
temporal processing - in agreement with the view that dyslexia is a highly
heterogeneous disorder that varies to a great extent in strength and expression [10,
49]. Further, there does not seem to be a causal relationship between deficient
auditory temporal processing and phonological skills, even in the children who do
show auditory perceptual deficits. It therefore might be concluded that deficient
audition can lead to poor phonology, but poor phonology is not a consequence of

deficient audition.
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1.1.5. Aetiology of dyslexia — multimodal temporal processing

The attempt has been made to link dyslexia with an even more basal deficit that is
not restricted to the auditory domain [50]. The theory is based on the assumption that
there are two types of cells in the visual system forming parvo- and magnocellular
paths (e.g. [51]). While the magnocellular system is sensitive for stimuli with a high
temporal but a low spatial resolution, the parvocellular system is sensitive for stimuli
with high spatial and low temporal resolution. Since the magnocellular system is
thought to predominantly process stimuli with high temporal resolution, this system
was thought to be deficient in dyslexia [50, 52].

Given the findings described above that profoundly question the role of a
general auditory perceptual deficit as the underlying cause of dyslexia, it is not
surprising, that the magnocellular theory could not be confirmed in dyslexia. Skottun
and colleagues [53] reviewed results from studies investigating the magnocellular
system in dyslexia. 4 of 22 studies found support for a deficient magnocellular system
in dyslexia. However, these results were outnumbered both by studies that found no
loss of sensitivity and by studies that found contrast sensitivity reductions that are
inconsistent with a magnocellular deficit. The authors thus concluded that the
majority of studies on contrast sensitivity was highly conflicting with regard to the

magnocellular system deficit theory of dyslexia.

1.1.6. Aetiology of dyslexia — genetics
It seems that the risk for developing dyslexia is higher in families with one or more
dyslexic members (see [54] for overview). This might be a hint towards a genetic
contribution, but it could also foster the view that the environment has a strong
influence on the development of dyslexia. Thus, it is advisable to investigate
differences between monozygotic and dizygotic twins. Two studies with large
samples following this purpose were the Colorado Twin Project (e.g. [55, 56]) and the
London twin study [57]. Heritability of spelling difficulties was reported between .53
and .75%, heritability for word reading difficulties around .50%. Phonological coding
was reported to have a heritability of .36 - .86% (see [54]).

Linkage of dyslexia to several chromosomes was found, yet chromosome 6
and 15 seem to be the most likely candidates [58-60]. It still remains unclear,
however, which components of the dyslexic phenotype are linked to which

chromosome. It also remains unclear, what the mechanisms of heritability might be
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[61]. In accordance to its heterogeneous phenotype, dyslexia appears to be a
genetically heterogeneous and complex trait that cannot be inherited in the classical
mendelian way [10, 62].

Taken together, there seems to be a substantial genetic factor in dyslexia.
Nevertheless, there is no “dyslexia-gene”, that will determine if a child develops a
reading and spelling disorder. It also remains unclear, what influence on

development is eventually exerted by chromosomal anomalies.

1.1.7. Conclusion

From the current literature it seems that lacking phonological awareness plays a
major role in the development of dyslexia. An auditory temporal processing deficit
cannot be assumed as the general underlying cause, yet it does seem to be present
in a subsample of dyslexic children and adults. Ramus [63] proposed an aetiological
model of dyslexia (see fig. 1.1.1, modified following [63]). He proposes that in the
majority of children (left side, solid ellipses) genetic influences cause anomalies in left
hemispheric perisylvian regions. These anomalies in turn are assumed to cause poor
phonological awareness, grapheme-phoneme matching, verbal short term memory
and slow lexical retrieval being manifested in slow automatic naming, a poor digit
span, poor performance at spoonerism tasks (exchanging letters of words) and

distorted reading ability on the behavioural level.
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Fig. 1.1.1: Aetiological model of dyslexia proposed by Ramus, 2004
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In some children (right side, dashed ellipses) genetical factors are assumed to
influence hormonal conditions which in turn might lead to a disruption of the thalamic
lateral geniculate (LGN) and medial geniculate (MGN) nuclei. The latter nucleus
projects to auditory cortical areas and has been found to be morphologically
anomalous in dyslexia [64]. The LGN projects to visual cortical fields and has also
been reported to show anomalies in cell structures [65]. Ramus proposes that
disruption of LGN and MGN functioning leads to impaired auditory, visual and motor
processing manifested in poor frequency discrimination, coherent motion detection
and clumsiness on the behavioural level.

This model might apply to explain different phenotypes of dyslexia and is also
able to explain the existence of auditory and/or visual deficits in some children but not
in others. Nevertheless, it is necessary to gain more insight into the mechanisms that
determine the phenotype of a child as well as into the interactions between the
different aetiological factors. It should be further determined, how to better identify
children with deficits in auditory perception and other pan-sensory deficits. This is of
interest, since children with “pure” phonological dyslexia and those with more basic
deficits are possibly in need of differential interventions in order to be helped

optimally in the long run.

1.2. ADHD

1.2.1. Phenotype and diagnostics

Children and adults with ADHD have symptoms like restlessness, inattention or
impulsivity. They cannot sit still, wait their turn and often interrupt other people. It is
difficult for them to stay attentive over a longer period of time or to focus attention on
the information being most relevant. Both, DSM IV and ICD 10 distinguish between
three types of the disorder: a predominantly hyperactive type (codes 314.0 and
F98.8), a predominantly hyperactive type (codes 314.01 and F90.1) and a combined
type (codes 314.01 and F90.0). ADHD often is comorbid with other disorders like
dyslexia (9-48%, see above) or depression (31.6% in children and 63% in adults [66]).
The prevalence of ADHD is estimated between 4 and 12% among elementary school

children [67] with the majority of children meeting criteria for the combined or
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predominantly inattentive type [68]. Boys are more affected than girls (ca. 3:1, see
[69] for review). It is noteworthy, however, that in a study examining DSM |V criteria
for ADHD [68], 16% of the sample qualified for a diagnosis when functional
impairment was not incorporated in the diagnostics in comparison with 6.8% when
impairment was accounted for. Likewise, Scahill and Schwab-Stone [70] reviewed
results of 13 prevalence studies between 1985 and 2000 and found prevalence
estimates between 2 and 14.9% being particularly high when DSM |V criteria without
impairment measures were used.

Children with  ADHD have been reported to perform worse on several
neuropsychological measures (see [71] for an overview). Besides the obvious
difficulty in sustaining attention at tasks like the Continuous Performance Test (CPT),
children with ADHD have been found to perform particularly bad at tests of response
inhibition such as stop tasks (a response has to be made following a stimulus unless
there is a signal indicating to stop the response for 1 trial) [72, 73] or the stroop task
[74]. They also seem to be impaired at tasks involving set-shifting such as the
Wisconsin Card Sorting Test (WCST) [75]. Most reliable differences between ADHD
and control children have been found for the CPT, stop tasks and choice-delay tasks
(children repeatedly choose between a large delayed reward and a smaller
immediate reward) [71].

These findings support the idea that one underlying aetiological factor in
ADHD might be a dysfunctional inhibitory [76] and executive [77] system, likely

localised in frontal cortical regions [69, 78].

1.2.2. Cortical measures of ADHD

As revealed by SPECT studies, ADHD seems to be related to an increased number
of dopamine reuptake receptors leading to a decreased level of dopamine in the
synaptic cleft [79, 80]. In accordance, Zametkin and colleagues [81] found decreased
bloodflow in prefrontal and premotor areas in a sample of ADHD adults. Several EEG
studies [82-84] have shown that ADHD children are characterised by increased slow-
wave activity (Delta 1.5-3.5 Hz and Theta 3.5-7 Hz), which is also interpreted as
cortical underarousal (see [85, 86] for reviews on EEG measures of ADHD). This
hypoarousal has particular meaning in connection with frontocortical inhibitory
mechanisms. Inhibition is essential for stopping planned or initiated actions, to protect

a processing mechanism from internal or external interference, or to delay a reaction
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[87]. Response inhibition has been measured in stop designs (see above). The
frontally dominant N2 component in the event related EEG potential (ERP) is
normally larger for stimuli where a behavioural response (like a button press) is
supposed to be suppressed in comparison with stimuli, where a behavioural reaction
is supposed to be shown. This is especially the case in subjects with good response
inhibition [88]. In ADHD subjects, N2 amplitude has been found to be reduced, which
consequently has been interpreted as disrupted inhibitory control [89, 90]. In line with
these results, frontal and prefrontal areas have been found to be underactivated
during inhibition tasks in an fMRI study with ADHD subjects [87]. Another ERP
component — the P2 — also seems to distinguish control and ADHD subjects. P2 can
be evoked in oddball paradigms (a standard stimulus constitutes 80-85% of all stimuli,
a deviant stimulus 15-20%). It has been found that deviant stimuli [91-93] and
respectively standard and deviant stimuli [94] are related to higher P2 amplitudes in
ADHD subjects compared to controls. Elevated P2 amplitudes have been explained
by atypical inhibition of sensory stimuli. An increased P2 for standard stimuli in ADHD
might reflect that standard stimuli - being relatively unimportant compared to deviant
stimuli — are processed without competition. The P3 component (evoked in oddball
paradigms with selective inhibition) has found to be reduced in ADHD. This was
interpreted as abnormal allocation of processing capacity [95], deficient memory

mechanisms [91] or an attentional deficit [92].

1.2.3. Aetiology
It has already become clear that a disturbance of inhibitory and executive functions
play a major role in ADHD. This disturbance is reflected on both, behavioural and
cortical levels. ADHD symptoms can be effectively decreased by the psychostimulant
drug methylphenidate (MPH) [96]. MPH is known to be a potent blocker of the
dopamine receptor DAT [79] that seems to act primarily in the fronto-striatal system
[80]. Given the greater density of DAT receptors (see [97] for review) resulting in
lower dopamine levels, it appears that ADHD is characterised by a form of dopamine
deficiency despite efficient dopamine production. MPH remediates this state by
blocking dopamine reuptake.

Lou and colleagues [98] showed in their SPECT pioneer study that
unmedicated ADHD subjects had reduced bloodflow in frontal regions as well as

enhanced bloodflow in motor areas. After application of MPH, this pattern normalized.
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Niedermeyer [99, 100] interpreted these findings as support of the “lazy frontal lobe”
hypothesis underlying ADHD. He argues that the prefrontal cortex — being hypoactive
in ADHD - is not only involved in allocation and sustaining attention (e.g. [101, 102]),
but also in inhibiting motor activity. Support for this idea comes from Langleben and
colleagues [103]. They performed a SPECT study with ADHD children who were on
and off MPH. When the subjects were not taking MPH, bloodflow was higher in motor,
premotor, and the anterior cingulate cortices. The authors concluded that brief
discontinuation of MPH treatment is associated with increased motor and anterior
cingulate cortical activity. Thus, it appears that if the prefrontal cortex is
underactivated, both attentional processes and the inhibition of the motor cortex will
be diminished.

Based on the findings that EEG activity is slowed in ADHD, a hypoarousal
theory of ADHD has already been formulated in the 1970ies [104]. In line with this,
several studies have shown that slow wave activity diminishes with application of
MPH [84, 105, 106], P3 amplitudes (reflecting attentional processing) increase [107,
108] and N2 amplitudes (reflecting inhibitory processes) increase [109].

Twin studies have revealed very high heritability estimates for ADHD ranging
between 75 and 98% (see review [69]). Nevertheless - as in dyslexia - the mode of
inheritance remains unclear. Candidates for genetic influence might be the 10-repeat
allele on chromosome 5 [110] and the 7-repeat allele on chromosome 11 [111]. The
first locus was found to be related to the dopamine reuptake receptor DAT, the latter
locus has been linked with the dopamine sensitive receptor D4. Similar to the DAT
receptor, D4 was located primarily in the frontal cortex [112].

Given the results described above, a model for ADHD could look like figure
1.2.1: a strong genetic factor influences development of dopamine receptors
(increased number of DAT receptors, reduced sensitivity of D4 receptors). This leads
to a frontocortical dopaminergic dysfunction resulting in hypoarousal of the cortex

which in turn results in a malfunctioning executive and inhibitory system.
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The model proposed above would only hold true for ADHD children of the combined
type. Parts of it might also hold true for the other subtypes. Yet, it is difficult to further
elucidate this question from the current state of literature.

It still remains unclear, if the three ADHD subtypes are different expressions of
the same disorder, or if they are different in nature. Given that some children do not
show signs of hyperactivity (predominantly inattentive type) or signs of inattention
(predominantly hyperactive type), it seems plausible that they do not have the same
underlying deficits. Before the background of vast literature on ADHD in general, very
little research has dealt with this question. Clark and colleagues [113] found that
predominantly inattentive ADHD children are more similar to control children than
combined ADHD children in terms of their EEG power spectrum characteristics. The
authors thus conclude that predominantly inattentive ADHD children are less affected
than ADHD combined children. This rather unspecific finding does not add

information to the question of subtype-aetiology, however.
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2. Studies?

2.1. Study I: Reduced hemispheric asymmetry of the auditory N260m in

dyslexia

2.1.1. Background Study |

Dyslexia has been related to an atypical organisation of auditory cortical areas. Heim
and colleagues [114] measured event related fields (ERFs) after auditory speech
stimulation and found more posterior source localisations of the N100m in the right
hemisphere for dyslexic adults and the P100m in children [115] compared to control
subjects.

Typically, right hemispheric sources of auditory processing are found to
localise more anterior to sources in the left hemisphere in normally literate subjects
[116-119]. This has generally been explained with morphology differences of the
planum temporale (PT) between the two hemispheres. The PT is located in the
supratemporal cortex, posterior to Heschl’s gyrus within the Sylvian fissure. The left
planum is larger than the right planum in adults (see [120, 121] for reviews) and
children [122, 123]. This asymmetry increases during adolescence [124] and has
therefore been linked to hemispheric differences in white matter maturation [125].

Although questioned by some authors [126, 127], PT asymmetry was found to
be reduced or even reversed in dyslexic populations [128-132]. Eckert et al. [133]
showed that PT asymmetry was correlated with phonological and verbal skills, i.e.
children with more symmetrical PT performed lower in verbal tests. The authors note
that mainly the size of the right PT predicted task performance: right PT size was
negatively correlated with phonological skills. A lack of PT asymmetry has also been
reported for children with specific language impairment [134, 135], which is
considered to widely overlap with dyslexia in phenotype and aetiology [136].

The planum temporale is part of Wernicke's area and is considered to be
dedicated mainly to language processing [137]. Yet, it has also shown to be active
during stimulation with non-speech sounds [138, 139]. Jancke et al. [140] point out

that the PT might not be solely sensitivity to speech but rather to any kind of sounds

' Studies | to Ill are based on the same sample of children. Due to better understanding and due to differing artefact-exclusion
criteria, the composition of the sample is described in each individual chapter. The same data set was used for other analyses in
the dissertation “Differentielle Effekte verscheidener Trainingsverfahren auf behaviorale und neurophysiologische Parameter bei
Kindern mit LRS" by Christof Bott, 2005.
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containing fast frequency changes. Several functional imaging studies (using fMRI or
PET) have revealed activation differences between dyslexic and control subjects in
the PT and adjacent areas. Brunswick and colleagues [141] reported reduced activity
in the Wernicke area for their dyslexic sample during loud and silent reading. Further,
dyslexic subjects had a lower level of activation in temporo-parietal and other
perisylvian areas during phonological tasks [126, 142, 143]. Shaywitz and colleagues
[144] measured cortical activation during 5 tasks with increasing demand on
phonological decoding. Control subjects showed an activity increase in Wernicke
area, angular gyrus and striate cortex corresponding to phonological demand. This
activation increase was not found for the dyslexic subjects. Thus, while dyslexics and
controls did not differ in activation during visual, non-phonological tasks, they did
differ during phonological tasks.

Group differences in the studies described above were mainly found in left
hemispheric regions. However, the right hemisphere has also been reported to be
deviant in dyslexia. McCrory et al. [145] found reduced activity in right superior
temporal and post central regions for dyslexic subjects during repetition of words and
pseudowords. The authors explain this right hemispheric underactivation as a
decreased processing of non-phonetic speech aspects thus allowing the allocation of
more processing capacitiy towards (left hemispheric) phonological language aspects.

To summarise, dyslexia seems to be related to a lack of PT asymmetry that is
accompanied by functional differences to control subjects in both left and right
hemispheric temporal regions during language tasks.

There is little research on localisation of auditory ERFs or event related
potentials (ERPs) making use the more timing-sensitive measures of MEG or EEG.
To our knowledge Heim et al’s experiments [114, 115] have been the only ones so
far investigating differences in source localisation after speech stimuli between
dyslexic and control children. They found localisation differences for the N100m
component in adults, the P100m component as well as the M210 response in
children. These results have been interpreted as a reflection of atypical PT symmetry
or the recruitment of other structures than the PT for speech processing.

The aim of study | was to replicate and extend these findings by using a larger
sample of dyslexic (n=64) and control children (n=22) within a narrower age range (8-
10 years). The latter aspect is of importance, since the morphology of ERPs and

ERFs is subject to developmental changes throughout childhood [146-150]. We
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measured cortical activity during an auditory oddball-paradigm in the MEG and
localised ERF sources evoked by the standard stimulus /ba/. Our results suggest that
localisation of ERF components is indeed an applicative tool for investigating cortical

deviances in dyslexia.

2.1.2. Methods Study |

Generation of the sample and behavioural tests

The participating children were contacted through 14 primary schools in or around
Konstanz, Germany, and attended either 3 or 4™ grade. Schools were asked to
name children with massive problems reading and spelling, as well as children
without any such difficulties. In order to objectively classify the children to be dyslexic,
all children underwent a test-battery that was designed to assess a variety of abilities
ranging from spelling and reading to phonological abilities (DRT (Diagnostischer
Rechtschreibtest 3" grade [151]; 4™ grade [152]): Standardized spelling test; ZLT
(Zurcher Lesetest [153]): Standardized reading test; SPM (Standard Progressive
Matrices, German version [154]): non-verbal 1Q-test; non-standardised Word reading:
List of words with increasing difficulty to be read aloud; non-standardised
Pseudoword reading: List of pseudo-words with increasing difficulty to be read aloud;
Mottier-Test [155]: Pseudowords with increasing difficulty are read aloud by the
experimenter and are to be repeated by the child; Dictation [156]: only words were
used that are spelled as one “hears” them, i.e. no knowledge about spelling rules or
exceptions is necessary; Categorical perception [157]: judgement, if a syllable
sounds more than “ba” or “da”, when the formant transition period of the syllable is
varied on a ten-item continuum?). If a child, who was suggested to be dyslexic by the
teacher, was not significantly worse than the norm-sample in the standardized
spelling test, he/she was excluded from the study. Control children who performed
significantly worse than the norm sample in the spelling test were either excluded or

classified as dyslexic.

2

Item 1 on the 10-item continuum represents a clear /ba/, item 10 a clear /da/. Categorical perception performance is quantified
by the following formula with ai representing the number of responses for /ba/ and bi the number of responses for /da/. A high
categorical perception index indicates reliable and correct categorisation of /ba/ and /da/.

f=3aby
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Subjects
Altogether, 64 children with dyslexia and 22 children without any reading or spelling

deficits participated in the study. Table 2.1.1 shows the number of subjects per group,
handedness and gender distributions.

Table 2.1.1: Demographic information

% Gender o
Group N . Age I—lande?n.ess Right- f=female, %
in years I=left, r=right Handers r=male Male
Dyslexic 64 9:5 91,55r 85 19f,45m 70
Control 22 9:6 1L21r 96 8f, 14 m 64

Table 2.1.2 depicts that test performance of the dyslexic children was below test

performance of the control children in all measures.

