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Zusammenfassung

Zusammenfassung

Erfolgreicher Schriftspracherwerb erfordert auditive Sprachverarbeitung, visuelle
Verarbeitung und die Integration visueller und auditiver Informationen. Personen
mit beeintrachtigten schriftsprachlichen Fahigkeiten zeigen auditive Sprachver-
arbeitungsdefizite. Im Gegensatz dazu ist die Rolle der visuellen Sprachverarbei-
tung in diesem Zusammenhang wenig untersucht. Das hier vorgestellte For-
schungsvorhaben wurde konzipiert, um den Zeitpunkt in der Entwicklung zu
identifizieren, an dem Fahigkeiten zur auditiven Sprachverarbeitung beginnen,
Schriftsprache vorherzusagen. Des Weiteren sollte neben auditiver, auch visuelle
und visuell-auditive Sprachverarbeitung bei Schulkindern mit schriftsprachlichen
Schwierigkeiten, hier als Schreibprobleme (SP) definiert, untersucht werden. Da-
zu wurde das ereigniskorrelierte Potential Mismatch Response in Reaktion auf
auditiv prasentierte Silben bei Babys und in Reaktion auf auditiv, visuell und vi-
suell-auditiv priasentierte Silben bei Schulkindern analysiert. Im Alter von 5 Mo-
naten zeigten sich bereits auditive Sprachverarbeitungsunterschiede zwischen
Babys mit und ohne spétere SP—ein Alter in dem sich sprachspezifische Pho-
nem-Représentationen anfangen zu etablieren. Im Schulalter wurden ebenfalls
auditive Sprachverarbeitungsunterschiede zwischen Kindern mit und ohne SP
beobachtet, was den Zusammenhang zwischen Schriftsprache und auditiven
Sprachfihigkeiten bestétigt. Beziiglich visueller Sprachverarbeitung zeigte sich,
dass beide Gruppen visuelle Sprachreize verarbeiten, wobei Kinder ohne SP eine
typisch posterior verteilte Aktivierung aufwiesen. Im Gegensatz dazu zeigten
Kinder mit SP eine stdrker anterior verteilte Aktivierung, die normalerweise bei
der Verarbeitung von auditiven Sprachreizen beobachtet wird und bedeuten
konnte, dass Kinder mit SP versuchen ihr auditives Sprachverarbeitungsdefizit zu
kompensieren. In einer weiteren Studie konnte gezeigt werden, dass Kinder mit
SP Defizite bei der Integration visueller und auditiver Sprachinformationen auf-
weisen. Kinder, die jedoch stirker das auditive Sprachverarbeitungsdefizit durch

die Nutzung von visuellen Sprachinformationen zu kompensieren versuchten,



zeigten eine anndhernd normale Integrationsleistung. Es l4sst sich schlussfolgern,
dass Sprachverarbeitung nicht nur monosensorisch sondern multisensorisch be-
trachtet werden sollte, insbesondere bei der Erforschung zugrundeliegender Ur-
sachen von schriftsprachlichen Defiziten. Es sollten dementsprechend nicht nur
die Féahigkeiten zur auditiven Sprachverarbeitung bei Vorschiilern mit dem Risi-
ko zur Entwicklung schriftsprachlicher Schwierigkeiten und Kindern mit schrift-
sprachlichen Schwierigkeiten trainiert werden. Genauso wichtig sollte das Trai-
ning zur visuellen Sprachverarbeitung und zur Integration visueller und auditiver

Sprachinformationen sein.
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Summary

Summary

Successful literacy acquisition requires auditory speech processing, visual pro-
cessing, and the integration of visual and auditory information. Individuals with
impaired literacy were found to exhibit deficient auditory speech processing,
while their visual speech processing is not well understood. The current research
project was designed to analyze when in development auditory speech processing
starts to become predictive for later literacy acquisition, and to analyze, next to
auditory, also visual and visual-auditory speech processing in school children
with impaired literacy, here defined as writing problems (WP). We analyzed the
event-related potential Mismatch Response in response to auditorily presented
syllables at infant age and to syllables that were either presented auditorily, visu-
ally, or visual-auditorily at school age. We observed auditory processing differ-
ences between infants with and without later WP starting to develop at age 5
months—an age when normally developing infants begin to establish language-
specific phoneme representations. At school age, these children with and without
WP also showed auditory processing differences, confirming a relationship be-
tween literacy and auditory speech processing. Concerning visual speech pro-
cessing, we found that both groups of children showed processing of visual
speech stimuli, but with different scalp distribution. Children without WP
showed a typical posterior distribution. In contrast, children with WP showed an
anterior distribution. As anterior scalp distributions are typically reported for au-
ditory speech processing, it could be suggested that children with WP try to
compensate for their deficient auditory speech processing. In a further study, we
found deficits in children with WP while integrating visual and auditory speech
information. However, when children show strong attempts to compensate defi-
cient auditory speech processing by relying on visual information, integration
abilities in children with WP were found to be close to normal. The combined
results of all three studies confirm that speech processing should not be interpret-