Table 2.1.2: One way ANOVAs of dependent variables SPM, DRT ( T-values); ZLT Correctness, Word Reading Correctness,
Pseudoword Reading Correctness, Mottier Test, Dictation ( % correct); Word Reading Time, Pseudoword Reading Time
(seconds); ZLT Reading Time ( seconds/no words); Categorical Perception (Index) and GROUP (control, dyslexic) as
between group factor

© o (o)) [0] — —
3 E| 58 | % So8| §F g c 85
s [ = o S < 32 2S5 | 3o = 2 5%a
o x 41705 iy xS x £ s88 | B8 E ) 8 > Q
%) @) N @ N 5 - 2 o F S 2 535 = © @9
5] g 59 5 2 5 2 ® <] o T o
o e = o = a O o g = O
Control 62.2 57.8 96 0.67 90 72.5 75 115.4 83 93 30.7
Dyslexic 51.4 36.8 87 1.41 74 166.7 52 216.3 66 75 24.6
F (1,84) 14.65 213.14 23.58 24.58 33.60 33.40 38.79 15.13 22.51 40.50 16.15
p 0.0002 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | 0.0002 | <0.0001 | <0.0001 | <0.0001

Stimulation in the MEG
Two synthesized consonant-vowel (CV) syllables /ba/ and /da/ were used for auditory

stimulation in an oddball task. Both syllables were 250 ms long with a 40 ms formant
transition period in the beginning that encoded the consonant information and
thereby distinguished the syllables. For both syllables the fundamental frequency of
formant FO was 128 Hz with a linear decline to 109 Hz towards the end of the
stimulus. The formant frequencies for the vowel /a/ (which was also the same for both
syllables) were 770, 1340 and 2400 Hz for F1, F2 and F3, respectively. Starting
frequencies for the formants F2 and F3 were 1365 and 2337 Hz for /ba/, 1567 and
2515 Hz for /dal/. Therefore, the only acoustical difference between the syllables was
between formants F2 and F3 within the first 40ms. Syllable /ba/ was used as

standard stimulus, /da/ was used as deviant. All in all 500 stimuli were presented with
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a constant ISI of 500 ms. Occurrence rates were 85% and 15% for /ba/ and /da/,
respectively. Stimuli were presented pseudo-randomly. Deviant stimuli were not
analysed, neither were data epochs with standard stimuli occurring directly after a

deviant. Stimuli were presented 60 dB/SPL above the individual hearing threshold.

MEG Recordings
Recording was done with a 148-channel magnetometer (MAGNES™ 2500 WH, 4D

Neuroimaging, San Diego, USA). Subjects were lying supine in a comfortable

position in the magnetically shielded room (Vakuumschmelze Hanau). Auditory
stimuli were presented through ear tubes 60 dB/SPL over the individual hearing level.
For artefact control, eye movements (EOG) were recorded from four electrodes
attached to the left and right outer canthus and above and below the right eye, as
well as cardiac activity (ECG) via two electrodes, one on each forearm. A SynAmps
amplifier (NEUROSCAN) served for the recording of EOG and ECG. A video camera
installed inside the chamber allowed monitoring the subject's behaviour and
compliance at any time throughout the experiment.

Subjects were instructed to not pay any attention to the syllables they would
here. To distract attention, a silent video was screened onto a white projection field at
the ceiling of the chamber using a video beamer (JVC™, DLA-G11E) and a mirror
system. Data were recorded with an online high-pass filter of 0.1 Hz and a sampling
rate of 508.63 Hz (bandwidth 100Hz). Recording was continuous.

Data Analysis

Data were noise-reduced and corrected for cardiac activity. For each subject data
epochs with a 200 ms baseline and a post-trigger window of 800 ms were analysed.
Epochs containing artefacts (signals > 120 pV in the EOG and signals > 5pT in the
MEG-channels) were rejected. Epochs containing the deviant stimulus as well as
epochs following the deviant stimulus were not analysed. The remaining epochs were
averaged. The resulting average files were 20 Hz low-pass-filtered and baseline
corrected. Single equivalent dipoles (ECDs) were fitted for the average-files, one per
sampling-point in each hemisphere (using software provided by 4D Neuroimaging,
San Diego, USA). ECDs were free in location and orientation (moving dipoles).

Following channel groups were used for analysis (Fig. 2.1.1): Standard left and right
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channel groups were chosen, since they are considered to cover most temporal

activity.

left and right temporal
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Fig. 2.1.1: Channel left

The following ECD-parameters were analysed at the RMS peak-latency in two
different time-windows (Component 1: 50-160 ms, Component 2: 170-350 ms): (1)
three-dimensional ECD location (x-axis position: posterior-anterior; y-axis position:
medial-lateral, z-axis position: inferior-superior); (2) dipole strength; (3) RMS peak-
latency. ECDs, that did not match the following criteria, were excluded from further
analysis: (1) x-axis position: -1 cm < X < 4 cm; (2) y-axis position: X > 2 cm; (3)
goodness of Fit > 0.9. Statistical analysis was done with mixed models using the
PROC MIXED module of SAS™. Covariance parameters were estimated with the
restricted maximum likelihood method (REML). The ECD-parameters described
above were analysed per person, and per component. GROUP (control, dyslexic)
and HEMIPSHERE (left, right) were fixed effects; PAT (subject) nested within
GROUP was used as random factor. The variance structure used was variance
components (VC). Least square means were estimated with the restricted maximum
likelihood method (REML), plots show standard errors. Post hoc testing was done
using the test of Tukey-Kramer. For investigation of possible relationships between
ECD localisation and behavioural performance, an asymmetry index was calculated
(x-axis position (right) — x-axis position (left)) for subjects, where ECD fits met
inclusion criteria for both hemispheres (20 controls, 49 dyslexics). Correlations were
calculated between the asymmetry index and test performance. Only significant

results are reported.
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2.1.3. Results Study |

Figure 2.1.2a shows the grand mean signal of all MEG channels for the control
children. An early component around 100 ms and a later component around 260 ms
are clearly identifiable. Figure 2b indicates a reversal of field topography around 140
ms, i.e. two separate sources with different orientations. The early source is oriented

positively, the later source is oriented negatively.
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S

-200 0 200 400 600
Latency (ms)

Fig. 2.1.2a: Grand mean of the standard condition (control Fig. 2.1.2b: Topography maps of the grand mean in the standard
children). The butterfly plot shows all MEG channels. condition.

Early positive component

ECD fits for the early component were not consistently stable and in many cases did
not meet criteria (see methods section) for statistical analysis. High quality ECDs in
the right hemisphere could only be obtained for 4 control children. Thus, we decided

not to analyse the early component.

Late negative component

ECD fits of 21 control children met criteria for statistical analysis for both the left and
the right hemisphere. For the dyslexic children, 54 data sets of left hemispheric ECDs
and 55 data sets of right hemispheric ECDs could be used?.

® The groups did not differ in age (F(1,74)=0.03, p=0.87), handedness (X(1,74)=1.02, p=0.31) or gender distribution
(X3(1,74)=0.27, p=0.6).
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Posterior-anterior axis position
The interaction GROUP*HEMISPHERE (F(1,70)=4.12, p=0.046) was found. ECDs in
the right hemisphere were localised more anterior than in the left hemisphere for the

control children (p=0.002). This hemispheric asymmetry was not present for the
dyslexic children (see fig. 2.1.3). ECDs for the control group were located more

anterior than ECDs for the dyslexic group in the right hemisphere (p=0.07).

Posterior-Anterior-Axis

—g— Control
- B =Dyslexic

Left Right

Hemisphere

Fig. 2.1.3: Interaction GROUP*HEMISPHERE.

Dipole strength

No main effects or interactions were obtained for the dependent variable dipole

strength.

Latency
The main effect HEMISPHERE (F(1,70)=7.17, p<0.005) was revealed. The RMS

peak occurred later after stimulus presentation in the right hemisphere (261 ms) than
in the left hemisphere (252 ms). Further, a strong trend towards the main effect
GROUP (F(1,70)=3.30, p=0,07) was found. The RMS peak occurred earlier for the
control group (252 ms) than for the dyslexic children (260 ms).

Correlations
A moderate but significant correlation was found between the asymmetry index and
performance in the DRT (r=0.3, p<0.05). Figure 2.1.4 displays that a greater

hemispheric asymmetry was related to better spelling test performance.
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Linear relationship between
asymmetry index and spelling test performace
X(right)-X(left)=-0,5334+0,0183*x

X(right)-X (left)

20 30 40 50 60 70
DRT-values (T)

Fig.2.1. 4: Linear relationship between asymmetry index and
performance in the standardised spelling test (DRT)

2.1.4. Discussion Study |

In accord to several other studies [114-119], we found right hemispheric ECD-
localisations of the syllable /ba/ to be more anterior than left hemispheric ECDs in our
sample of normally literate children. This asymmetry was not present for the dyslexic
children. Our finding replicates results of Heim et al. [114, 115], who also found more
symmetrical ECD localisations for their dyslexic samples — an effect, that was mainly
driven by group differences in the right hemisphere. However, Heim [114] found ECD
differences on the N100m component in adults and the P100m component in
children [115]. In the present study, asymmetry differences were found for the N260m
component. This difference might be explained by varying sample sizes (n=14 for
[115]; n=55 in the present study) and age distributions (8-16 years for [115]; 8-10
years in the present study). A generally high heterogeneity in the phenotype of
dyslexia [10, 49] might also contribute to differences in sample characteristics.

The N260m source was the earliest negatively oriented source derived from
the ERFs in our sample. It was preceded by a positively oriented source at around
100ms. A P1/N1 complex with latencies very similar to ours has repeatedly been
reported for auditory ERP/ERF data in children [114, 115, 147, 150, 158-160]. An
adult-like N1/P2 complex seems to reliably occur not until adolescence [116, 147-
150]. Different ERP/ERF morphologies of children are thought to reflect maturational

aspects like enhanced refractory periods [146] or development of cortical layers [148].
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It is unclear, whether and which of the adult components correspond to the
ones of children [160]. Some authors argue that the child N250 is commensurate with
the adult N100 [159, 161], while other authors think of it as a counterpart of the adult
N2. Paetau et al. [116] noticed that an adult-like N1m response occurred in children
when longer ISls were used (1.2-2.4s). Ceponiene and colleagues [162] discovered 2
additional negative components (N160 and 460) besides the N250 in their sample of
children when ISIs were longer than 2 seconds. The authors interpreted the fronto-
centrally distributed N160 as a correlate of the adult N1. In their 2002 study [150] an
adult-like N1 could be detected in the ERP data of 9-year olds after the slow N2
activity was filtered out.

Albrecht et al. [147] found no differences between children and adults when
localising N250, N1 and N2. Ceponiene and colleagues [150] localised N1 and N2
sources of both adults and children in supratemporal areas with N2 sources being
close by but more anterior. Takeshita et al. [149] also localised the N250m anterior to
the N100m.

To sum up, it appears that longer ISls are necessary to elicit adult-like auditory
ERP/ERF components in children. With short ISls, the negative component complex
found around 250ms in children might constitute of overlapping N1 and N2
responses. It nevertheless seems that the N250m — despite lying anterior to the N1 —
originates in supratemporal areas.

In contrast to control children we found rather symmetrical ECD localisations
for dyslexic children. This might be an effect of a more symmetrical PT formation in
dyslexia [128-133]. PT asymmetry has been found to increase throughout childhood
[124]. Therefore, symmetrical auditory ECD localisations in dyslexia might be
interpreted as an indication of a maturational lag. This view is supported by our
findings concerning N260m latency. Although left hemispheric latencies were shorter
than right hemispheric latencies (in accord to left hemispheric specialisation for
language) for both groups, control children showed an earlier activation peak
(252ms) post stimulus than dyslexic children (260ms). Latencies of late auditory
evoked potentials are longer in children than in adults (e.g. [148]). Albrecht et al.
[147] showed that a latency decrease occurs until adolescence. Thus, prolonged
latencies in dyslexia might reflect a maturational delay. Other authors also found
increased ERP/ERF latencies for their dyslexic samples. This was explained by an

abnormal auditory processing pattern in dyslexia [163], slower processing of auditory
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pathways due to delayed maturation [164] and subtle difficulties in the perception of
consonants [165]. Helenius et al’s [165] view is of relevance to our results as well,
since we presented the CV syllable /ba/, the consonant taking up the first 40ms.
While ECD localisations were very similar between dyslexic and control
children in the left hemisphere, they differed in the right hemisphere. It is possible
that right hemispheric areas involved in speech processing for the dyslexic subjects
are less efficient than the ones active in control subjects. This interpretation is backed
by the correlation between the asymmetry index and spelling test performance in the
present study. If the involvement of aberrant right temporal regions is the origin or the
consequence of dyslexic symptoms remains unclear, however. Right hemispheric
deviances have also been reported by McCrory et al. [145], who found a right
hemispheric underactivation in their dyslexic sample during repetition of words and
pseudowords. In contrast, Corina and colleagues [166] reported an increased right
hemispheric activation in the right PT during a phonological judgement task in
dyslexic subjects. These controversial results might be explained by the use of
different methods (PET and fMRI), different tasks and samples (children and adults).
Nevertheless, it seems that not only the language-specific left hemisphere is deviant

in dyslexics (e.g. [126, 142, 143]), but also the right hemisphere.

2.1.5. Conclusion Study |

In conclusion, our results support the notion of a deviating cortical organisation in
dyslexia. Reduced hemispheric asymmetry in the localisation of auditory ERF
components in dyslexia appears to be a robust finding across different samples of
dyslexic children and adults. It appears that different cortical areas are involved in
auditory (language) processing. This might be the consequence of a more

symmetrical PT formation, which in turn might be the result of maturational delay.
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2.2. Study IlI: Training-induced alterations of the mismatch field (MMF) in

dyslexic children

2.2.1. Background Study Il

Reduced phonological awareness (the reduced ability to discriminate speech-sounds
in spoken words) is considered to be a core-deficit in dyslexia [22, 167-169].
Phonological awareness is not only assumed to be a pre-requisite for speech-
perception, but also for learning the correspondence between graphemes and
phonemes which again is crucial for reading and writing [22, 170-173]. Children with
dyslexia have been found to show poorer performance than control children
categorizing speech sounds [28-30]. Most dyslexic children have problems
distinguishing CV-syllables [31]. This seems to be related to their deficiency
processing stop-consonants [31, 32]. Stop consonants are characterised by fast
frequency changes within a timeframe of milliseconds. Therefore some authors argue
that the processing deficiencies in dyslexia might not be purely phonological, but a
result of an underlying temporal (auditory) processing deficit [35, 40, 143, 174, 175].

Mismatch negativity (MMN) and field (MMF) recorded during language-specific
speech sound traces may help to clarify this question. Usually, MMN is reported to
peak between 100 and 300 ms after a deviant stimulus that is embedded in a stream
of standard sounds. Later MMN peaks (300-600 ms) have been found [37, 38, 43,
176] in children. At least 2 generators are assumed to underlie the MMN: a temporal
generator detecting pre-attentive sound-changes and a frontal generator associated
with attention switch [177].

MMN after auditory stimulation has been investigated in dyslexic populations.
Schulte-Kérne and his co-workers [37] found an attenuated MMN for a dyslexic
sample compared to controls after stimulation with CV-syllables (standard /da/,
deviant /ba/), but not after stimulation with sine-tones (standard 1000 Hz, deviant
1050 Hz). This was interpreted as evidence for dyslexia being a speech-related
phenomenon that does not extend to other domains of auditory processing. In
Schulte-Korne et al’s 1999 study [43], a sequence of 4 tones differing in frequency
and length was presented as standard stimulus. Deviants only differed in the position
of the second and last tone (which had the same frequency). Using this paradigm,
the dyslexic subjects did show an attenuated MMN also for non-speech sounds.

Since the only difference between standard and deviant stimuli lay in the temporal
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structure of the tone-pattern, the authors concluded that temporal auditory processing
might be deficient in dyslexia. Baldeweg and colleagues [44] found no MMN
differences between controls and dyslexics when stimuli differed in duration
(standard always being 200 ms long). They did find attenuated MMN when standard
and deviant stimuli were short in duration (50 ms) and differed in pitch. The
attenuation was the larger the smaller the pitch-difference was between standard and
deviant. The results of Schulte-Kdrne et al. and Baldeweg et al. suggest, that
dyslexia is related to processing difficulties of speech-sounds as well as temporally
complex and short duration non-speech sounds. This implies that the processing
deficit in dyslexia is not only phonological in nature.

Another possibility to find out about the nature of the underlying deficit in
dyslexia is to investigate the effect of training programs on dyslexic symptoms and/or
cortical correlates. Tallal and colleagues [40] developed a computer-based adaptive
training-program consisting of two tasks or “games” for language learning impaired
children. One task required the children to reproduce the sequence of two frequency-
modulated tones via button-presses. In the other task they were presented with a CV-
syllable as a sample and had to decide between 2 adjacent syllables, which of them
was identical with the sample. The games were adaptive, i.e. the better the children
got, the shorter the ISls, the frequency-modulations of the tones, or the formant
transitions of the syllables became. That is, only the temporal aspects of the stimuli
were manipulated. Interestingly, the children showed improved performance after the
training not only at the tasks within the training-program, but also at a test for speech-
comprehension (Token-Test) and at a test for phoneme discrimination (Goldman
Fistoe Woodcock Test of Auditory Discrimination). This finding illustrates that a
training-program, that focused on improving temporal processing also had an effect
on other language-related tasks. Temple and colleagues [41] investigated dyslexic
children in the fMRI before and after they underwent an adaptive training that was
focussing on auditory and language processing using non-linguistic and acoustically
modified speech. Before the training, dyslexic children showed less activation than
controls in the left-hemispheric temporo-parietal cortex, as well as the inferior frontal
gyrus during a phonological task. After the training, activity in these cortical areas
increased for the dyslexic children. The children also improved in reading ability
(word and pseudo-word reading), as well as passage comprehension, oral language

ability and rapid naming. The improvement in oral language ability was positively
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correlated with the increase in activity in left temporo-parietal regions. Both,
behavioural performance and cortical activity was comparable to controls after the
training. Kujala and colleagues [45] measured the MMN of dyslexic children before
and after an audio-visual training. The training involved sound elements that varied in
pitch, duration and intensity. The sounds were visually represented as rectangles that
respectively varied in position, length and thickness. Subjects could change SOA and
sound duration during the training. The task was to either identify an auditory pattern
in one of two visually presented sequences of rectangles, or to follow the pattern
while it was played and press the space-bar at the moment when the last element of
the pattern was played. MMN was elicited by using a tone-pair (first tone 500 Hz,
second tone 750 Hz) as standard and the same tone-pair reversed as deviant.
Before the training, the two dyslexic groups did not differ in MMN amplitude and
morphology. After the training, MMN amplitude was increased for the training group
but not for the control group. Behaviourally, there were no differences in reading skill
between the dyslexic groups before the training. After the training, the training-group
read more words correctly than the control group. Additionally, a positive correlation
was found between MMN amplitude-increase and the change in reading performance.
Comprising, another training using non-linguistic stimuli improved reading skills in
dyslexic children and enhanced the ability to distinguish sounds. This supports the
view that the underlying deficit in dyslexia is not only restricted to phonology, but is a
more general auditory perceptual deficit.

The findings described above demonstrate that training studies accompanied
by the measurement of brain activity are not only suitable for pinpointing cortical
correlates of behavioural improvements, but also help answering questions about the
aetiology of dyslexia. In the present study we tried to utilize this by comparing 3
groups of dyslexic children, who participated in training programs focussing on
different aspects of dyslexia. One training was developed following Tallal et al. [40]
and was aimed to improve auditory temporal processing (Training of Auditory
Perception (AP)). Another training program aimed at improving phonological
awareness by teaching the children to syllabify words (Training of phonological
awareness (PA)). The last program set focus on cognitive compensation and mainly
involved learning spelling rules (Training of Spelling Rules (SR)). Dyslexic children
were compared to a non-dyslexic control group. We were interested in the differential

influence of the trainings on reading and spelling performance, as well as categorical
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perception. Additionally, we measured the MMF (/ba/ standard, /da/ deviant) before
and after a 5-week training period. If the principal underlying deficit in dyslexia was
an auditory perceptual deficit, we expected to find the largest improvements on
behavioural performance and the greatest enhancement of the MMF after the AP
training. If there was no general auditory perceptual deficit, but only a lack of
phonological awareness, we expected to find most improvements after the PA
training. After the SR training, we only expected to find behavioural improvements

and no changes in the MMF, since the training did not aim at auditory processing.

2.2.2. Methods Study Il

Generation of the sample, tests and trainings

The participating children were contacted through 14 primary schools in or around
Konstanz, Germany, and attended either 3™ or 4™ grade. Schools were asked to
name children with massive problems reading and spelling, as well as children
without any such difficulties. Children and their care-takers gave informed consent to
participate in tests and examinations to diagnose their reading problems. The test-
battery that was designed to assess a variety of abilities ranging from spelling and
reading to phonological abilities (DRT (Diagnostischer Rechtschreibtest, 3" grade:
[151]; 4™ grade [152]): Standardized spelling test; ZLT (Zurcher Lesetest, [153]):
Standardized reading test; SPM (Standard Progressive Matrices, German Version:
[154]): non-verbal 1Q-test; Word reading [157]: List of words with increasing difficulty
to be read aloud; Pseudoword reading [157]: List of pseudo-words with increasing
difficulty to be read aloud; Mottier-Test [155]: Pseudowords with increasing difficulty
are read aloud by the experimenter and are to be repeated by the child; Dictation
[156]: only words were used that are spelled as one “hears” them, i.e. no knowledge
about spelling rules or exceptions is neccessary ; Categorical perception [157]:
judgement, if a syllable sounds more than “ba” or “da”, when the formant transition
period of the syllable is varied on a ten-item continuum). Only children who were 1 %
standard-deviatons below the norm-sample in the standardized spelling test, were
invited to participate in the study. Control children who performed significantly worse
than the norm sample in the spelling test were excluded in 2 instances or classified
as dyslexic in 3 cases. Dyslexic children were randomly assigned to 1 of 3 trainings

that focused on different aspects of dyslexia: Training of auditory perception (AP, by
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means of a computer game), training of cognitive compensation (SR, elements of the
“Marburger” training by Schulte-Kérne & Mathwig, 2001 [178]) and training of
phonological awareness (PA, following Buschmann, 1988 [179] and respectively

Hofmann, 1998 [180]) (see below for more detailed descriptions).

Subjects

Altogether, 64 children with dyslexia and 22 children without any reading or spelling
deficits participated in the study. Dyslexic children were randomly assigned to one of
three treatment groups. Table 2.2.1 shows the number of subjects per group,
handedness and gender distributions. Groups were comparable in age (F(3,82)=0.66

p=0.58), handedness (X3*(3,82)=4,4; p=0,22) or gender (X*(3,82)= 0,75, p=0.86).

Table 2.2.1: Demographic information

% Gender o
Group N . Age I-landecin_e Ss Right- | f=female, %
in years I=left, r=right Handers | r=male Male
. 51 7f
SR 20 9:3 151 75 13 m 65
. 21 6f
PA 23 9:6 21t 91 17 m 74
. 21 6f
AP 21 9:7 19+ 91 15 m 71
Control 22 9:6 11 96 81 64
' 21r 14 m

Trainings*

The AP training (following in parts Tallal et al., 1996 [40], Merzenich et al., 1996 [39])
was realised through an adaptive computer program specifically designed to
enhance temporal auditory processing. The program consisted of two auditory
“‘games”. In the first game, two frequency-modulated tones were presented auditorily
via headphones. Tones could either sweep upwards or downwards. Four different
tone-pair combinations were possible: up/up, down/down, up/down, down/up. Two
arrows were visible on the screen, one arrow pointing upwards, the other one
downwards. The task was to reproduce the sequence of the tone-pair by mouse-
clicking the corresponding arrows. l.e. if an up-sweep was followed by a down-sweep,
the child was to first click on the arrow pointing upwards, then on the arrow pointing

downwards. If a child responded correctly 3 times in a row, difficulty increased by

* For a more detailed description of the trainings see “Differentielle Effekte verscheidener Trainingsverfahren auf behaviorale
und neurophysiologische Parameter bei Kindern mit LRS" by Christof Bott, 2005.
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either shortening the frequency-modulation-duration of the tone sweeps, or the inter-
trial-interval between the two tones. If a child responded incorrectly twice in a row,
difficulty decreased. In the second game, a target syllable (/ba/, /da/ or /gal) was
played, uttered by an animal on the screen. In consecution, two different animals
appeared on the screen subsequently, each uttering another syllable. A decision was
to be made by the child, which animal had said the same syllable as the first animal
by clicking on the correct animal. Difficulty (depending on the child’s performance)
was modulated as described above by either varying formant-transition-duration of
the syllables or the inter-trial-interval between the 2 syllables that were to be
compared with the first one.

The SR training (following Schulte-Kérne & Mathwig, 2001 [178]) aimed at
improving spelling problems by teaching the children the application of rules. In
contrast to the AP training that focussed on perceptional aspects of sounds without
reference to spelling rules, the SR training focussed on teaching spelling rules
without any reference to perceptional aspects. Thus, the training was cognitive in
nature (in order to polarize SR and AP-Training, only rule-based chapters were used,
phonological aspects were neglected although they are a part of the original training
package). The first 7 sessions of the training were dedicated to the refreshment and
consolidation of general basics (i.e. distinction between vowels and consonants;
wordclasses; word-stems, prefixes and suffixes; capitalisation of nouns (in German)).
In session 8-18, spelling rules concerning Umlaute and word endings were practised.
Rules were printed on plastic cards and handed out to each child. Only one rule was
given at a time, followed by an intense practising period.

In the PA training (following Buschmann, 1988 [179] and respectively Hofmann,
1998 [180]), children were taught to listen to the syllable-structure of a word and to
physically display it by making an arm-movement per syllable while moving one step
aside. Practising this somatosensory coupling, children were thought to “hear” how a
word is spelled. Later on in the training, children started writing words and sentences
while drawing little bows under each syllable to transfer the “auditory” structure.
“Tricks” (rules) were taught, how difficult words can be transformed, so the syllable
structure can be heard. The main focus of the training was set on finding out, when
consonants are doubled in a word (a common source of mistakes for dyslexic

children in German) and how word endings are spelled (i.e. g or k; d or t).

Study Design
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Each child underwent the test-battery that was split into three sessions/days.
Following the behavioural tests, a magnetoencephalogram (MEG) was recorded for
each child. Ensuing, training was provided for five weeks at the individual schools for
all the dyslexic children by the same two experimenters. The amount of training
varied for the different training programs. AP training and SR training were performed
4 times a week for 45 minutes, PA training was performed twice a week for 45
minutes, since this amount of training been shown to be effective in a pilot study
[181]. Control children did not receive any training apart from their usual schooling.
After the training period, another MEG was recorded for each child. Finally, the test
battery was performed again. B-forms of the tests were used where available (DRT,
word reading, pseudoword reading). A schematic display of the design can be seen

in figure 2.2.1.

MEG | MEG Il

\ 4

Test Battery |l

\ 4

Test Battery |

A 4

Training-period

A 4

Figure 2.2.1: Study Design

Data were recorded in three blocks over the period of 1 % years.

Stimulation in the MEG

Two synthesized syllables /ba/ and /da/ were used for auditory stimulation in an
oddball task. Both syllables were 250 ms long with a 40 ms formant transition period
in the beginning that encoded the consonant information and thereby distinguished
the syllables. For both syllables the fundamental frequency of formant FO was 128 Hz
with a linear decline to 109 Hz towards the end of the stimulus. The formant
frequencies for the vowel /a/ (which was also the same for both syllables) were 770,
1340 and 2400 Hz for F1, F2 and F3, respectively. Starting frequencies for the
formants F2 and F3 were 1365 and 2337 Hz for /bal/, 1567 and 2515 Hz for /dal.
Therefore, the only acoustical difference between the syllables was between
formants F2 and F3 within the first 40 ms.

Syllable /ba/ was used as standard stimulus, /da/ was used as deviant. All in
all 500 stimuli were presented with a constant ISI of 500 ms. Occurrence rates were
85% and 15% for /ba/ and /dal/, respectively. Stimuli were presented pseudo-
randomly. Data epochs with standard stimuli occurring directly after a deviant were

not analysed.
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MEG Recordings
Recording was done with a 148-channel magnetometer (MAGNES™ 2500 WH, 4D

Neuroimaging, San Diego, USA). Subjects were lying supine in a comfortable

position in the magnetically shielded room (Vakuumschmelze Hanau). Auditory
stimuli were presented through ear tubes 60 dB/SPL over the individual hearing level.
For artefact control, eye movements (EOG) were recorded from four electrodes
attached to the left and right outer canthus and above and below the right eye, as
well as cardiac activity (ECG) via two electrodes, one on each forearm. A SynAmps
amplifier (NEUROSCAN) served for the recording of EOG and ECG. A video camera
installed inside the chamber allowed monitoring the subject's behaviour and
compliance at any time throughout the experiment.

Subjects were instructed to not pay any attention to the syllables they would
here. To distract attention, a silent video was screened onto a white projection field at
the ceiling of the chamber using a video beamer (JVC™, DLA-G11E) and a mirror
system. Data were recorded with an online high-pass filter of 0.1 Hz and a sampling

rate of 508.63 Hz (bandwidth 100Hz). Recording was continuous.

Data Analysis

Data were noise-reduced and corrected for cardiac activity. For each subject data
epochs with a 200 ms baseline and a post-trigger window of 800 ms were generated.
Epochs containing artefacts (signals > 120 pV in the EOG and signals > 5pT in the
MEG-channels) were rejected. The remaining epochs were averaged separately for
the standard condition and the deviant condition. The resulting average files were 20
Hz low-pass-filtered and baseline corrected. Following formula was used for
calculating the root mean square (RMS) for each time point in different channel
groups:

\/ > Amplitude Value®

channels

Number of channels
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Following channel groups were used for analysis:

left and right temporal left fronto-temporal
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Fig. 2.2.2: Channel Groups used for data analysis

Standard left and right channel groups (fig. 2.2.2) were chosen, since they are
considered to cover most activity generated in temporal regions. The left fronto-
temporal group was chosen, because it showed the clearest amplitude differences
between standards and deviants. Mean amplitudes for the standard and deviant
condition were calculated by averaging the RMS-values in 3 different time-windows
(W1 = 180-230 ms; W2 = 230-280 ms; W3 = 280-330 ms (see results section)).
Mean amplitudes of the standard condition were subtracted from the mean
amplitudes of the deviant condition yielding a measure of amplitude difference
(Mismatch Field, MMF) between deviant and standard condition. Difference values
per person, per time window, before and after training were statistically analysed
using the PROC MIXED module of SAS™. Covariance parameters were estimated
with the restricted maximum likelihood method (REML). MMF was used as
dependent variable. TRAINING (Control, PA, AP, SR), TIME (pre, post) and
WINDOW (W1, W2, W3) were fixed effects; PAT (subject) nested within TRAINING
was used as random factor. Plots show standard errors. Data before the training
period were analysed separately. Here, statistical analysis was the same, except
TIME was not used as a fixed effect and GROUP (Dyslexic, Control) was used as
fixed effect instead of TRAINING. Statistical analysis was done with mixed models,
since in some cases data had to be excluded due to artefacts. Table 2.2.2 shows the

sample sizes in the different conditions.
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Table 2.2.2: Sample sizes before and after the

training period.
Time Group N
Control 21
PA 21
PRE

AP 17
SR 20
Control 18
PA 20

POST
AP 16
SR 18

Instead of weighted means, least square means (LS-means) are reported. LS-means
of fixed effects are predicted population margins - that is, they estimate the marginal
means over a balanced population. In a sense, LS-means are to unbalanced designs
as class and subclass arithmetic means are to balanced designs. The standard
errors are adjusted for the covariance parameters in the model. Post-hoc testing was

done with planned contrasts.

Behavioural Data
Behavioural performance in the SPM, DRT, ZLT, Word and Pseudoword Reading
Test, Mottier-Test and Categorical Perception before and after the training period

was analysed. Data of children, whose MEG-data had to be rejected due to artefacts
were not analysed. Statistical analysis was done with mixed models. Scores of the
individual tests (DRT: T-Values, ZLT Correctness: Percent correct, ZLT Reading
Time: seconds/number of words, SPM: T-Values, Word Reading Correctness:
Percent correct, Word Reading Time: seconds, Pseudoword Reading Correctness: %
correct, Pseudoword Reading Time: seconds, Mottier-Test: Percent correct,
Dictation: Percent correct, Categorical Perception: Index) were dependent variables,
TRAINING (Control, PA, AP, SR), TIME (pre, post) were fixed effects. PAT (subject)
nested within TRAINING was used as random factor. Data before the training period
were analysed separately. Here, statistical analysis was the same, except TIME was

not used as a fixed effect and GROUP (Dyslexic, Control) was used as fixed effect
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instead of TRAINING. Plots show standard errors. Post-hoc testing was done with
planned contrasts.

In order to find out about the relationship between improvement in the
behavioural tests and MMF amplitude change before and after the training period,
difference values (post-pre) were calculated for all test-scores and MMF amplitude
for the subjects with both pre and post data (17 control, 15 AP, 16 SR, 18 PA). In
cases where MMF amplitude was significantly different after the training than before
the training (significant TIME*TRAINING interaction and post-hoc tests), correlations

were calculated between MMF differences and differences in the behavioural tests.

Behavioural description of the sample before the training period

The main effect TRAINING was found for all tests. Performance of the control
children was better than performance of the dyslexic children on all measures. Table

2.2.3 shows the test scores and F statistics.

Table 2.2.3: Test Values before the training period (SPM, DRT: T-values; ZLT Correctness, Word Reading Correctness,
Pseudoword Reading Correctness, Mottier Test, Dictation: % correct; Word Reading Time, Pseudoword Reading Time:
seconds; ZLT Reading Time: seconds/no words; Categorical Perception: Index)
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3 E| 5S4 | S |3-8| 5| 3 < 55
s = - £ =4 g2 8o | 22| SE s 15 g2
o x 0 & &3 e E 2870 22 o} & 9
) a N © N 5 - 0 gy S g2 35 = L ST
3 8 58 5 s | 3% S 8 T o
o X = o = o O o & = (&}
Control 61.8 57.8 96 0.68 90 71.2 76 116.7 84 92 30.7
Dyslexic 51.4 36.8 87 1.43 74 169.4 52 217.7 66 75 24.7
F(1,77) 12.17 195.49 22.82 23.65 32.81 30.95 37.14 13.91 22.66 37.09 17.13
p 0.0008 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | 0.0004 | <0.0001 | <0.0001 | <0.0001
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2.2.3. Results Study I

Behavioural improvement after training

The main effect TIME was found for all test measures except pseudoword reading
correctness and categorical perception. Children of all groups profited from the
training period on different aspects of reading and spelling abilities. Differential
effects were found for the SPM, DRT, ZLT reading time (trend), word reading
correctness, pseudoword reading time (trend) and the dictation. Table 2.2.4 depicts
the amount of improvement for all tests (post — pre training), as well as F-statistics for
the interactions TRAINING*TIME.

Table 2.2.4: Test improvement (post training — pre training), bold differences were statistically significant (planned
comparisons. SPM, DRT: T-values; ZLT Correctness, Word Reading Correctness, Pseudoword Reading Correctness, Mottier
Test, Dictation: % correct; Word Reading Time, Pseudoword Reading Time: seconds; ZLT Reading Time: seconds/no words;
Categorical Perception: Index).

[ o 2, 2 e] » - 2 — _
S 5. | 58 |§. 22| | 8| 5| B8
= ~ — S T @ 8 s So £c S 55
o x a7 o E % |E| 888|922 5 I > 0
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Control -1.1 -0.2 0.06 -0.05 0.05 -5 -0.4 0.4 0.7 0.02 0.1
PA 6.7 5.0 2 -0.2 0.04 -24.4 3.6 -47.1 2.4 0.01 -1
AP 5.3 4.3 3 -0.23 0.005 -12.8 2.5 -7.7 8.4 0.04 -0.1
SR 3.4 5.5 3 -0.27 0.08 -21.3 3.6 -39 3.4 0.1 2
F (3,62) 2.98 5.59 1.67 2.47 3.62 1.51 0.42 2.25 1.22 4.73 0.62
p 0.04 0.002 0.18 0.07 0.05 0.22 0.74 0.09 0.91 0.005 0.6

Only children in the AP group (p=0.02) and PA (p=0.0009) improved in non-verbal
intelligence (SPM) during the training period. All dyslexic children improved their
spelling performance in the DRT (AP p=0.0007; SR p<0.0001; PA p<0.0001) and
their reading speed in the ZLT during training (AP p=0.001; SR p<0.0001; PA
p=0.0007). Word reading correctness improved for the control children (p=0.01), PA
(p=0.02) and SR group (p<0.0001) after the training period. Pseudoword reading
time increased for children in the PA (p=0.003) and SR group (p=0.01), while spelling
performance in the dictation only improved for the children in the SR group
(p<0.0001).

Results MMF
Figure 2.2.3a displays the grand mean butterfly plot of all MEG channels in the
standard condition for the control children. As can be seen in figure 2.2.3b, an earlier,

mainly left hemispheric bipolar field is followed by a later bilateral field pattern with
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reversed polarity. The earlier component is oriented positively, the later component

(starting ~ 180 ms) is oriented negatively.
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Fig. 2.2.3a: Grand mean of the standard condition (control children).

The butterfly plot shows all MEG channels.

Fig. 2.2.3b: Topography maps of the grand mean in the standard
condition.

Figure 2.2.4 displays standard and deviant waveforms recorded at a left fronto-

temporal channel group for all children.
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Fig. 2.2.4: Standard and deviant waveforms of control and dyslexic children

Figure 2.2.5a shows the RMS curves recorded at the same left fronto-temporal

channel group by a control and a dyslexic child. A clear difference can be seen

between standard and deviant conditions starting around 180 ms for the control child.



The difference is less pronounced for the dyslexic child. Figure 2.2.5b shows the
RMS-waveforms of the standard and deviant condition for all control and dyslexic

children at the left fronto-temporal channel group between 80 and 330 ms.
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Fig. 2.2.5a: RMS course at the left fronto-temporal Fig. 2.2.5b: RMS course of standards and deviants for control and
channel group in the standard and deviant condition dyslexic children. Bottom graphs display group means.

for a control and a dyslexic child.