ed as a monosensory phenomenon, but rather as a multisensory phenomenon, es-

vii



pecially when investigating the underlying causes of impaired literacy acquisi-
tion. Overall, we suggest to not only train auditory speech processing, but also
visual speech processing and visual-auditory speech integration in children with,

and preschoolers at risk of, impaired literacy.
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1 Introduction

1 Introduction

1.1 Developmental Dyslexia

According to the Diagnostic and Statistical Manual of Mental Disorders: DSM-V
(American Psychiatric Association, 2013), reading and writing' impairments be-
long to the category of specific learning disorders. In the following, reading and
writing impairments will be referred to as developmental dyslexia (DD). DD is a
neurodevelopmental disorder with biological origin, including an interaction of
genetic, epigenetic, and environmental factors (Carrion-Castillo, Franke, &
Fisher, 2013; Scerri & Schulte-Korne, 2010), affecting the brain’s ability to per-
ceive or process verbal or non-verbal information efficiently (American Psychiat-
ric Association, 2013). It is one of the most common childhood disorders (4—5%
of German school children are affected) that continues into adulthood (Schulte-

Korne & Remschmidt, 2003).

As two of the most important cultural abilities, reading and writing are fun-
damental for knowledge acquisition. Thus, individuals with DD graduate below
average (Esser, Wyschkon, & Schmidt, 2002) and their employment career is
negatively affected (Schulte-Korne & Remschmidt, 2003), leading to higher un-
employment (Esser et al., 2002). These findings specifically point towards the
importance of investigating DD. The underlying causes and precursor symptoms
need to be understood and recognized in order to diagnose the risk for DD in pre-
schoolers and to be able to supply these individuals with compensational training

programs.

1.2 Theories Concerning the Underlying Causes of Develop-
mental Dyslexia
In the past decades a lot of researchers have focused on investigating DD in order

to understand the underlying causes of reading and writing difficulties. Although

! Note: Here and in the following, writing refers to spelling, that is, the ability to express words
by letters.



1.2 Theories of Developmental Dyslexia

knowledge concerning DD increases, we still do not understand all underlying
processes necessary for learning to read and write. Vellutino, Fletcher, Snowling,
and Scanlon (2004) formulated a model depicting the different cognitive abilities
and kinds of knowledge required for learning to read and consequently to write

(see Figure 1).

Figure 1. Cognitive processes and different types of knowledge involved in learning to read.
Reprinted from “Specific reading disability (dyslexia): what have we learned in the past four
decades” by F. R. Vellutino, J. M. Fletcher, M. J. Snowling, and D. M. Scanlon, 2004, Journal
of Child Psychology and Psychiatry, 45, p. 4. Copyright 2004 by Blackwell Publishing.

For the acquisition of spoken and written language, world knowledge and do-
main specific knowledge are required, which are derived from linguistic process-
es, knowledge to acquire language skills, visual, linguistic, and metalinguistic
processes. Visual coding processes enable the storage of representations, like
graphic symbols that are used to represent written words. Linguistic coding ena-

bles language acquisition and the use of language for coding, storing, and retriev-
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ing information. Linguistic coding consists of semantic, morphological, syntac-
tic, and pragmatic coding. Further, phonological coding is involved, which is the
ability to use speech codes to represent information in the form of words and
word parts. Before actual reading and writing abilities are acquired, linguistic and
visual coding processes support children’s development of sight word vocabu-
lary—the ability to identify a number of printed words on sight as lexical, mean-
ingful units. This associative learning process depends on the child’s general un-
derstanding of print concepts and conventions (i.e., that written words represent
words in spoken language, that they are processed from left to right, etc.). Due to
a high degree of similarity between words derived from an alphabet (e.g.,
pot/top), visual memory is highly demanded during sight word learning. Visual
memory demands are supported by general understanding and functional use of
the alphabetic principal, which leads to phonological (letter-sound) decoding pro-
ficiency. Phonological decoding proficiency requires the engagement in metalin-
guistic analyses of language structures, which helps to gain sublexical knowledge
on the basic level of letters. Within sublexical knowledge, phonological aware-
ness can be described as the sensitivity to the sound structure of one’s language
(Wagner & Trogensen, 1987) and it is important for learning letter-speech sound
correspondences (alphabetic knowledge). Furthermore, orthographic awareness
refers to the knowledge of how letters are organized in written words and, to-
gether with phonological awareness, enables the child to acquire general ortho-
graphic knowledge—knowledge about regularities of an alphabetic writing sys-
tem. In addition, long-term memory and working memory are involved for estab-
lishing connections between lexical and sublexical components of spoken and
printed words, and for encoding, storing, and retrieving different types of infor-