Statistical analysis was performed for the component starting at 180 ms, because it
was clearly identifiable in most of the cases (see fig. 5b). Analysis was done in 50 ms
time-windows, the first window covering the rising slope of the component (180-230
ms), the second window covering the peak (230-280 ms), the third window covering
the falling slope (280-330ms). Results for the three different channel groups (left and

right temporal, left fronto-temporal) were as follows:

Before training

MMF amplitudes were not significantly different between control and dyslexic children
(fig. 2.2.6). Means of controls were somewhat larger indicating that only a subgroup

of dyslexic children may actually show a reduced MMF.
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Fig. 2.2.6: Group differences in MMF amplitude
before training

MMF changes after training

The interaction TRAINING*TIME was found for all three channel groups (Left Fronto
Temporal F(3,62)=5.55, p=0.002; Left Temporal F(3,62)=2.82, p=0.046; Right
Temporal F(3,62)=2.79, p=0.04), indicating that MMF amplitude changed
differentially for the different training groups. Figure 2.2.7 depicts the MMF change
values (post — pre training).
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Fig. 2.2.7: MMF amplitude changes (post training —
pre training)

MMF amplitude did not change over the five-week training period for the control
children, while MMF amplitude increased for the children in the PA group in left
fronto-temporal (p=0.05) and right temporal (p=0.03) channel groups. MMF amplitude
also grew for the AP children over left temporal channels (p=0.02), while it decreased
for children in the SR over left fronto-temporal channels (p=0.003). The increase in
MMF amplitude for the PA group in the left fronto-temporal channel group correlated

with an improvement in dictation performance (r=0.51, p<0.05, see fig. 2.2.8).
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Fig. 2.2.8: Linear relationship between dictation
improvement and MMF amplitude increase over left
fronto-temporal channels for the PA children

2.2.4. Discussion Study I

Group differences before training

The MMF of dyslexic children and control children were not statistically different. This
finding was surprising, since others reported a significantly reduced MMN for dyslexic
samples [37, 43-45]. However, no differences between the dyslexic sample and
control group were found, when relatively long sine tones were used for stimulation
[37, 44], i.e. simply structured stimuli that were neither speech-related, nor
morphologically complex. The stimulation used in this study, however, was both
speech-related (synthesized syllables /ba/ and /da/) and demanding in terms of
processing short-duration information (the only distinction between the syllables was
encoded in the initial 40 ms formant transition period). Since dyslexics are reported to
be deficient categorising speech sounds [28-30] and distinguishing CV-syllables [31],
and since the dyslexic children in our sample had significantly lower scores in
categorical perception than the control children, we expected to find smaller MMF
amplitudes for the dyslexic children compared to controls using the stimulation
described. The results obtained here suggest that not all children, who have
pronounced problems with reading and spelling, as well as categorical perception,
have a reduced sensitivity to sound changes that is reflected by an attenuated MMF.
One possibility to explain this finding is, that sound changes are indeed detected in
the sense that a stimulus is recognised as being “different”, but that in an ensuing

processing stage the nature of the “difference” cannot be clearly categorised. If this
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was the case, one might assume that dyslexia may generally not result from a
general auditory perceptual deficit. It seems more likely that decoding difficulties
occur later in the processing stream when phonemes are categorised by segmenting
a stream of incoming sounds. Mody and colleagues [30] point out the need for a clear
terminology when speaking of temporal perception. On the one hand there is the
perception of temporal properties such as duration, sequence, relative timing or
rhythm; this includes segmentation. On the other hand there is rapid identification
and discrimination between very brief events, e.g. differentiating the formant
transitions between ba and da. They argue further that “all the supposed difficulties in
“auditory temporal perception” or actual difficulties in perceiving rapidly presented
information, so far reported for both reading-impaired and specifically language-
impaired children, can be traced to difficulties in stimulus identification.” If this was
the case, however, a deviant MMF should be expected.

Given a greater sensitivity of magnetic measurements of MMF than for MMN
and the fact that the present sample of dyslexic children (n=58) was considerably
larger than the samples in other studies examining MMF or MMN, it is unlikely that
our finding is a result of an insufficient signal to noise ratio.

One possibility to explain the lack of MMF attenuation in the experimental
groups might lie in the definition of diagnostic criteria for dyslexia. Dyslexia is a
specific disability with reading and spelling despite appropriate schooling, normal
intelligence and without any other sensory or neurological deficits (DSM IV, APA,
1994). These diagnostic criteria do not involve any etiological premises. Therefore, a
variety of children might be diagnosed to be dyslexic, without having the same
underlying deficit. Dyslexia has been viewed as a heterogeneous disorder that varies
to a great extent in strength and expression [10, 49]. Amitay and colleagues [48]
investigated 30 reading disabled adults and found that only 6 had difficulties on tasks
with high demand on temporal processing while all of them had difficulties with other
auditory and visual tasks with no special demand on temporal processing. Heim et al.
[182] found that children with auditory deficits usually show relatively less visual
impairments and vice versa. It is likely that some but not all children have difficulties
with temporal processing in an unselective sample of dyslexics. But there will also be
children, whose phonological awareness is reduced without parallel deficient
temporal processing. For the present study, we did not pre-screen the dyslexic

children for their temporal processing abilities. We only followed diagnostic criteria as
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defined in the DSM IV. Thus, our sample may have been more representative but
also more heterogeneous than the ones of other studies. Ramus and colleagues [22]
investigated 16 adult dyslexics with an extensive test-battery focussing on
phonological, auditory, visual and cerebellar deficits. Besides the fact that the profile
of performance and individual deficits varied to a great extent across the subjects,
they found that all of the dyslexics had problems with phonology, while only 10 of 16
had deficits with auditory processing. They even consider this as a high incidence
compared to other studies that typically find 1/3 of dyslexics affected on auditory
processing [22]. It is also stressed that the auditory problems found cannot be
characterized as being the consequence of a rapid auditory processing deficit, since
the dyslexic subjects did not perform worse on tasks involving rapid auditory
processing compared to other auditory tasks. Another important conclusion was that
deficient audition leads to poor phonology, but not vice versa. In the light of Ramus et
al’s results, our finding of a “dissociation” between poor performance in categorical
perception (phonology) and control-like MMF amplitudes (audition) seems plausible.
The children perceive the difference between syllables, yet they cannot categorize

them.

Training-induced changes

Children of all groups profited from the training. This finding replicates and extends
results from other studies investigating the efficacy of the PA- [183], SR- [184, 185]
and a comparable version of the AP-training [41]. In the present study, differential
effects were found for word reading correctness, where only children in the PA- and
SR-group improved. Since the children in the control group performed better after 5
weeks as well, improvement of the dyslexic children may not be accredited to the
training they took part in. At the dictation, only children in the SR group improved.
This was somewhat astonishing, since only words were used that did not necessarily
require rule-knowledge in order to spell them correctly. It is possible, however, that
the children in the SR group could make use of the rules they were taught and
thereby circumvented the reliance on possibly deficient phoneme-grapheme
correspondences. Interestingly, the children in the AP- and PA- group improved at
the non-verbal intelligence test SPM after the training. We had not expected any
effects on the SPM, since none of the trainings was designed to improve intelligence.

It is imaginable, however, that the AP training promoted the ability to concentrate and
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focus attention, which are crucial premises to solve the demanding tasks of an
intelligence test [186, 187]. Since giving the correct responses required the children
to be extraordinarily attentive during the AP training, and since the training was
applied 45 minutes a day, four times a week over a period of five weeks, it is possible,
that the ability to concentrate was trained as well. This can, however, not explain the
improvement of the PA group. Therefore it may be possible that improved
segmentation and categorisation abilities provided these children with better tools to
process information, improving their overall performance in school (which indeed was
the case), their self-confidence and consequently their performance also in non-
verbal intelligence tests.

We did record differential training-induced changes in MMF amplitude. The AP
group showed a distinct increase in MMF amplitude after training at left temporal
channels, Children in the PA group had increased MMF amplitudes over the left
fronto-temporal and right temporal regions. These findings fit to the areas that are
eloquent for the respective tasks (pre-attentive auditory perception of language
sounds in left temporal regions; phonological awareness and attention switching in
left frontal regions and simultaneously sound to movement — foxtrot in the right
hemisphere).

It might not be surprising to find an MMF amplitude increase after the AP
training, since it was designed to improve auditory temporal processing and in
consequence the ability to discriminate sounds. This result is in line with the results of
Kujala and colleagues [45], who also found an increased MMN for the group of
dyslexic children, who participated in an audio-visual Computer training.

It is interesting, that the PA training, that aimed at improving phonological
awareness and basically taught the children how to make the syllable structure of a
word listenable in order to spell it correctly, also increased the sensitivity to sound
changes. This finding is novel and has not been reported before. The MMF increase
in the PA group was correlated with an improvement in the dictation. These findings
support the hypothesis that the PA training improved auditory perceptual precision
and the sensitivity to sound changes without aiming at an underlying temporal
processing deficit.

In contrast to results of AP and PA, children in the SR group produced
decreased MMF amplitudes with a significant attenuation in left-temporal channels.

Given that controls showed little changes from test to re-test, habituation may not be
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a likely explanation. We had not expected the SR training to have an effect on the
MMF, since it focused on cognitive, rule-based learning. An explanation for the MMF
decrease after training might be that the children learned to use the rules very
effectively and thereby had a functional compensatory tool that enabled them to spell
words correctly without having to rely on their deficient phoneme-to-grapheme
representation. Possibly, the children were “focussed away” from audition by
intensely practising and applying spelling rules. The MMF amplitude decrease did not
seem to correspond to changes in behavioural test performance, however.

Given the results described above and the hypotheses we formulated in the
introduction, we can make inferences about possible etiological factors of dyslexia.
We found most training-induced effects on the cortical measure MMF for the PA
training. After training, the MMF increased in left fronto-temporal and right
hemispheric channel groups. This increase was correlated with an improvement in
dictation performance. We also found an increase in MMF amplitude after the AP
training. The SR training led to a decrease in MMF amplitude that did not correlate
with any qualitative behavioural change. Since the PA training produced the greatest
effects, we can assume that the underlying deficit — at least in our sample — may be
related to a lack of phonological awareness rather than a more general auditory

perceptual deficit.

2.2.5. Conclusion Study I

We found dyslexic children to show poor performance in categorical perception
(phonology). Nonetheless, they had control-like MMF amplitudes (audition). Thus, it
seems that dyslexic children do perceive the difference between syllables, yet they
cannot categorize them reliably. This supports the view that deficient audition leads
to poor phonology, but not necessarily vice versa. It is likely that some but not all
children have difficulties with temporal processing in an unselective sample of
dyslexics.

We also found MMF amplitude to be a measure of training effects. Most
effects were found for the PA training of phonological awareness that improved the
sensitivity to sound changes at left fronto-temporal and right temporal sites without
aiming at an underlying temporal processing deficit. The MMF increase in the PA

group was correlated with an improvement in the dictation.

56



From these results we infer that a lack of phonological awareness rather than
a more general auditory perceptual deficit may be the most relevant underlying cause

of dyslexia.
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2.3. Study lll: Word processing differences between dyslexic and control

children

2.3.1. Background Study lli

It is widely agreed that a core deficit of dyslexia is reduced phonological awareness
(the reduced ability to discriminate speech-sounds in spoken words; [22, 43, 48, 167-
169]. Phonological awareness is not only assumed to be a pre-requisite for speech-
perception, but also for learning the correspondence between graphemes and
phonemes which again is crucial for reading and writing [22, 170-173]. According to
dual route models of reading (e.g. [17]), the pronunciation of words can be retrieved
in two different ways, depending on the frequency and regularity of a word. High
frequent (HF) words are more familiar to the reader, as they appear more often in
spoken and written language. It is likely that the visual forms of HF words are directly
associated with their meaning in the same way as images are [18]. Therefore it is
possible to read a word at a glance, if it is well-known enough. This way of reading is
often termed “direct route” or “lexicosemantic route”. In contrast, other strategies may
be used to decode low frequent (LF) words or pseudowords (PS). If a word is not
familiar to the reader, it is necessary to phonologically assemble the word from
sublexical parts following grapheme-to-phoneme correspondences in order to read
and retrieve the meaning correctly. This route is called “graphophonological route”,
“indirect route” or “sublexical route”.

Due to their lack of phonological awareness, it appears reasoned that
dyslexics should be most impaired reading novel or unfamiliar words, where
successful decoding relies on the application of the graphophonological route.
Castles and Coltheart [188] investigated the reading performance of 53 dyslexic and
56 age matched control children. Children were to read aloud regular, irregular and
PS words. They found that the majority (72%) of the dyslexic children were below the
confidence limit for pseudoword reading, i.e. they had difficulties reading via the
graphophonological route. Only 19% of the dyslexic children were exclusively
impaired reading irregular words with a control like performance reading PS words.
l.e. these children were able to successfully apply grapheme-phoneme-conversion
rules necessary for pseudoword reading while being impaired using the direct route.

Visual word processing differences between high and LF words have been

revealed in several studies measuring electrical or magnetic brain activity. Sereno et
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al. [189] reported higher amplitudes for LF words in comparison to HF words in
anterior parietal and occipital regions between 132 and 164ms. Assadollahi and
Pulvermuller [190, 191] found that LF words led to stronger brain responses than HF
words starting as early as 120 ms post stimulus. Calculating source localisations of
the effects, they found that the frequency effects were strongest over a left occipito-
temporal area. Hauk and Pulvermiller [192] also reported higher amplitudes for LF
words in an early timeframe from 150-190ms (most pronounced at left occipital
electrodes), as well as in a later timeframe between 320 and 360ms for parietal leads.
Interestingly, Proverbio et al. [193] found similar P150 amplitudes for both PS words
and words when their lexical frequency was low. The authors concluded that highly
familiar words are recognized as unitary objects at early processing stages, while this
is not the case for unfamiliar words. Rudell [194] visually presented HF and LF
words using the rapid stream paradigm [195]. The component elicited using this
paradigm is called recognition potential (RP). A target word (HF or LF) was presented
for 200 ms and then immediately followed by three different letter-strings. Data were
recorded at two occipital electrodes. They reported a frequency effect with HF words
having a shorter RP peak latency than LF words (266 vs. 292 ms).

All these findings reflect distinct cortical processing of HF and LF words at
relatively early processing stages (between 100 and 360 ms), possibly reflecting
different reading strategies. Hauk and Pulvermdller [192] postulate that the synaptic
connections representing a word become more and more efficient, the more often a
word is encountered. As a consequence less activation is necessary to activate the
corresponding word. Thus, it appears reasoned that the graphophonological route
will draw more processing resources than the direct route.

Not many studies have investigated word reading varying word frequency in
dyslexia. The studies that did, however, found rather unexpected results. Johannes
et al. [196] visually presented HF and LF words to 6 dyslexic adults and control
subjects while measuring EEG. Each word was presented twice. In both groups they
found LF words to elicit higher N400 amplitudes than HF words. While control
subjects showed an amplitude decrease for both word types in the repeat condition,
this decrease was only present for LF words in dyslexics. The authors inferred that
N400 amplitude for HF words is already reduced on the first encounter in dyslexics.
Johannes and colleagues interpreted this as a result of enhanced semantic

integration of HF words, having compensatory function. The finding is surprising
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since one would have expected to find differences between dyslexic and control
subjects processing LF words (only LF words require graphophonological reading). It
should be noted, however, that the sample size in this study was very small and the
dyslexics were recruited at a university, implicating that they were well compensated
dyslexics.

Russeler and colleagues [197] investigated recognition memory for HF and LF
words in 12 adult dyslexics and 12 adult controls in the EEG. Again, no specific
processing differences for LF words were found between the groups. Recognition
memory for both HF and LF words was reduced in dyslexics. Additionally, an old/new
effect for the P600 component (that was stronger for LF words) was only present for
control subjects. The authors explained this by a reduced recognition memory in
dyslexic subjects, regardless of word type. Like in the study by Johannes et al. [196],
it should be mentioned, however, that the dyslexic sample consisted of highly
compensated university students, thus raising the question if the results can be
generalised.

Hyona and Olson [198] examined eye fixation patterns of 21 dyslexic and 21
younger, reading-age matched control children during reading of HF and LF words.
They did not find the two groups to differ in number and length of fixations. The more
“difficult” LF words attracted more and longer fixations than HF words. The authors
interpreted their finding as support for a maturational lag hypothesis in dyslexia, since
performance of the younger control group (mean age 10 years) resembled
performance of the older dyslexic group (mean age 14 years). However, reading
correctness did differ between the groups. Dyslexic children made twice as many
word substitution errors (e.g. travelled instead of traversed) and 50% more nonword
substitution errors (e.g. compendent instead of competent) than control children, with
95% of the latter and 76% of the word substitutions occurring on LF words.

In summary, the lack of group differences for processing LF words might be a
consequence of the dyslexic samples being highly compensated university students
[196, 197] or of the dependent measure (eye fixations) not being sensitive enough to
mirror the pattern found in the behavioural data [198].

The aim of the present study was to investigate cortical processing of HF, LF,
and PS words in a representative dyslexic sample and a matched control group. We
were not interested in semantic processing of different word types, but in automatic

processes triggered by a visual word stimulus - like the initiation of different reading
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strategies depending on the familiarity of the stimulus. Thus, we chose to visually
present different word types in a rapid serial visual presentation (RSVP) design (1
stimulus per 350 ms) while measuring cortical activity in the MEG. Since processing
differences between HF and LF words have been found on early components (as
early as 120 ms) probably reflecting pre-semantic processes of different reading
strategies, we thought it possible to detect such differences when faster presentation
rates than 1 stimulus per 800 ms — 1 stimulus per 2000 ms are used. The assumption
that early word processing differences can be found using higher presentation rates
than the ones generally used in electrophysiological word reading studies is
supported by the work of Rubin and Turano [199]. They visually presented words as
a conventional text passage (PAGE) or in a rapid serial fashion (RSVP) and found
that subjects were able to read (and comprehend) 1100 words/min (one word per 54
ms) when reading words in RSVP while only 300 words/min in the PAGE condition.
The authors argue that saccadic eye-movements (being more prominent in the PAGE
condition) impose an upper limit on reading speed.

We assumed RSVP to be an appropriate tool to investigate word processing in
dyslexia, since it allows setting focus on early, more automatic aspects of word
processing induced by visual word stimuli. Control and dyslexic subjects were not
expected to differ processing HF words, since the majority of dyslexics is not
impaired reading highly familiar words. We did expect to find group differences for
low frequent words: Skilled readers should be able to successfully decode low
frequent words, while dyslexic readers should have difficulties doing so (due to their
reduced ability to apply grapheme-phoneme correspondences). No specific
hypotheses were formulated for PS word processing. We chose to analyse the
stimulus-evoked cortical activity by the means of wavelet transformation, since it

offers additional information about the spectral frequency of the effects.

2.3.2. Methods Study Il

Generation of the sample and behavioural tests

The participating children were contacted through 14 primary schools in or around
Konstanz, Germany, and attended either 3™ or 4" grade. Schools were asked to
name children with massive problems reading and spelling, as well as children

without any such difficulties. In order to objectively classify the children to be dyslexic,
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all children underwent a test-battery that was designed to assess a variety of abilities
ranging from spelling and reading to phonological abilities (DRT (Diagnostischer
Rechtschreibtest 3™ grade [151]; 4t grade [152]): Standardized spelling test; ZLT
(Zurcher Lesetest [153]): Standardized reading test; SPM (Standard Progressive
Matrices, German version [154]): non-verbal |Q-test; Non-standardised Word
reading: List of words with increasing difficulty to be read aloud; Non-standardised
Pseudoword reading: List of pseudo-words with increasing difficulty to be read aloud;
Mottier-Test [155]: Pseudowords with increasing difficulty are read aloud by the
experimenter and are to be repeated by the child; Dictation [156]: only words were
used that are spelled as one “hears” them, i.e. no knowledge about spelling rules or
exceptions is necessary; Categorical perception: judgement, if a syllable sounds
more than “ba” or “da”, when the formant transition period of the syllable is varied on
a ten-item continuum with 1 representing a clear /ba/ and 10 representing a clear
/da/). If a child, who was classified as being dyslexic by the teacher, was not
significantly worse than the norm-sample in the standardized spelling test, he/she
was excluded from the study. Control children who performed significantly worse than

the norm sample in the spelling test were either excluded or classified as dyslexic.

Subjects

20 control children and 55 dyslexic children participated in the study. The two groups
did not differ statistically in age (F(1,73)=0.24; p=0.6, range 8-10 years), handedness
(X2(1 ,73)=1.3; p=0.3) or gender distribution (X2(1,73)=0.01; p=0.9). Table 2.3.1
displays the group mean results of the behavioural tests.

Table 2.3.1: One way ANOVAs of dependent variables SPM, DRT ( T-values); ZLT Correctness, Word Reading Correctness,

Pseudoword Reading Correctness, Mottier Test, Dictation ( % correct); Word Reading Time, Pseudoword Reading Time (seconds);
ZLT Reading Time ( seconds/no words); Categorical perception (Index) and GROUP (control, dyslexic) as between group factor
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Control 63.0 58.1 97 0.67 90 71.7 76 117.1 85 92 30.7
Dyslexic 51.4 36.9 87 1.45 74 170.1 52 218.7 65 75 24.8
F (1,73) 15.2 194.7 22.4 22.5 33.3 28.8 34.9 12.6 25.1 36.5 16.3
p 0.0002 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | <0.0001 | 0.0002 | <0.0001 | <0.0001 0.0001
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Stimulation

Three different types of words were presented: 1) high frequent content words, 2) low
frequent content words, and 3) PS words. Content words were selected from the
German version of the standardized word-database CELEX [200]. HF words were
selected to be as high frequent as possible (1091-104 per million words text), LF
words were supposed to be as low frequent as possible (1-9 per million words text).
All words were nouns. PS words were generated by shuffling letters of actual words
so that they were still pronounceable, orthographically legal but non-existing German
words. All words and PS words were 5 to 7 letters long, written in capital black letters
on a white background.

100 HF, 100 LF and 100 PS words were selected. Together they formed a
block of 300 words being presented in a randomised fashion. Each block was
presented twice at a presentation rate of 1/350 ms. There was no temporal gap

between successively presented words.

Words were generated in Dbitmap-format; “Presentation” software
(Neurobehavioral Systems, Inc. (NBS)) was used for stimulation. Words were
screened onto a white projection field (max. word size: 20-32cmx9 cm, 1.4 m away
from the subject’s eyes) at the ceiling of the chamber using a video beamer (JVC™,
DLA-G11E) and a system of mirrors.

Subjects were told that they would see different words and PS words on the
screen and were instructed to read them as carefully as possible. They were also told
that words might flash so fast that reading would be difficult, but that they should still
try as hard as they can. Children were also asked to name some of the words they

saw after the experiment.

MEG Recording

MEG was recorded using a 148-channel whole-head magnetometer (MAGNEST'VI
2500 WH, 4D Neuroimaging, San Diego, USA). Subjects were lying supine in a
comfortable position in the magnetically shielded room (Vakuumschmelze Hanau).
Data were recorded with an online high-pass filter of 0.1 Hz and a sampling rate of
508.63 Hz (bandwidth 100Hz), as well as standard noise reduction procedures.

Recording was continuous.
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For artefact control, eye movements (EOG) were recorded from four electrodes
attached to the left and right outer canthus and above and below the right eye, as
well as cardiac activity (ECG) via two electrodes, one on each forearm. A Synamps
amplifier (NEUROSCAN) served for the recording of EOG and ECG. A video camera
installed inside the chamber allowed monitoring the subject's behaviour and

compliance at any time throughout the experiment.

Data Analysis

Data were noise-reduced and corrected for cardiac activity. For each subject data
epochs with a 350 ms baseline and a post-trigger window of 350 ms were generated.
Epochs containing artefacts (signals > 120 pV in the EOG and signals > 5pT in the
MEG-channels) were rejected. The remaining epochs were averaged separately for
the three word conditions. As the next step, a time-frequency-band analysis (FBA)
with a complex Gabor wavelet [201] and a fo/o; ratio of 7 was computed for all MEG-
channels. Power spectra were retrieved from the FBA for each time point and
frequencies between 10 and 100 Hz. In order to reduce the amount of information,
selected channels above frontal, temporal and occipital regions in both hemispheres
were averaged to form 6 channel groups (left and right frontal, left and right temporal,
left and right occipital). Frontal and temporal channel groups consisted of 20
channels, occipital channel groups consisted of 15 channels.

Channel groups were selected individually based on pickup coil positions. The centre
and neighbouring pickup coils were estimated as being closest in terms of angle to
predefined positions (all positions (x, y, z, see Fig. 3.2.1) in cm: left frontal (8, 4, 5),
right frontal (8, -4, 5), left-temporal (0, 7, 5), right-temporal (0, 7, 5), left-occipital (-8, 4,
5), right-occipital (-8,-4, 5)). This assured that channels over the same brain regions

were averaged for all the subjects.

Nasion

|
\ Origin

Fig. 2.3.1: Headcoordinate system
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Statistical analysis

Since the exact timing of maximum activity, as well as the spectral frequency of
activation peaks varies considerably between subjects, it was decided to investigate
maximum evoked power amplitudes as dependent variable rather than mean
amplitude in a selected time-frequency bin (see results section). Using mean activity
in a time-frequency window might have led to blurred results.

Statistical analysis was done with mixed models using the PROC MIXED
module of SAS™. Covariance parameters were estimated with the restricted
maximum likelihood method (REML). Maximum amplitude of evoked power (MAX) in
the time-frequency bin 80-150 ms and 20-35 Hz (see results section) was dependent
variable, HEMISPHERE (left, right), WORDCLASS (HF, LF, PS) and GROUP
(control, dyslexic) were fixed effects. PATIENT nested in GROUP was used as
random factor. Variance structure was variance components (VC). Least square
means were estimated with the restricted maximum likelihood method (REML).
Tukey-Kramer test was used for post-hoc investigations of significant differences. In
cases of significant differences, spectral frequency (Hz) and latency (ms) of the
maximum amplitudes were analyzed as dependent variable. Fixed effects and
random effect were the same as described above. Only significant main effects,
interactions and post hoc tests are reported.

Where significant group effects were found, correlations were calculated
between the correspondent dependent variable (MAX amplitude, spectral frequency

or latency) and performance at the behavioural tests.

2.3.3. Results Study 1l

Figure 2.3.2 shows the average power evoked by the three word conditions for the
control children in occipital regions. Evoked power is expressed in z-values. Most
activity can be seen between 15 and 35 Hz in a time window from 80 to 150 ms.
Thus, further analysis was performed in this time-frequency bin. MAX amplitudes
were determined and statistically analysed in the time-frequency bin per condition,

hemisphere and person.
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Fig. 2.3.2: Average evoked power for high, low frequent and pseudo words in both hemispheres.
Most activity was found between 80 and 150ms and between 15 and 35Hz.
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Results statistical analysis

Frontal and temporal channels

No differences between the groups or interactions between GROUP and

WORDCLASS were found for frontal and temporal channels.

Occipital channels

MAX amplitude

The interaction GROUP*WORDCLASS (F(2,146)=4.62, p=0.01) was found. Figure
2.3.3 displays the LS means of GROUP*WORDCLASS. As can be seen, clear
amplitude differences between the wordclasses were found for the control children,

whereas no such clear differences were apparent for the dyslexic children. Post hoc
testing revealed that within the group of control children, LF words led to higher
amplitudes than HF words (p=0.01) and PS words (p=0.001). The two groups differed
in amplitude of LF words. Amplitudes in the group of control children were higher

than amplitudes in the group of dyslexic children (p=0.005).

«=—t— Control
= B =Dyslexic

Amplitude (z-values)

High Low Pseudo
Wordclass

Fig. 2.3.3: Interaction GROUP*WORDCLASS.
LF words were related with higher amplitudes
only for the control children.

MAX spectral frequency
The interaction GROUP*HEMISPHERE (F(1,73)=4.48, p=0.038) was found.
Whereas MAX frequency was higher in the left hemisphere compared to the right

hemisphere in the group of control children, the opposite pattern could be seen for

the group of dyslexic children. However, the only statistically significant post-hoc
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difference was found between left and right hemispheric spectral frequencies for the
dyslexic children (p=0.047, see figure 2.3.4a).

Finally, the interaction GROUP*WORDCLASS (F(2,146)=3.07, p=0.049) was
revealed. While MAX frequency differed between the wordclasses within the group of
control children, this was not the case for the dyslexic children. In the control group,
LF words were associated with lower spectral frequencies than HF (p=0.01) and PS
words (p=0.009). Furthermore, spectral frequency of LF words was lower for the
control children than for dyslexic children (p=0.04, see figure 2.3.4Db).
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Fig. 2.3.4b: Interaction GROUP*WORDCLASS.

LF words were related to lower spectral
frequencies only for the control children.

Hemisphere

Fig. 2.3.4a: Interaction
GROUP*HEMISPHERE. Right hemispheric
activity was related with higher spectral
frequencies only for dyslexic children.

Latency of MAX

No significant group differences were found for MAX latency. Latencies for the
different word types were 100.2 ms (HF words), 102.3 ms (LF words) and 87.57 ms
(PS words).

Correlation between MAX amplitude, frequency and behavioural tests (p<0.05)

MAX amplitude

For LF words, a significant correlation was found between test performance in the
DRT and MAX amplitude (r=0.25), as well as between performance in the dictation
and MAX amplitude (r=0.24). l.e. higher spelling ability seemed to be associated with
higher MAX amplitudes.
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MAX spectral frequency

For HF words, a linear relationship was found between word reading performance
and MAX frequency (r=0.24). A negative correlation was revealed between word
reading time and MAX frequency (r=-0.27). l.e. a small amount of errors and high
reading speed at the word reading test was related with higher MAX spectral
frequencies.

For LF words, negative correlations were found between performance in
categorical perception and MAX spectral frequency (r=-0.30), performance in the
Mottier test (r=-0.37) and MAX spectral frequency as well as between performance in
the SPM and MAX spectral frequency (r=-0.35). l.e. both, good performance in tests
of phonological awareness and good performance at the nonverbal 1Q test were

associated with a lower MAX spectral frequency.

2.3.4. Discussion Study Il

While control children displayed a typical pattern of higher activity following LF words
than HF words, this word frequency effect was not present for dyslexic children. A
word frequency might reflect different strategies reading HF and LF words. HF words
are possibly recognised as a unitary pattern [18], whereas LF words have to be
phonologically assembled from sublexical parts following grapheme-to-phoneme
correspondences [17]. The latter procedure is likely to draw more processing
resources and thus results in higher amplitudes in the EEG or MEG signal [192]. Our
finding of a word frequency effect in healthy control children is in line with several
studies on visual word processing (e.g. [189-192]). The absence of a word frequency
effect in dyslexic children might result from a specific difficulty encoding LF words. As
formulated in our hypotheses, control and dyslexic children did not differ processing
HF words. We assume this might be the case, since dyslexics are generally not
impaired reading highly familiar words. Neither did the groups differ processing PS
words. One possible explanation is that processing (in terms of wordform recognition)
succeeds for HF words in both groups and LF words in the control group (with more
effort due to phonological assembly) but not for PS words due to lacking word
representation. Similar amplitudes of HF and PS words thus might reflect different
underlying processes. It is imaginable that highly tuned neural cell assemblies

respond to the visual pattern of HF words resulting in a relatively low amplitude [192],
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whereas a similarly low amplitude for PS words may result from a lacking wordform
representation for PS words.

We had expected group differences for LF words. Reduced amplitudes in the
dyslexic children are possibly a consequence of their reduced ability to read via the
graphophonological route which in turn might result from reduced phonological
awareness. Whereas control children manage to successfully apply grapheme-
phoneme matching, dyslexic children might not be able to do so resulting in lower
amplitudes for LF words compared to control children. Interestingly, we found
significant correlations between MAX amplitude for LF words and performance in the
dictation as well as the standardised spelling test. This supports the idea that good
spelling performance is related to the ability to apply grapheme-phoneme
correspondences (reflected in higher amplitudes for LF words).

One might argue that dyslexic children were simply not able to read LF words
at a presentation speed of 1 word per 350 ms. It should be noted, however, that we
were not interested in reading capability at a relatively high presentation rate, but in
automatic reading processes triggered by a rapid serial visual stimulation with
different wordtypes. Under this premise, we interpret that the graphophonological
reading route is automatically activated for words that are not represented as unitary
objects in control children, whereas this process is not activated in dyslexic children.
It should also be noted that reading and even retrieval of word meaning is possible at
much higher presentation rates (1 word per 54 ms, [199]) using RSVP.

In the present study, interactions between GROUP and WORDCLASS
occurred at occipital channels. The occipital cortex has been repeatedly found to be
relevant for linguistic processing. Polk and colleagues [202] found a left
occipitotemporal region being more sensitive to letters than to digits. Bokde et al.
[203] revealed functional connectivity between left inferior frontal and occipital areas
only for words, pseudowords and letter strings, but not for false font strings. Patients
with lesions to the left temporo-occipital cortex have difficulties reading and spelling
comparable to dyslexic symptoms. These patients are especially impaired at spelling
irregular and LF words [204]. It has been claimed that extrastriate regions in the left
hemisphere might be crucial in the acquisition of orthographic word representations
[205].

Assadollahi & Pulvermiller [191] found their word frequency effect at left

occipitotemporal regions. The authors state that this region might correspond to the
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visual word form area (VWFA, [206]), which has — although not undisputed [207] -
generally been found to be activated stronger by visual words and pseudowords than
by other visual stimuli (see [208]). The VWFA seems to be modality-specific,
insensitive to semantic modulation [209] and can be activated without awareness.
Interestingly, it has been shown that dyslexic adults activate the VWFA less than
controls in response to visual words and pseudowords [9, 144, 210, 211]. It thus
appears that left occipitotemporal regions are crucial for fluent and automatised word
recognition.

Jobard et al., [18] performed a metaanalysis of 35 neuroimaging studies on
reading and found an activation cluster around the occipitotemporal sulcus thus
supporting the existence of a VWFA. The authors conclude that prelexical processing
of words and pseudowords might take place in this area, i.e. segmentation,
classification and the relay of visual word information to other cortical regions for
further analysis. This view is supported by Coultheart and Rastle [17], who already
stated in the original description of their reading model that initial processing stages
are shared between the two reading routes (direct and graphophonological).

From our results of course, we cannot claim to show activation of the VWFA,
since our channel selection covered more cortical areas than the VWFA. Neither did
we find left lateralised results. Nevertheless, it is likely, that VWFA activation is
strongly contained in our effects, especially since the effects were found rather early
(=100 ms) — probably reflecting prelexical processing. If Jobard et al’s [18] view is
correct that occipitotemporal regions might be involved in prelexical processing and
the relay of visual word information to other cortical areas, it might be assumed that
there is a specific deficit in dyslexic children concerning LF words. Control children
showed stronger activation for LF words compared to HF or PS words (see above).
Dyslexic children did not. LF words can only be successfully decoded applying
grapheme-phoneme correspondences — the reading requisite where dyslexics seem
to be most impaired.

The word frequency effect for amplitudes was accompanied by a word
frequency effect for spectral frequencies. LF words were related to lower spectral
frequencies (~23 Hz) than HF and PS words (~27 Hz) only in control children.
Maximal activity for LF words thus peaked in a high beta-band range, while HF and
PS words peaked in a low gamma-band range. Xiang et al., [212] also investigated

neuromagnetic spectral distribution during word and non-word stimulation and found
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frequency changes between 15 to 30 Hz to be crucial for word and non-word
processing at occipital sites. The authors related these frequency changes to
spatiovisual information processing. They interpreted that implicit word processing is
automatically activated as soon as words are present in the visual field, even if
reading is not intended. Another study on power changes during various cognitive
tasks was performed by Fitzgibbon et al. [213]. They reported an increase in gamma
activity in the posterior cortex especially during reading.

Wrobel [214] found increased beta activity (15-25 Hz) during visual attention in
primary and higher order visual areas. The author proposes that beta band activity
might have the general role of an attention carrier comparable to the role of alpha
activity in idle arousal, or gamma activity in feature integration processes. Support for
the meaning of beta activity in attention also comes from the field of attentional
disorders. It has generally been found that children with attentional deficit
hyperactivity disorder (ADHD) show decreased levels of beta activity in posterior
regions compared to healthy control children (for review see [85]). Finally, Gross et
al., [215] also reported beta activity to play an important role in attentional processes
by mediating interactions of a widely distributed attentional network. The authors
argue that changes in synchronisation might reflect changes in attentional demand of
a task. In this view, we might interpret selective beta band activity for LF words in
control children to stem from an increase in attention. It is possible that unfamiliar LF
words draw more attention than highly familiar HF words or pseudowords (that do not
have any ascribed meaning) in skilled readers. Although speculative, it might be
assumed that an increased attentional level is necessary for the more demanding
processing of LF words. It appears as if the whole cascade of processing steps
necessary for decoding LF words is dysfunctional in dyslexic children.

In the present study, significant negative correlations were revealed between
the spectral frequency of LF words and performance in the SPM, Mottier test as well
as categorical perception. The latter two correlations are of particular relevance,
since both Mottier test performance and categorical perception ability reflect
phonological awareness. In the Mottier test, children are only required to repeat back
pseudowords the experimenter reads out to them. l.e. the ability is measured, if
children perceive phonemes correctly. In the test of categorical perception, the
children had to categorise if a syllable sounds more like /ba/ or /da/ (when the

formant transition period of the syllable is varied on a ten-item continuum with 1
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representing a clear /ba/ and 10 representing a clear /da/). Thus, this test is also a
measure of phonological awareness. Dyslexic children performed worse in both tests,
i.e. they made more errors repeating back pseudowords and were less certain if they
heard /ba/ or /da/. They also did not show lower spectral frequencies for LF words
compared to HF and pseudowords as control children did. Thus it appears that there
is a relationship between phonological awareness and spectral frequencies for LF
words. Lower spectral frequency for LF words seems to correspond to higher
phonological awareness. Additionally, high spectral frequency values for HF words
were correlated with good reading performance and short reading time. Interestingly,
there were no correlations between spectral frequency and PS words. This might
also strengthen the view that the seemingly similar processing of HF and
pseudowords are different in nature.

Besides the lacking word frequency effect in dyslexic children, the interaction
GROUP*HEMISPHERE was revealed in the present study. In control children, left
occipital activity peaked at 26.5 Hz and right occipital activity peaked at 25 Hz. This
was exactly reversed for the dyslexic children. Nevertheless, the meaning of this
interaction is hard to interpret, since the differences in spectral frequency are very
small (1.5 Hz). It is likely that the reversed pattern in dyslexia is related to a functional
meaning. Our exact knowledge about single frequencies so close together is unfirm,

however.

2.3.5. Conclusion Study Il

The aim of the study IIl was to investigate automatic reading processes triggered by
different wordclasses in dyslexic and control children. For this purpose we utilised a
RSVP design and performed wavelet analysis on the evoked activity. We had
hypothesised that dyslexic children should mainly differ from controls processing LF
words due to their lacking ability to read via the graphophonological route. This was
confirmed at the level of evoked power amplitude and its corresponding spectral
frequency. Our results support the hypothesis that dyslexic children are selectively
impaired reading words that require sublexical processing. This might be another

manifestation of lacking phonological awareness in dyslexia.
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2.4. Study IV: Reading words at different presentation rates produces

differential effects

2.4.1. Background Study IV

Study IV was designed to investigate processing of HF, LF and PS words at different
presentation rates in skilled readers. This was of interest for three reasons: First, if it
was possible to find processing differences with a high speed-presentation, it would
open doors for more efficient experimental designs. A larger amount of stimuli could
be used leading to a better signal-to-noise ratio with at the same time shorter
investigation-times. Second, stimulus-presentation in a rapid stream would allow us
to set focus on early, automatic aspects of word-processing. Third, this study was
conveyed to explore how a limitation of processing time would affect visual word
processing in the brain. We investigated the well known aspects word frequency and
wordness and varied the presentation rate. We hypothesized that the brain must
have a minimal processing time to produce these effects.

The emotional content of a picture can be recognised even if pictures are
presented at high rates. In an EEG study Junghdfer and colleagues [216] found a
stronger negativity for affective pictures compared to neutral pictures at temporo-
occipital sites at presentation rates of 1/333 ms and 1/200 ms starting around 150 ms
post stimulus. A similar finding was reported by Schupp and coworkers [217], who
additionally found a later increased positivity for affective pictures at centro-parietal
sites, when pictures were presented at a rate of 1/120 ms. They argued that “a quick
glimpse of emotionally relevant stimuli appears sufficient to tune the brain for
selective perceptual processing”.

If the human brain is able to process complex visual stimuli at such a high rate
and even differentiate between emotional contents, is it able to distinguish different
word types (i.e. high and low frequent words, words and pseudowords) when written
words are visually presented?