mation important for learning to read and write (Vellutino et al., 2004).

The highly complex acquisition of skills and subskills important for literacy
acquisition depends on the normal development of the above described process-

es. Dysfunctions in one or more of these sub-systems and processes, influenced



1.2 Theories of Developmental Dyslexia

by genetic causes, and environmental and instructional experiences, lead to diffi-
culties in literacy acquisition (see Vellutino et al., 2004), suggesting DD to be a
diverse disorder. Accordingly, different subtypes characterized by different un-
derlying deficits are discussed (e.g., Schulte-Kérne & Bruder, 2010) and there
are at least two large bodies of theories trying to explain DD. The first one con-
cerns phonological coding, involving deficient phonological awareness, auditory
processing, and alphabetic coding—the acquisition of the correspondence be-
tween letters and speech sounds. The second one concerns visual coding process-
es. I will describe the most discussed theories and findings concerning phonolog-
ical abilities, visual coding processes, and acquisition of letter-speech sound cor-

respondences, namely crossmodal integration deficits, in the following.

1.2.1 Phonological Processing Deficits

The phonological theory, as one of the most widely accepted views regarding the
development of DD, postulates reading and writing difficulties to be caused by a
cognitive deficit specific to representations and processing of speech sounds
(Snowling, 1998). Accordingly, the most consistently reported difficulties in
children with reading and writing impairments concern phonological awareness
abilities and phonological working memory capacities during, for example, non-
word repetition (e.g., Baddeley, 2003; Baddeley & Wilson, 1993; Snowling,
1998). Phonological awareness has been discussed as one of the main abilities
for success in learning to read and write, and preschool phonological awareness
abilities were shown to serve as one of the best predictors for later literacy acqui-

sition (Mann & Liberman, 1984; Moll et al., 2014; Snowling, 1998).

Other researchers generally agree with the phonological theory, but discuss
the phonological deficit as a secondary impairment caused by a more basic low-
level auditory processing deficit. The auditory processing deficit theory postu-
lates individuals with DD to suffer from a basic, non-linguistic deficit in tem-
poral resolution of rapidly changing auditory stimuli that impairs speech percep-

tion as a consequence (Tallal, Miller, & Fitch, 1993). Interestingly, it has been
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shown that temporal acoustic cues embedded in both non-speech and speech
stimuli are processed in the same network within left superior temporal areas
(Zaehle, Wustenberg, Meyer, & Jancke, 2004). Furthermore, the attentional
sluggishness theory postulates an attention-related deficit during the processing
of rapid auditory stimulus sequences, such that less information can be stored in
input chunks, leading to an improper development of cortical representations rel-

evant for literacy acquisition (Hari & Renvall, 2001; Lallier et al., 2009).

Generally, it was demonstrated that the phonological deficit of individuals
with DD can arise in the absence of any auditory disorder, yet with the most se-
vere auditory impairments acting as aggravating factors (see also Ramus et al.,
2003). In line, auditory phoneme discrimination, as an essential feature of phono-
logical awareness skills (Jansen & Marx, 1999), was found to be deficient in
German children and adults with DD, but not the discrimination of simple sounds
(Paul, Bott, Heim, Wienbruch, & Elbert, 2006; Schulte-Ko6rne, Deimel, Bartling,
& Remschmidt, 1998, 2001). Additionally, there is evidence for deficits in the
discrimination of phoneme duration changes (Corbera, Escera, & Artigas, 2006)
and phoneme, phoneme duration, and intensity changes (Lovio, Naétinen, &
Kujala, 2010), pointing towards widespread phonological difficulties in individu-
als with DD.