The frequency of a word (frequency meaning the incidence of a word in written
language) determines the response latency (e.g. [218, 219]): In Lexical Decision
Tasks (is the presented letter string a word or not?), reaction times to high frequent
words are shorter than to low frequent words. This could be because lexical access is

faster when reading high frequent words in comparison to low frequent words.

74



Differences between word-types have also been found in psychophysiological
studies (see study Ill), when moderate presentation rates (between 1 stimulus/800
ms and 1 stimulus/2000 ms) were used: Tarkiainen and colleagues [211] localised
early visual word processing and found activation in left occipito-temporal regions
being stronger for real words than for symbol strings around 140ms. Sereno et al.
[189] observed a similar difference in the 100 and 132 ms time bin at posterior
parietal sites. A variation of word frequency then led to stronger activation for low
frequent words in comparison to high frequent words in anterior parietal and occipital
regions between 132 and 164ms. Compton and coworkers [220] reported that real-
word/non-word distinction starts as early as 125ms after stimulus onset with stronger
responses to words at left posterior temporal and parieto-temporal electrodes.
Assadollahi and Pulvermuller [190, 191] investigated visual word processing found
that low frequent words led to stronger brain responses than high frequent words
starting as early as 120 ms post stimulus. Calculating source localisations of the
effects, they found that the frequency effects were strongest over a left occipito-
temporal area. This area is often referred to as the Visual Word Form Area [221,
222].

All these findings reflect distinct cortical processing of different word-types at
relatively early processing stages (between 100 and 300 ms). Thus, it may be
possible to detect such differences when faster presentation rates than 1/800 ms —
1/2000 ms are used.

The assumption that early word processing differences can be found using
higher presentation rates than the ones generally used in electrophysiological word
reading studies is supported by the work of Rubin and Turano [199]. They visually
presented words as a conventional text passage (PAGE) or in a rapid serial fashion
(RSVP) and found that subjects were able to read (and comprehend) 1100 words/min
when reading words in RSVP while only 300 words/min in the PAGE condition. The
authors argue that saccadic eye-movements (being more prominent in the PAGE

condition) impose an upper limit on reading speed.
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2.4.2. Methods Study IV

Subjects
19 adults (10 female) gave written informed consent to participate in this study. Mean

age was 24.5 years (range 20-32 years). All subjects were right handed (mean value
93%, range 80-100% according to the questionnaire of Oldfield, 1971). Subjects

were healthy with no history of neurological impairment.

Stimulation

Three different types of words were presented: 1) HF words, 2) LF words, and 3) PS
words. Words were selected from the German version of the standardized word-
database CELEX [200]. HF words were selected to be as high frequent as possible
(1091-104 per million words text), LF words were supposed to be as low frequent as
possible (1-9 per million words text). All words were nouns. PS words were
generated by shuffling letters of actual words so that they were still pronounceable,
orthographically legal but non-existing German words. All words and pseudo-words
were 5 to 7 letters long, written in capital black letters on a white background.

100 HF, 100 LF and 100 PS words were selected. Together they formed a block of
300 words being presented in a randomised fashion. Each block was presented twice
with a given presentation rate. Three different RATES were used: 2.86 Hz (each
word was visible for 350ms), 4 Hz (250ms), and 6.7 Hz (150ms) with no temporal gap
between successively presented words. Every subject received the same sequence

of conditions:

300 words 300 words 300 words 300 words 300 words 300 words

high frg. high frq. high frg. high frq. high frq. high frq.

low frq. low frq. low frg. low frq. low frq. low frq.

pseudo pseudo pseudo pseudo pseudo pseudo
350 150 250

Start of experiment P  End of experiment

Presentation Rate inms

Fig. 2.4.1: Presentation design

Words were generated in bitmap-format; “Presentation” software (Neurobehavioral

Systems, Inc. (NBS)) was used for stimulation. Words were screened onto a white
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projection field (max. word size: 20-32cmx9 cm, 1.4m away from the subject’s eyes)
at the ceiling of the chamber using a video beamer (JVC™, DLA-G11E) and a
system of mirrors.

Subjects were told that they would see different words and pseudo-words on
the screen and were instructed to read them as carefully as possible. They were also
told that some words would flash so fast that reading would be almost impossible, but

that they should still try as much as they can.

MEG Recording

MEG was recorded using a 148-channel whole-head magnetometer (MAGNES™
2500 WH, 4D Neuroimaging, San Diego, USA). Subjects were lying supine in a
comfortable position in the magnetically shielded room (Vakuumschmelze Hanau).
Continuous data sets were recorded with a real high-pass filter of 0.1Hz and a
sampling rate of 678.17Hz (bandwidth 200Hz), as well as standard noise reduction
procedures.

For artefact control, eye movements (EOG) were recorded from four
electrodes attached to the left and right outer canthus and above and below the right
eye. A Synamps amplifier (NEUROSCAN) served for the recording of the EOG. A
video camera installed inside the chamber allowed monitoring the subject’s behaviour

and compliance at any time throughout the experiment.

Data Analysis

Global noise was filtered from the MEG data by subtracting external, non-biological
noise recorded by 11 MEG reference channels. The data was then split into epochs
of 1400ms length discarding all epochs with an EOG level > 100uV, or an MEG level
> 5pT between the minimum and maximum on one or more MEG channels. A
maximum of 200 MEG-traces was obtained for each of the three WORD sets per
RATE condition and subject. For each subject and for each of the nine conditions (3
RATE x 3 WORD), stimulus-triggered evoked magnetic fields were calculated relative
to a baseline of one whole presentation time window. Therefore, the baselines for the
three RATE conditions were different (baseline for 1/150ms condition: 150ms,
1/250ms: 250ms, 1/350ms: 350ms). We favoured different baselines over a fixed
baseline interval, in order to be able to subtract the complete information of the
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preceding word in the individual RATE conditions. As the word presentations were
randomised, word class effects will be eliminated in the baseline. This strategy
worked quite well as can be seen in Fig. 1.

Cortical sources of the average responses were approximated using the
minimum norm estimate (MNE), an inverse modelling to reconstruct the distribution of
the primary current that has generated the measured magnetic field distribution:
Following Hauk et al. [223, 224], we approximated cortical activity in a three-
dimensional spherical source space of radius 10 cm fitted individually to the head-
shape of the subjects (4-D Neuroimaging software). On this sphere 197 equidistant
dipoles were assumed of which the upper 121 locations were selected (excluding
neck, jaw etc.). MNE amplitudes of these locations were submitted to the statistically
robust global mean of all dipoles. In some cases, we also analysed focal activity by
computing the mean activity of dipoles covering a focus (i.e. only dipoles were
selected that as a group showed a clearly higher activation than surrounding dipoles).
To illustrate the difference between WORD conditions, difference maps of the MNE
were also calculated.

For statistical analyses, average values of the global mean over time were
calculated in pre-selected time windows. We selected the time windows around
maxima of the global power averaged across subjects. In cases of focal activity, we
analysed the peak amplitude in the according time window.

Two-way repeated measures Analyses of Variance (design: RATE (3 levels) x
WORDS (3 levels)) were calculated to assess significance of between-category
differences. Corrections of the degrees of freedom were made following Greenhouse-
Geisser, since there were more than 2 factor levels. All reported p-values are
corrected values. Newman-Keuls tests were used to further investigate significant
main effects or interactions. In the following, only significant main effects, interactions

and post-hoc tests are reported.

2.4.3. Results study IV
The global mean of activity suggested that the main effects were to be found

between 100 and 200ms post trigger (see fig. 2.4.2).
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350ms

250ms

150ms

-300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 ms

Fig. 2.4.2: Global mean amplitude plots at three different presentation rates (1/350ms,

1/250ms, 1/150ms). Stimulus onset was at time point 0.

While results for the 350ms presentation time suggest that there is only one peak for
low frequency words, it is evident that there are two peaks for the 250ms
presentation time. Notably, the 150ms presentation time does not suggest any
differences. We thus decided to first analyse the entire window from 100 to 200ms
and then to analyse the window around the first peak (100-150ms) and the second

peak (150-200ms) as suggested by the 250ms condition.

100-200ms
An analysis of variance (ANOVA) was computed in this time window. Global mean
amplitude (GMA) was the dependent variable with WORD (HF, LF, PS) and RATE

(1/150ms, 1/250ms, 1/350ms) as repeated measures. Significant main effects were
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found for WORD (F(2,36)=5.93; p<.01; €=0.96) and RATE (F(2,36)=11.84; p<.001;
€=0.76). For the WORD effect, post-hoc testing revealed no significant differences
between the word types. Post hoc testing of the RATE effect confirmed the
impression that the 1/150ms RATE condition had a significantly smaller amplitude
than the 1/250ms condition (p=.04) and the 1/350ms condition (p=.02), as shown in
Fig. 2.4.3. Amplitude means for RATE were 0.0068nAm, 0.0080nAm, and
0.0083nAm for 1/150ms, 1/250ms, and 1/350ms, respectively.

100-200 ms

0,0095

0,0090 4

0,0085

0,0080 4 —4—High
< —O—Low
00075 4 —&— Pseu

Am

0,0070 4

0,0065

0,0060 T T
150 250 350

Rate in ms

Fig. 2.4.3: ANOVA plot for global mean amplitudes at three different presentation
rates (1/350ms, 1/250ms, 1/150ms) between 100 and 200ms.

In the next step separate ANOVAs were computed for the individual presentation
RATE-conditions with global mean amplitude as dependent variable. WORD (HF, LF,
PS) was repeated measure. No significant WORD effect was found for the 1/150ms
RATE condition. For the 1/250ms condition, the WORD effect almost reached
significance (F(2,36)=3.23; p=.06; €=0.94). A significant WORD effect was found for
the 1/350ms condition (F(2,36)=3.68; p<.05; €=0.85). Post hoc testing showed that
high frequent content words led to significantly smaller amplitudes than low frequent
content words (p=.03). Amplitude means for high and low frequent content words as
well as pseudo-words were 0.0081nAm, 0.0085nAm, and 0.0084nAm, respectively.

In order to separately account for two peaks of the global mean amplitude the time
range from 100-200ms was split into two segments (100-150ms and 150-200ms).
ANOVAs were calculated for the global mean amplitude for the individual RATE
conditions with GMA as dependent variable and WORD (HF, LF, PS) as repeated
measure. In the earlier latency range (100-150ms) the only main effect for WORD
was found for the 1/350ms RATE condition (F(2,36)=3.91; p=0.04; €=0.84). The only
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main effect for WORD found for the later time window (150-200ms) was revealed for
the 1/250ms condition (F(2,36)=3.43; p=0.05; €=0.81). Therefore, more detailed
analysis in the early time segment was performed only for the 1/350ms presentation

rate and analysis in the later time segment was restricted to the 1/250ms condition.

100-150ms
Minimum norm maps for the 1/350ms RATE condition in the earlier time window

indicated a left occipital focus (Fig. 2.4.4) that was analysed statistically.

pAm

23
1.9
15
1.1

0.7
0.3
0.1

1/350ms: 100-150ms

Fig. 2.4.4: Minimum norm difference maps averaged across 100 to 150ms
after stimulus onset for the presentation rate 1/350ms. A strong difference
can be observed between words that occur at a high and those that
appear at a rather low frequency in written language: Low frequent and
pseudo words lead to stronger signals than high frequent words at a left

occipital focus.

A selection of five MNE dipoles was made, that covered the occipital focus over the
visual cortex as illustrated in Figure 4. An ANOVA was calculated for the selected
locations using the peak amplitude as dependent variable. A WORD main effect
(F(2,36)=7.91; p=.001; €=.99) indicated that LF words had larger amplitude values
than HF words (p=.002). PS words also had larger amplitude values than HF words
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(p=.007) (see Fig. 2.4.5). Peak amplitude values for HF and LF words, as well as PS
words were 0.022nAm, 0.027nAm, and 0.026nAm, respectively.

nAm
20

19
18
LT
16
15
14
13
12
11
10 5

-300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 ms

Fig. 2.4.5: Amplitude plots between 100 and 150ms at the left occipital focus.

150-200ms
Inspection of the time window between 150 and 200ms minimum norm maps

revealed a left occipito-temporal focus for the 1/250ms presentation rate (Fig. 2.4.6).

Low - High:

18 Low - Pseudo:

g
®

1/250ms: 150-200ms

Fig.2.4. 6: Minimum norm difference maps between 100 and 150ms at the
presentation rate 1/250ms. Low frequent words lead to stronger signals
than high frequent words and pseudo words at a left occipito-temporal
focus.
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A selection of four minimum norm dipoles covered this temporal focus. An ANOVA
was calculated for the selected channels using the peak amplitude as dependent
variable and WORD (HF, LF, PS) as repeated measure. A WORD main effect
(F(2,36)=4.51; p=.03; €=.70) indicated that LF words had larger amplitude values
than HF words (p=0.02) and PS words (p=0.02) (see Fig. 2.4.7). Peak amplitude
values for HF and LF words, as well as PS words were 0.016nAm, 0.020nAm, and
0.016nAm.
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Fig. 2.4.7: Amplitude plots between 150 and 200ms at the left occipito-temporal focus.

2.4.4. Discussion study IV
We investigated brain responses to visually presented HF, LF and PS words at

different presentation rates and found the following effects:

1) Differences in word-evoked brain responses became apparent at presentation
rates faster than the ones previously reported.

2) There seems to be a minimal processing time: Amplitude differences between
the three stimulus types were found at presentation rates of 1/350 ms and
1/250 ms. The 1/150 ms condition yielded no differences.

3) Differential effects were found in different time bins for the two slower

presentation rates.
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a. Between 100 and 150 ms post stimulus onset at a presentation rate of
1/350 ms: HF words led to smaller amplitudes than LF words and PS
words — “graphophonological effect”

b. Between 150 and 200 ms post stimulus at a presentation rate of 1/250
ms and between 100 and 200 ms at a presentation rate of 1/350 ms: LF
words led to higher amplitudes than HF words and PS words — “word
frequency effect”

4) Effects were related to differential topography.

a. The “graphophonological effect” was found over left occipital regions.

b. The “word frequency effect” was found at left occipito-temporal sites in
the 1/250 ms condition as well as in the global mean amplitude in the
1/350 ms condition.

Ad 1) and 2) Given the results by Rubin and Turano [199], as well as the early word
processing differences found in various psychophysiological studies, we expected to
find word processing differences using a RSVP design with higher presentation rates
than the ones commonly used in psychophysiological experiments on word
processing. Thus, it does seem to be possible to investigate word processing with a
more efficient experimental design using a larger amount of stimuli with at the same
time shorter investigation-times.

However, the fastest presentation rate (1/150 ms) did not yield clear amplitude
differences between the word types as those found for the 1/350 and 1/250 ms
presentation rates. Moreover, the global mean amplitude in the fastest condition was
significantly smaller than for the more moderate presentation rates. This suggests
that a 1 word/150 ms presentation rate might imply too great a load to sufficiently
process each word. Rubin and Turano’s findings would have led to the assumption to
also find word processing differences at 1/150 ms. As described above, their subjects
were able to read 1100 words/min, which corresponds to 18.3 words per second or 1
word/54.5 ms. Yet, there was an important difference between our study and Rubin
and Turano’s design. They used words in context. Reading words in a context
enables the reader to build expectations about the following words (e.g. [225, 226]).
This could lead to increased reading speed. In contrast, we presented HF, LF and PS
words in a random fashion. Therefore, no expectation about the following stimulus

could build, so that words had to be processed “one by one”.
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Ad 3) We found two qualitatively different word processing effects, the earlier effect
termed “graphophonological effect”, the later effect called “word frequency effect”.
Our results are in line with dual route models of reading. Thus, we will discuss our
findings in this light.

Dual route models of reading (e.g. [17]) are based on the assumption that the
pronunciation of words can be retrieved in two different ways, depending on the
frequency and regularity of a word. HF words are more familiar to the reader, as they
appear more often in spoken and written language. It is likely that the visual forms of
high frequent words are directly associated with their meaning in the same way as
images are [18]. Therefore it is possible to read a word “at a glance”, if it is well-
known enough. This way of reading is often termed “direct route” or “lexicosemantic
route”. In contrast, other strategies may be used to decode LF words or PS words. If
a word is not familiar to the reader, it is necessary to phonologically assemble the
word from sublexical parts following grapheme-to-phoneme correspondences (GPC)
in order to read and retrieve the meaning correctly. This route is called
“graphophonological route”, “indirect route” or “sublexical route”. Thus, it is likely that
the graphophonological route will draw more processing resources than the direct
route.

In the present study, the words we used for our set of low frequent words were
as rare as possible (1-9 per million words). It can be assumed that the association
between the words as a pattern and their meanings is not as strong as it is for high
frequent words, since subjects most likely have not visually encountered the words
often before the study (frequency meaning the incidence of a word in written
language). As pseudowords do not exist in written or spoken language, it is clear that
their pattern is not automatically associated with any meaning or pronunciation. Thus,
in order to read them correctly, they must be processed after phonetic rules. Reading
with the direct route is less functional for low frequent content words and
pseudowords.

We found significant amplitude differences between the word types between
100 and 150 ms at a 1/350 ms presentation rate: HF words led to smaller amplitudes
than LF words. Moreover, HF words led to smaller amplitudes than PS words, but PS
and LF words did not differ in this time range. These results might mirror the

graphophonological and direct routes of reading. Reading PS and LF words involves
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the application of sublexical GPCs, while the direct route can be used for retrieving
the meaning of HF words. Increased processing resources of the graphophonological
route compared to the direct route might be represented in higher amplitudes for LF
and PS words. Our results are in line with the work of Ischebeck and colleagues
[227]. They performed a study on word processing in Japanese Kana orthography.
Kana with its two phonologically equivalent, but visually different syllabaries offers the
opportunity to present the same word in two ways, one being orthographically
familiar, the other being unfamiliar. The authors presented visually familiar and
unfamiliar words, as well as PS words while measuring the fMRI. As a result they
found PS words and visually unfamiliar word forms causing an increase in brain
activity compared to visually familiar words. The authors take their results as support
of dual route reading models, since visually unfamiliar and PS words have to be
assembled after GPC rules and thus require more processing resources.

Between 150 and 200 ms, significant amplitude differences were found
between the word types at a 1/250 ms presentation rate. LF words led to higher
amplitudes compared to both, HF and PS words. The difference to the effect in the
earlier time window (100-150 ms) lies in the amplitude of the PS words. While it was
as high as the amplitude of LF words in the earlier time window, it dropped to the
level of HF words in the later time window (150-200 ms). Thus, the word frequency
effect with LF words leading to higher amplitudes than FH words remained, only the
role of the PS words changed. The finding of larger amplitudes to words with lower
frequencies is well established (e.g. [189, 190, 228]). A word frequency effect in a
similar time range (between 132 and 192 ms) was reported by Sereno and
colleagues [189]. They also found greater amplitudes to LF than to HF words and
interpreted this finding as a greater difficulty processing LF words. Since the (global)
mean amplitude represents the strength of brain activation we agree with the
interpretation that the word frequency effect in our data might reflect greater
processing difficulty for LF words. It is also reported in the literature that gaze
durations are longer for LF words than HF words [229, 230], knowing that the ease or
difficulty associated with processing a fixated word influences the initiation of eye-
movements [231].

Why are the amplitudes of LF and PS words similar in an earlier time window,
and why do PS words then seem to “drop” in amplitude later on? According to dual

route models, strings of letters that are uncommon or novel are processed using the

86



graphophonological route. The graphophonological process will succeed (in terms of
retrieval of word meaning) for LF words, but will fail for PS words, since there is no
meaning to retrieve. The low amplitude for PS words in the later time range from 150
to 200 ms may result from a lacking whole-word (word form) representation for PS
words.

A word frequency effect as described above for the 1/250 ms condition was
found in the whole range from 100 to 200 ms at a 1/350 ms presentation rate: LF
words again led to higher global mean amplitudes than HF words. l.e. the word
frequency effect in the 1/350 ms condition was stable over a longer time period than
in the 1/250 ms condition. Furthermore, a graphophonological and a word frequency
effect were found in the 1/350 ms condition, whereas only a word frequency effect
was found in the 1/250 ms condition. We therefore assume that the brain employs
different processing strategies depending on the time elapsing between the individual
stimuli. Our data thus suggest that processing in the 1/350 ms condition is more
detailed and thorough than in the 1/250 ms condition, which is in turn more thorough
than in the 1/150 ms condition. It is known from eye movement studies that eye
fixations last about 200 to 250 ms during reading (normal text) and that fixation time
primarily reflects depth of word processing (the more time, the deeper the
processing) [232]. This may explain why different effects are found depending on the
amount of time one has to fixate a word. The brain might allocate different amounts
of processing resources depending on the presentation rate. This is suggested by the
fact, that we did find effects in the time range between 100 and 200 ms for the more

moderate presentation rates, but not for the 1/150 ms presentation rate.

Ad 4) We obtained information about the localization of the effects. The
graphophonological effect was found at left occipital sites, whereas the word
frequency effect was located at slightly more anterior, left temporo-occipital sites. The
results suggest that graphophonological and word frequency effects on word
processing not only become apparent in different time windows after stimulus onset,
but also are to some degree processed in different cortical regions. The word
frequency effect related to whole words was exactly located at the same cortical
region as in Assadollahi and Pulvermuller’s study [191] investigating word frequency
effects. Together, the data corroborate the view, that an area responsible for the

representation of visual word forms (the so-called Visual Word Form Area [221, 222])
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may reflect the frequency of visual word forms. In contrast, the more posterior area
responsible for graphophonological processing may reflect the probabilities at which
letters can follow each other. As pointed out by Broadbent & Gregory [233], a word
made up by an improbable sequence of letters has a low chance of being a probable
word itself. Thus it is clear, that the word frequency effect was comparable at both
cortical areas: low frequency items led to larger amplitudes than high frequency
items. A further study varying sequential probabilities of letters and word frequencies

orthogonally and localising these effects would be able to investigate this hypothesis.

2.4.5. Conclusion study IV

The RSVP design seems to be a useful tool for investigating early automatic effects
of word processing. The present data replicate the finding that word properties such
as frequency are differentially reflected in the brain response as early as 100 ms. We
found evidence for a word processing scheme that comprises two mechanisms, the
whole-word/word-form representation and the graphophonological route. We were
not only able to obtain information about the time course of cortical word processing
mechanisms - we were also able to link different processing stages to separate
cortical sites. The graphophonological route is located at left occipital sites whereas
the Visual Word Form Area is located at relatively more anterior sites.

It also appears that within a RSVP design, processing becomes more and
more detailed the “slower” the presentation rate. No effects were found at the rate of
1 word/150ms. “Only” a frequency effect was found at the rate of 1 word/250ms.
Finally, evidence for a frequency effect and a graphophonological effect was found at

the “slowest” rate of 1 word/350ms.
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2.5. Study V: The influence of Methylphenidate on the power spectrum
in ADHD

2.5.1. Background study V

Attention Deficit Hyperactivity Disorder (ADHD) is characterized by difficulties
concentrating, completing assigned tasks, keeping track of things, waiting one’s turn
or sitting still. Three subtypes are classified in the DSM IV (APA, 1994) ADHD of the
predominantly inattentive type, ADHD of the predominantly hyperactive type and a
combined type. The prevalence of ADHD is estimated to lie between 3 and 5% of all
school children with a stronger tendency for boys to be diagnosed (APA, 1994).
However, Scahill and Schwab-Stone [70] investigated data from 13 studies and
found prevalence to vary between 2 and 14.9%, depending on diagnostic tools and
community sample. An increase in prevalence has been observed throughout the last
years, which might be related to a change in diagnostic criteria and the introduction of
ADHD predominantly hyperactive type in the DSM IV. All ADHD subtypes are
generally treated the same way, the prescription of Methylphenidate (MPH) (NIH
consensus statement, 1998). MPH has shown to be effective in 75-90% of ADHD
children (Mental Health Report of the Surgeon General, 1999). In line with increasing
prevalence estimates, the usage of MPH has increased several fold during the last
years in the USA (United Nations International Narcotics Control Board, 1995) as well
as in Germany [234].

It has been stated by several authors, that ADHD is related to cortical
hypoarousal [85, 99, 100, 104]. The mechanism behind this possible hypoarousal is
not yet clarified. However, evidence from SPECT studies [98, 103] and the mere fact
that MPH — a psychostimulant - is an effective treatment of ADHD symptoms suggest
there is a deficit in the dopaminergic neurotransmitter system. As SPECT studies (e.qg.
[80]) have shown, ADHD patients seem to have a higher number of DAT receptors,
which are responsible for dopamine re-uptake, and in consequence have less
dopamine available in the synaptic gap. MPH is a potent blocker of DAT receptors.

It has previously been shown that some children respond more to MPH than
others, or that children with different sub-diagnoses react differentially. Clarke and
colleagues [113, 235] compared EEG power in different frequency bands of good
and poor responders to MPH and found a cortical activation profile suggesting that

good responders are more cortically hypoaroused than poor responders. The authors
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assume that MPH is most effective for children who are cortically hypoaroused. Loo
and co-workers [110] conclude from their results that there are different
electrophysiological correlates to MPH for responders and nonresponders. They also
compared EEG power in different frequency bands and found that reponders showed
a decrease in Theta and Alpha activity, as well as an increase in Beta activity, while
nonresponders showed the opposite pattern. Clarke and colleagues [113, 236, 237]
investigated cortical differences between ADHD children of the combined type
(ADHDcom) and the predominantly inattentive type (ADHDin). Generally, they found
ADHDcom children having higher slow wave activity than ADHDin children. The
authors concluded from their results that children with ADHDcom are more cortically
hypoaroused than children with ADHDin. They hypothesized that ADHDcom might be
related to frontal lobe dysfunctions, while children with ADHDin may have other forms
of CNS functioning.

Due to the findings that MPH is more effective for some children than for
others and since the cortical profiles of ADHD subtypes seem to differ, it is advisable
to study the effects of MPH on cortical processing more closely. One desirable
outcome of these studies might be to identify cortical indicators in order to
differentiate between children who are responders and those who are nonresponders
before they are treated with amphetamines. Another value lies in elucidating
etiological factors of ADHD. Differential effects for the different subtypes can help

understanding the underlying cause of the disorder.

The present study was dedicated to investigate the influence of MPH on cortical
processing. All of the previous studies investigating power differences in different
frequency bands have been using EEG, mostly with a relatively small number of
electrodes. Our aim was to obtain new aspects using high density
magnetoencephalography (MEG). MEG comprises several advantages over EEG.
First of all, the magnetic fields measured are not as biased by low skull conductivity
as electrical potentials. Second, MEG is reference-free. Unless EEG analysis is done
using average reference (which only is reliable if the recording of the reference
electrode is flawless), there will always be an influence on cortical effects produced
by the reference type chosen. Third, MEG using magnetometers by definition mostly
reflects cortical activity. Subcortical activity is too weak to be detected. Thus, the

complexity of the detected signals is reduced. Fourth, MEG mainly reflects radial
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components of cortical activity, which are primarily produced by intracellular currents
in sulci. Thus, the activity measured stems from circumscribed focal activation,

whereas potential differences measured by EEG can originate from various sources.

2.5.2. Methods Study V

Subjects
35 children (6 female, 29 male) participated in this study. Mean age was 11.7 years

(£1.92 years). 17 children were diagnosed of having an Attention-Deficit/Hyperactivity
Disorder of the combined type (ADHDcom, DSM |V code 314.01); the other 18 were
diagnosed for ADHD of the predominantly inattentive type (ADHDin, DSM IV code
314.0). Diagnoses were made by a paediatrician specialized in child psychiatry. All
children and parents gave their written informed consent to participate according to
the World Medical Association Declaration of Helsinki - Ethical Principles for Medical

Research Involving Human Subjects (www.wma.net).

Procedure
We measured the effect of Methylphenidate (MPH) on the MEG during a 5 minute

resting period (subjects being relaxed but awake). The behavioural performance with
and without medication was measured by a highly demanding attention test (D2 test
of attention, [238]). Dosage of methylphenidate was based on the body weight of the
child (0.1-0.5 mg/kg/day). To ensure that medication and not the mere administration
of a pill had an effect, we chose a placebo design. Placebo and methylphenidate
were applied by a pediatrician in form of pills that looked identical (placebo dosage
was matched with MPH dosage).

The overall-design was the following (Fig. 2.5.1):

/‘11/2h\ /"I%h\

Placebo MEG | D2 | MPH MEG II

Blood
sample

D21l

\ 4

\ 4

A 4

\ 4

a v

Fig. 2.5.1: Study Design
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Due to feasibility it was decided to run the whole procedure within one day. Therefore
it was not possible to counterbalance the application time of placebo and MPH, since
MPH takes several days to be untraceable in the blood. In order to have an objective
measure of the concentration of MPH in the blood serum, blood samples were taken
from the children an hour after drug administration. The blood serum was separated
right after being taken and was then deep frozen. MPH serum concentrations were

measured in an external professional laboratory.

MEG Recording
Recording was done with a 148-channel magnetometer (MAGNES™ 2500 WH, 4D

Neuroimaging, San Diego, USA). The children were lying supine in a comfortable

position in a magnetically shielded room (Vakuumschmelze Hanau). They were
instructed to lie still for 5 minutes and to fixate a point at the ceiling in order to keep
eye movements minimal. Continuous data sets were recorded with a real high-pass
filter of 0.1 Hz and a sampling rate of 678.17 Hz (bandwidth 200 Hz), as well as real
time noise reduction procedures.

For artifact control, eye movements (EOG) were recorded from four electrodes
attached to the left and right outer canthus and above and below the right eye. A
Synamps amplifier (NEUROSCANT™) served for the recording of the EOG. A video
camera installed inside the chamber allowed monitoring the children’s behaviour and

compliance at any time throughout the experiment.

D2 Test
Immediately after the MEG recording, each child performed the D2 test in a quiet
room. The test involves finding and marking the letter “d” within a string of letters (“d”

and “p”), only when 2 dashes are arranged either individually or in pairs above and

below “d”. A high amount of attention is necessary to perform the task successfully,
since not only the letter “d” is orthographically similar to the letter “p”, but because
there are many distractor letters “d” with more than 2 dashes. Additionally, a time limit

is set for finding as many D2s with as little errors as possible.
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Data Analysis MEG

Global noise was filtered from the MEG data by subtracting external, non-biological

noise recorded by 11 MEG reference channels. The data was then split into epochs
of 2500 ms length and was corrected for eye and cardiac artefacts by subtracting the
moving average cardiac and vertical EOG signal from the data. All epochs with an
MEG level > 3.5 pT between the minimum and maximum on one or more MEG
channels after artefact correction were rejected. A fast fourier transformation (FFT)
was computed for all epochs.

For each subject the average power was calculated across channels for 6
cortical regions (frontal, temporal and occipital; left and right, respectively). In order to
ensure that the same cortical regions were covered by the channel-groups for all
children, we defined 6 fixed positions in a headframe-based coordinate system. In the
second step, we selected 6 centre channels (one per region) that were closest to the
fixed headframe-position. In the third step, either 15 (occipital) or 20 (frontal,
temporal) channels were selected that were nearest neighbours to the centre
channel of the according channel group. Within these channel-groups the power
values were averaged for 5 bands (see Fig. 2.5.2) and normalized to the size of the
frequency bin: Delta (D, 1.5-3.5Hz), Theta (T, 3.5-7.5Hz), Alpha (A, 7.5-12.5Hz), Beta
(B, 12.5-25Hz) and Global (GL, 1.5-25Hz).

1.5 35 7.5 12.5 25.0
Frequency in Hz

Fig. 2.5.2: power bands

The power values of the Delta, Theta, Alpha, and Beta frequency bands were
normalized to the global power yielding relative power values. Additionally, T/A and

T/B ratios were calculated.

Data Analysis D2 test
The total number of correctly marked items was used to determine the individual

child’s attention level. Raw values were expressed in percentiles (derived from age-
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matched norm samples), in order to achieve age-independent test scores.
Improvement of attention was determined by subtracting the test score after placebo
application from the test score after MPH application. Further, the subjects were
divided into good responders (ADHDg) and poor responders (ADHDp): a child was
classified as a ADHDg, if the improvement was larger than 30 percentiles (this was

slightly more than 1 standard deviation).

Statistical analysis

To see if D2 test performance improved after medication, a one-way repeated
measure ANOVA (analysis of variance) was calculated. D2 test score was dependent
variable, TIME (pre, post) was repeated measure.

To quantify the influence of medication on the power bands in the different
cortical regions, a mixed model analysis was computed using the statistical package
SAS®9. Covariance parameters were estimated with the restricted maximum
likelihood method (REML). Relative power values (D, T, A, B, T/A, T/B) as well as the
global power (GL), were defined as dependent variables. TIME (pre, post),
HEMISPHERE (left, right), REGION (fontal, temporal, occipital) and either DSMtype
(combined, inattentive) or Response (responders, non-responders) were fixed
effects. Depending on which fixed effect was used in the analysis, the factor Patient
either nested in DSMtype or Response was used as random factor. Variance
structure was variance components (VC). Post-hoc testing was performed following
Tukey-Kramer. In cases of non-significant post-hoc tests, uncorrected p-values are
reported.

Finally, all power values (all bands and all regions) after placebo were
subtracted from the respective power values after MPH application. This gave us a
measure of MPH induced power changes. Correlations were calculated between the
power changes, MPH blood serum concentration, age in months and D2 test
improvement.

Only significant main effects, interactions and post-hoc tests are reported. For the
mixed model analysis, only significant interactions with D2-response or DSM-type are
reported, since the aim was to reveal cortical differences between the different DSM-
subtypes and children, who respond well to MPH compared to those who do not

profit as much. All plots show standard errors.
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2.5.3. Results Study V

D2-Test

A main effect for TIME was found (F(1,34)=86.87, p < 0.001). D2-test performance
was significantly higher after the application of MPH (73.1 percentiles) than before
MPH (41.2 percentiles).

In order to investigate, which cortical region would be most affected by MPH
application, an analysis over all ADHD children was performed, no matter what
subtype they were diagnosed. The analysis yielded the significant interaction
TIME*REGION (F(1,33)=4.46, p=0.015) for the dependent variable Global Power. As
can be seen in figure 2.5.3, MPH effects were only found in frontal regions (p=0.05)
with higher amplitudes after MPH than before MPH. No differences were observed in
temporal or occipital regions. Thus, further analysis was restricted to frontal channel

groups.

Global Power: TIME*REGION
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Fig. 2.5.3: Interaction TIME*REGION for GL

Results frontal channels

Global Power

The main effect TIME (F(1,33)=7.53, p=0.0098) was found. Global power amplitude
was higher after MPH (23.9 ft/Hz"1/2) than before MPH (22.7 ft/Hz"1/2).

The interaction DSMtype*HEMISPHERE (F(1,33)=7.79, p=0.009) was revealed.
Figure 2.5.4 displays that ADHDin children showed a hemispheric asymmetry with

higher global power amplitudes in the left hemisphere compared to the right
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hemisphere (p=0.04). They also had higher global power amplitudes left hemispheric
than ADHDcom children (p=0.07).

Global Power: DSMtype*HEMISPHERE
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Fig. 2.5.4: Interaction DSMtype*HEMISPHERE for
GL

Relative Delta

The interaction DSMtype*HEMISPHERE (F(1,33)=4.61, p=0.039) was revealed.
However, no differences were found in the post hoc analysis when p-values were
adjusted following Tukey-Kramer. Looking at unadjusted p-values (p=0.04), it was
found that ADHDin children had lower relative delta band amplitudes in the right
hemisphere (1.64) compared to the left hemisphere (1.66). No hemispheric

differences were found for ADHDcom children.

Relative Theta

The interaction TIME*HEMISPHERE (F(1,33)=6.15, p=0.018) was found. Figure
2.5.5a shows that in the left hemisphere relative Theta band amplitudes were higher
after MPH than before MPH (p=0.04).
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Fig. 2.5.5a: Interaction TIME*HEMISPHERE for Fig. 2.5.5b: Interaction Response*TIME for rel.

rel. Theta Theta

The interaction Response*TIME (F(1,33)=6.16, p=0.018) was revealed. As
can be seen in figure 2.5.5b, ADHDg children had higher amplitudes in the relative
Theta band after MPH than before MPH (p=0.02).

Relative Alpha
The main effect TIME (F(1,33)=7.09, p=0.012) was found. Amplitudes in the relative
Alpha band were lower after MPH (1.01) than before MPH (1.03).

The interaction DSMtype*TIME (F(1,33)=4.9, p=0.03) was revealed.
ADHDcom children had lower amplitudes in the relative Alpha band after MPH than
before MPH (p=0.009, see fig. 2.5.6).

rel. Alpha: DSMtype*TIME

——¢— Combined
= B =lnattentive

pre post

Time

Fig. 2.5.6: Interaction DSMtype*TIME for rel.
Alpha

The main effect Response (F(1,33)=6.27, p=0.017) was found. ADHDg
children (1.06) had higher relative Alpha amplitudes than ADHDp children (0.98).
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Relative Beta

The interaction TIME*HEMISPHERE (F(1,33)=4.77, p=0.036) was revealed.
However, no differences were found in the post-hoc analysis.

The interaction Response*TIME (F(1,33)=5.18, p=0.029) was found. Again, effects

did not prove to be significant in the post-hoc analysis.

Theta/Alpha ratio
The main effect TIME (F(1,33)=7.24, p=0.01) was revealed. The Theta/Alpha ratio
was higher after MPH (1.32) than before MPH (1.28).

The main effect Response (F(1,33)=4.58, p=0.0399) was revealed. The
Theta/Alpha ratio was lower for ADHDg children (1.24) than for ADHDp children
(1.37).

Theta/Beta ratio

The interaction TIME*HEMISPHERE (F(1,33)=6.74, p=0.014) was found. However,
no differences were found in the post hoc analysis when p-values were adjusted
following Tukey-Kramer. Looking at unadjusted p-values, it was revealed that the
Theta/Beta ration was higher after MPH than before MPH in the left hemisphere
(p=0.02, see fig. 2.5.7a).
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Fig. 2.5.7a: Interaction TIME*HEMISPHERE for Fig. 2.5.7b: Interaction Response*TIME for T/B
T/B ratio ratio

The interaction Response*TIME (F(1,33)=4.75, p=0.037) was revealed. Again, no
differences were found in the post hoc analysis when p-values were adjusted

following Tukey-Kramer. Looking at unadjusted p-values, it was found that ADHDg
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children had a higher Theta/Beta ratio after MPH than before MPH (p=0.02, see fig.
2.5.7b).

Correlations and linear regressions

A correlation was found between D2 test improvement and MPH-induced power
changes in the relative Theta band left frontal (r=.37, p<.05). A linear regression was
computed and confirmed that the larger the improvement in D2 test performance was,
the larger was the increase in T after MPH application (t=2.27, p=0.03) , see fig. 2.5.8.
No other correlations were found between any MPH-induced power band changes,
MPH blood serum concentration and D2 test improvement.

y = -0,003+0,0008*x

rel T

D2Testimprorement

Fig. 2.5.8: Relationship between D2 test improvement and
rel. Theta power increase

2.5.4. Discussion Study V

In the present study, main effects induced by medication were found in frontal
regions. This result is consistent with etiological hypotheses of ADHD, as well as the
working mechanism of MPH. MPH-influence on frontal lobe acitivation in ADHD
subjects was also found in a SPECT study by Lou and colleagues [98]. They found
ADHD subjects having reduced bloodflow in frontal regions as well as enhanced
bloodflow in motor areas. After application of MPH, this pattern normalized.
Niedermeyer [99, 100] interprets these findings as support of the “lazy frontal lobe”
hypothesis underlying ADHD. He argues that the prefrontal cortex is not only involved
in allocation and sustaining attention (e.g. [101, 102]), but also in inhibiting motor

activity (augmented motor activity being characteristic for ADHD). Langleben and
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colleagues [103] performed a SPECT study with ADHD children who were on and off
MPH. When the subjects were not taking MPH, bloodflow was higher in the motor,
premotor, and the anterior cingulate cortices. The authors concluded that brief
discontinuation of MPH treatment is associated with increased motor and anterior
cingulate cortical activity. Thus, it appears that if the prefrontal cortex is
underactivated, both attentional processes and the inhibition of the motor cortex will
be diminished.

MPH acts upon the prefrontal cortex via the neurotransmitter dopamine.
Involvement of the dopaminergic system has been suggested in patients suffering
from ADHD since the symptoms can be successfully treated with MPH, a potent
blocker of the dopamine transporter (DAT) [79]. MPH is known to influence the
dopaminergic system by blocking dopamine reuptake and in consequence enhancing
the availability of dopamine in the synaptic gap [80]. Dopamine is densely distributed
in the prefrontal cortex as well as the striatum and acts mainly on inhibitory neurons.
By increasing the availability of dopamine MPH seems to diminish the inhibitory effect
on motor activity.

Our aim was to find cortical differences between children who were diagnosed
with different subtypes of ADHD as well as children who were good or poor
responders to MPH. We were also interested in MPH-induced changes that were
common to all ADHD children. First of all, global power (amplitude power of the
combined frequency band from 1.5 to 25 Hz) increased with MPH. This may be taken
as further evidence of the hypoarousal model of ADHD (e.g. [85, 104]). The
hypoarousal model assumes that ADHD results from cortical underarousal (compare
“‘lazy frontal lobe” hypothesis). If MPH increases the amplitude of the global power
band, one might hypothesize that it counteracts cortical underarousal. Other studies
supporting the hypoarousal model found decreased bloodflow especially in prefrontal
areas [81, 98]. In the study performed by Lou and colleagues (see above), this
underarousal could be remediated by MPH.

In the present study, Alpha activity decreased in both hemispheres with MPH.
Alpha activity has been related to attentional processes (e.g. [239-241]). l.e.
synchronized Alpha activity can be found in the EEG when subjects are relaxed and
inattentive. Alpha activity lessens when attention is directed towards a stimulus [239,
240, 242, 243]. Klimesch and colleagues [239] argue that during Alpha

desynchronization, different neural populations start oscillating with different
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frequencies which in consequence leads to the disappearance of the dominant Alpha
rhythm. Our results cannot be directly compared to the findings described above,
since we did not investigate Alpha activity related to vigilance tasks. However, we
found decreased Alpha power after MPH application. Knowing that MPH is used to
treat ADHD symptoms like excess motor arousal and inattentiveness, it is not
surprising to find decreased Alpha activity after MPH application given that Alpha
activity relates to attentiveness. The Alpha effect in the present study is in line with
the results of an EEG study by Loo and co-workers [106], who also reported
decreased Alpha power after MPH. The authors link this effect to an increase in
cortical arousal. A similar effect of decreased Alpha activity recorded over left fonto-
central sites in the EEG after MPH was reported by Swartwood et al. [105]. In
contrast to these findings, the same group found increased Alpha activity after MPH
over the left frontal pole in the same study. However, the authors take this
contradictory result as “difficult to interpret”. Clarke et al. [84] reported increased
Alpha activity after MPH application for children diagnosed with ADHD of the
predominantly inattentive type. The authors take this as part of a normalization of the
EEG, since unmedicated ADHD children have been reported to have lower levels of
Alpha activation compared to controls. The contradictory findings concerning the
effect of MPH on Alpha activity are difficult to explain. Yet, knowing from studies on
attention (see above) that higher levels of attentiveness are related to a decrease in
Alpha activity, an MPH-induced decrease in Alpha power seems more plausible than
an Alpha increase.

In the present study, Theta band activity increased left hemispherically after
MPH application. This finding contradicts the results of Clarke and co-workers [84],
Swartwood and colleagues [105] and Loo et al. [106]. All of them found lower levels
of Theta power after MPH application. Generally, higher slow wave activity has been
reported in ADHD children compared to controls (e.g. [82, 83]). This was interpreted
as an indicator of maturational lag in brain functioning (e.g. [83, 244, 245]), since
slow wave activity normally decreases from childhood to adulthood (e.g. [246]). In a
study by Chabot and Serfontein [247] EEG measures of ADHD children were
compared to a normative database. Their results disagreed with the maturational lag
hypothesis, since the EEG profile of ADHD children did not resemble the EEG profile
of children of any age. Another possibility to interpret increased slow wave activity is

again offered by the hypoarousal model. Bresnahan and colleagues [248]
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hypothesized that increased slow wave activity in ADHD subjects might be an effect
of decreased dopamine functioning which is in turn the origin of cortical underarousal.
In line with this, Clarke and co-workers [84], as well as Loo et al. [106] interpret the
MPH-induced decrease of Theta power with an increase in cortical arousal.
Swartwood and colleagues [105] assume that MPH blocks slow-wave activity.
Interestingly, Loo and colleagues [110] found differential MPH-induced effects on
Theta-activity depending on the DAT1 risk allele status of the ADHD children. In an
eyes-open resting condition, children who carried the DAT1 10R allele (considered
the “risk” allele) showed a focal increase in left parietal Theta power. Children, who
carried the DAT1 9R allele showed a decrease. Unfortunately, this effect was not
discussed by the authors. It seems, however, that Theta activity cannot solely be
related to drowsiness and hypoarousal, otherwise MPH should not increase its power
as in Loo et al.’s or the present study, especially since Theta increase was positively
correlated with D2-test improvement. Theta band activity has also been investigated
in connection to working memory processes. For instance, “functional” Theta activity
was found in an EEG study investigating visual word encoding [249, 250]. Event-
related Theta activity was largest for words that could later be recalled. The authors
assume that theta synchronization is selectively related to the encoding of new
information. Interestingly, Theta power was largest left hemispheric. This
corresponds to our finding of a left hemispheric increase in Theta power after MPH
application. Larson and colleagues [251] found that long-term potentiation in the
hippocampus is optimal when the stimulation pattern mimics theta rhythm. But also
Theta oscillations generated in frontal brain regions play an active role in memory
maintenance [252]. Aftanas and colleagues [253] found a relation between Theta
synchronization and an emotionally positive state and internalized attention. This
effect was particularly prominent in left prefrontal regions. Gevins et al. [254] related
the midline theta rhythm to intense concentration.

In conclusion, the results described above suggest that Theta activity does not
necessarily mirror cortical underarousal. It can also reflect information processing,
consolidation and attention. The subjects in our study did not have to perform any
task. They only rested in the MEG with open eyes. Thus, it is unlikely that the Theta
increase found corresponds to information encoding or memory processes. However,
it is possible, that MPH increases the functional aspect of the Theta rhythm rather

than increasing underarousal or drowsiness. Again, the increase in Theta power was
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correlated with an increase in behavioural performance in the attention test D2. Since
we defined children to be MPH responders or non-responders based on their
increase in D2-test performance, it is not surprising that it was only the children who
responded well to MPH who showed an increase in Theta power and Theta/Beta
ratio.

In the present study, the Theta/Alpha ratio also increased with MPH
application (mostly in the left hemisphere), as did the Theta/Beta ratio. The increase
in the Theta/Beta ratio is of course a consequence of an increase in relative Theta
and a concurrent decrease in relative Alpha power. Thus, it does not reveal any new
information. Presumably, the same is true for the increase in the Theta/Beta ratio.
Although a significant interaction was found between Beta Power and MPH status,
no significant differences were found in the post hoc tests. This implies that Beta
power did not change to a great degree with MPH application and the increase in the
Theta/Beta ratio is very likely a result of an increase in Theta power alone.

We did find differences between the two ADHD subtypes. Children with ADHD
of the predominantly inattentive type had higher global power amplitudes in the left
hemisphere than children with ADHD of the combined type. If global power activity
reflects cortical arousal in our study (see above), one might hypothesize, that children
with ADHD of the combined type are more hypoaroused than children with ADHD of
the predominantly inattentive type. Clarke and colleagues [113] found the opposite
result (combined > inattentive). They stated that higher levels of global power
amplitude reflect cortical underarousal and consequently concluded that children with
ADHD of the predominatly inattentive type are less hypoaroused than children with
ADHD of the combined type. Yet, as described above, we found an MPH-induced
increase in global power activity that was accompanied by an increase in behavioural
performance. Thus, in our study, higher global power does not seem to mirror cortical
hypoarousal, but in fact the opposite. Therefore, we might also conclude from our
data that children with ADHD of the predominantly inattentive type are the ones being
less hypoaroused. Another characteristic of children with ADHD of the inattentive
type was a hemispheric asymmetry in global power and relative delta activity with
more power in the left hemisphere. No asymmetries were found for children with
ADHD of the combined type. Characteristic for the latter group was an MPH-induced

decrease in Alpha power. Although the decrease in Alpha power became statistically
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significant for all ADHD children (see above), the effect seemed mainly to be driven
by the children with ADHD of the combined type.

2.5.5. Conclusion study V

The purpose of study V was to investigate differences between good and poor MPH
responders, ADHD subtypes, and the influence of medication on their cortical
parameters. As in study Il it could be shown that it is possible to investigate cortical
characteristics of a developmental disorder and monitor the effects of remediation on
these characteristics. Again, effects of remediation allowed us to draw conclusion
about aetiological hypotheses. In ADHD it appears that MPH reduces cortical
hypoarousal in frontal areas that might be resulting from a dysfunction in the
dopaminergic system. We also were found cortical differences between good and
poor MPH responders, as well as ADHD subtypes. The latter is of particular interest,
since it is still unclear if different ADHD subtypes are expressions of the same
disorder or independent disorders under the same label.

Despite the promising results, it should be pointed out, however that this study
can only be seen as a pilot study. There are some methodological issues that limit
the significance of the findings. First, it would have been necessary to investigate a
healthy control group to draw more meaningful conclusions. Second, the within-
design placebo/medication should have been counterbalanced. In an unbalanced
design, it is not possible to exclude all influences of a time-position error. Third, there
might be more powerful dependent variables than the power spectrum to investigate
subtype differences and medication effects. This opens many perspectives for future

research.
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3. General Discussion

In reference to the questions formulated in the general introduction (chapter 1.):

3.1. Dyslexia

3.1.1. Question 1

We did find cortical characteristics that distinguished dyslexic children from control
children. First, dyslexic children showed reduced hemispheric asymmetry of the
N260m component following stimulation with speech sounds (study I). While control
children showed a typical pattern of more anterior source localisations in the right
hemisphere, this was not the case in dyslexic children. We interpret this finding as a
cortical characteristic of dyslexia, since the asymmetry index correlated with spelling
test performance. It appears that different right temporal cortical areas are involved in
auditory (language) processing in dyslexia. This might be the consequence of a more
symmetrical formation of the plana temporali in dyslexic subjects, which in turn might
be the result of a maturational delay or compensatory cortical plasticity. Our results
add information to the aetiological dyslexia model proposed by Ramus [63] that only
assumes left temporal anomalies on a biologic level. Our data clearly support the
existence of right temporal anomalies.

Second, dyslexic children seem to be selectively impaired reading words that
require sublexical processing probably reflecting lacking phonological awareness in
dyslexia (study lll). Their processing deficit of low frequent words was expressed in
reduced amplitudes of evoked power in occipital cortical regions that was
accompanied by higher spectral frequencies compared to control children. This might
be related to a dysfunction in the visual word form area — a left occipito-temporal
region where prelexical processing of words and pseudowords seems to take place
in skilled readers. Again, this processing difference can be taken as a cortical
characteristic of dyslexia, since the occipital activation following LF words correlated
with spelling test and dictation performance and spectral frequency was negatively
correlated with measures of phonological awareness.

The significance of the study Il findings is enhanced by the results of study IV.

The word frequency effect seems to be a highly reliable characteristic of skilled
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readers — both children and adults - that can be measured using different
presentation rates of visual word stimuli, as well as using different methods of signal
analysis (wavelet analysis and minimum norm estimate). From the adult data it
appears that skilled readers are characterised by even more subtle word processing
mechanisms. We were also able to show cortical activation very likely representing
processing of pseudowords. It thus appears that at the presentation rate of 1 word
per 350 ms, adult readers process high and low frequent words, as well as
pseudowords, control children process high and low frequent words, while dyslexic
children only seem to process high frequent words. It should be noted, that using this
relatively fast presentation rate, we set focus on early, automatic reading processes
that are triggered by the visual encounter with word stimuli.

Against expectations, dyslexic children did not differ from control children in
their sensitivity for sound changes (measured by mismatch field amplitudes, study II).
Nevertheless, they were impaired categorising the syllables /ba/ and /da/. l.e.
dyslexic children were able to perceive the difference between the syllables /ba/ and
/da/, but when it came to identifying the stimuli, they were impaired. We took these
findings as further support that deficient auditory processing does not seem to a
general underlying cause of dyslexia — concurrently supporting the phonological

awareness hypothesis of dyslexia.

3.1.2. Question 2
The only cortical measure that was influenced by the three training programs was
MMF amplitude (study II). At the same time, MMF amplitude was the only measure
that did not distinguish dyslexic and control children. Nevertheless, training-induced
cortical changes correlated with behavioural improvement in the dictation.
Interestingly, the two trainings, that had focused on improving auditory perception
and phonological awareness led to an increase in MMF amplitude, while the cognitive
training that focused on spelling rules had a decreasing effect. This finding is of
interest, since improvements on the behavioural level were rather unspecific and
comparable for all trainings.

We found most training-induced effects on the cortical measure MMF for the
phonological awareness training. After training, MMF increased in left fronto-temporal
and right hemispheric channel groups. This increase was correlated with an

improvement in dictation performance. We also found an increase in MMF amplitude
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in left temporal areas after the training of auditory perception. The training of spelling
rule knowledge led to a left fronto-temporal decrease in MMF amplitude that did not
correlate with any qualitative behavioural change. Since the phonological awareness
training produced the greatest effects (with at the same time half the amount of
training time), this can be taken as further support that the underlying deficit — at least
in our sample — may be related to a lack of phonological awareness rather than a
more general auditory perceptual deficit (the latter would have been suggested if the
training of auditory perception had led to most improvements).

From the results of study Il we can infer that MMF amplitude might not
necessarily be a good measure for distinguishing control and dyslexic children, it
nevertheless seems to serve as an indicator for training effects. Especially a left

fronto-temporal MMF increase seems to reflect training effectiveness.

3.1.3. Conclusion dyslexia

From our sample of dyslexic children, we can infer that dyslexia is characterised by
(a) more posterior source localisations of speech sounds in right temporal regions
possibly resulting from more symmetrical plana temporali and (b) reduced activation
and enhanced spectral frequencies following words that require sublexical processing
in occipital regions.

Nevertheless, neither of the measures could be reliably used to predict if a
child is dyslexic or not. Using the asymmetry index (right-left, see study I) and MAX
amplitude of low frequent words (see study Ill) for categorisation of the children
(children were classified as dyslexic, if they had an asymmetry index or MAX
amplitude value below the 95% confidence interval of the control children) led to 57%
correct classifications of the dyslexic children for the asymmetry index and 64%
correct classifications of the dyslexic children for MAX amplitude. This again speaks
for high heterogeneity within dyslexic samples. Interestingly, comparing the 57% of
dyslexic children who were classified correctly using the asymmetry index (i.e. the
ones with a very low or negative asymmetry index) with the other 43% that were
classified as control children in a univariate ANOVA revealed a strong statistical trend
(F(1, 43)=3.7, p=.06) for the dependent variable categorical perception. Those
children, who were wrongly classified as control children from their asymmetry index
performed better at categorical perception than the dyslexics classified correctly

(categorical perception index 27 vs 23, respectively) thus being clearly closer to
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control performance (categorical perception index 31). Likewise, comparing the 64%
of dyslexic children who were classified correctly using MAX amplitude of low
frequent words (i.e. the children with very low MAX amplitudes) with the 36% that
were classified as control children in a univariate ANOVA revealed a significant main
effect (F(1, 50)=4.70, p=.035) for the dependent variable categorical perception.
Those children, who were wrongly classified as control children using MAX
amplitudes of low frequent words performed better at categorical perception than the
dyslexics classified correctly (categorical perception index 27 vs. 24, respectively),
again being clearly closer to control performance (categorical perception index 31).
From these findings, we might infer that using the cortical measures
asymmetry index and MAX amplitude of low frequent words as predictors might not
reproduce the sample categorisation that we applied based on the children’s spelling
test performance. It nevertheless might be useful for identifying those dyslexic
children with good and bad phonological awareness as reflected in their ability for

categorical perception.

3.2. ADHD (see study V)

3.2.1. Question 1
We did find cortical differences between different ADHD subtypes as well as between
good and poor methylphenidate responders. ADHDcom children were characterised
by a hemispheric asymmetry in global power that was not present in ADHDin children.
Further, ADHDcom children had higher globel power values in the left hemisphere
than ADHDin children. Based on the finding that GL increased with MPH,
accompanied by a marked rise in D2 test performance, it appears that ADHDin
children — with their higher GL amplitudes - are less affected than ADHDcom children.
If lower GL amplitudes correspond to fronto-cortical hypoarousal, our results can be
taken as support that ADHDin children are less hypoaroused than ADHDcom
children.

ADHDg children were characterised by higher relative Alpha power compared
to ADHDp children. Alpha activity has been related to attentional processes. l.e.
synchronized Alpha activity can be found in the EEG when subjects are relaxed,

inattentive or tired. Alpha activity lessens when attention is directed towards a
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stimulus. From our results it appears that children with higher Alpha levels are the
ones improving most in behavioural performance after MPH application. It might be
that the children with higher baseline Alpha levels (reflecting inattentiveness) profit

most from a stimulant medication.

3.2.2. Question 2

First of all, medication effects - in form of a global power increase - were
predominantly found in fronto-cortical regions. This supports the hypothesis of fronto-
cortical hypoarousal as an important underlying factor of ADHD.

We also found differential MPH effects on ADHD subtypes as well as good
and poor MPH responders. Alpha power dropped for all children after medication.
However, this effect seemed to be mainly driven by ADHDcom children. An MPH-
induced decrease of Alpha activity has been related to an increase in cortical arousal.
Thus, it appears that ADHDcom children profit especially from a stimulant medication.

Good MPH responders were characterised by an increase in Theta activity
after medication. Theta increase was correlated with an improvement in behavioural
D2 test performance. It thus appears that higher Theta levels are related to better
attention test performance. The children whose Theta levels increased after

medication also were the ones who improved most behaviourally.

3.2.3. Conclusion
In reference to the open question if different ADHD subtypes are independent
disorders or different expressions of the same disorder (see 1.2.3. general
introduction), our data suggest, that ADHDcom children not only differ from ADHDin
children in cortical parameters, they also respond differently to medication.
ADHDcom children seem to be more cortically hypoaroused and show a stronger
medication-induced increase in cortical arousal than ADHDin children. However,
using the left fronto-cortical GL difference as predictor (classifying those children as
ADHDcom with GL values below the 95% confidence interval of ADHDin children) led
to a relatively moderate rate of 63% correct classifications. This indicates that group
differences are not clear-cut and that other variables have to be added for better
classification.

Nevertheless, based on the different cortical profiles of the different ADHD

subtypes, one might assume that ADHD subtypes are different disorders in nature.
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However, interpreting the difference is difficult from the results of only one study.
Other investigations using different parameters and tasks are necessary for this
purpose.

Good medication responders were characterised by higher Alpha activity and
had higher Theta levels after medication. Using Alpha values as predictor of
medication response (classifying those children as ADHDp who had Alpha values
below the 95% confidence interval of ADHDg children) led to 72% correct
classifications. This finding strengthens the meaning of Alpha activity for medication
responsiveness. Higher levels of Alpha seem to predict positive behavioural

medication response.
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