Speech perception is, however, not only an auditory process: visual speech
information is crucially involved (Benoit, Guiard-Marigny, Goff, & Adjoudani,
1996). As far as is known, there are no theories concerning visual speech pro-

cessing, but theories on general visual processing deficits in individuals with DD.

1.2.2 Visual Processing Deficits

The magnocellular visual deficit theory postulates visual processing deficits in
individuals with DD, depending on neurodevelopmental abnormalities of the vis-
ual magnocellular system (Stein, 2001; Stein & Walsh, 1997), which normally

supports the processing of rapidly moving visual stimuli. Especially, visual mo-
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tion detection is thought to be important for perceiving the word-form and posi-

tion of letters in words (Demb, Boynton, Best, & Heeger, 1998).

Accordingly, individuals with DD show deficient visual motion detection and
reduced visual speed discrimination (Heim et al., 2010; Meng, Cheng-Lai, Zeng,
Stein, & Zhou, 2011; Talcott et al., 2003). Interestingly, magnocellular neurons
that are specialized for temporal processing are found throughout the whole brain
(Hockfield & Sur, 1990). Thus, Stein (2001) concluded that both visual pro-
cessing deficits and auditory processing deficits in individuals with DD are

caused by affected magnocells in general.

Eye-movements are necessary for perceiving words, and the visual tracking
theory postulates that deficient eye-movements cause DD. During reading, indi-
viduals with DD were found to fixate longer, execute more regressions, and show
shorter saccades (Stark, Giveen, & Terdiman, 1991). However, this theory has
been discussed controversially. Olson, Rack, and Conners (1991) did not find
any visual processing differences between individuals with and without DD
when reading abilities of the control group were paralleled, suggesting the devel-

opment of deficient eye-movements to depend on literacy acquisition itself.

Next to phonological abilities and visual coding, alphabetic coding is neces-
sary for the acquisition of reading and writing, which highly depends on the for-
mer two processes. For learning letter-speech sound correspondences, graph-
emes, namely letters, need to be visually encoded, phonemes, namely speech
sounds, need to be phonologically encoded, and corresponding units need to be

identified, crossmodally integrated, and memorized (Perfetti, 1999).

1.2.3 Crossmodal Integration Deficits

Crossmodal integration can be described as the ability to integrate information of
different sensory modalities, such as visual and auditory information. Birch and
Belmont (1964)’s study was one of the first demonstrating visual-auditory inte-

gration to be highly important for literacy acquisition. They argued that tempo-
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rally distributed auditory patterns, namely phonemes that are strung together,
must be matched onto spatially distributed visual patterns, namely graphemes
that are strung together, and vice versa. More specifically, Vellutino (1987) dif-
ferentiated between verbal and non-verbal crossmodal integration tasks and
found individuals with DD to only show deficient integration of graphemes and

phonemes—the verbal task (see also Ehri, 2005).

print
Visual Feature
Units
Letter Units
Orthographic
Input Lexicon
Semantic Grapheme- Phoneme
System Rule System
AN
Phonological
Qutput Lexicon
T\
Phoneme
System
speech

Figure 2. Dual-route cascaded model of visual word recognition and reading aloud (DRC-
model). Reprinted from “DRC: A Dual Route Cascaded Model of Visual Word Recognition and
Reading Aloud,” by M. Coltheart, K. Rastle, and C. Perry, 2001, Psychological Review, 108, p.
214. Copyright 2001 by the APA.

One model depicting the importance of the integration of visually represented
graphemes and auditorily represented phonemes, and the memorization of corre-
sponding letter-speech sound units for literacy acquisition is the dual-route-

cascaded model (DRC-model). The model describes three different routes be-
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tween the perception of print and reading out loud (see Figure 2, Coltheart,
Rastle, Perry, Langdon, & Ziegler, 2001). On the one hand, a familiar word acti-
vates the lexical routes (left part of Figure 2), either via the semantic system (i.e.,
lexical-semantic route) or not (i.e., lexical non-semantic route). On the other
hand, unfamiliar words, which most words are for children beginning literacy ac-
quisition, activate the slower, non-lexical route, where each orthographic unit is
connected to a phonological unit sequentially (right part of Figure 2). Here, the
grapheme-phoneme-rule system supports the connection and integration of corre-
sponding orthographic and phonological units (i.e., crossmodal integration),
which was found to be deficient in individuals with DD (Blau et al., 2010; Blau,
van Atteveldt, Ekkebus, Goebel, & Blomert, 2009).

However, most recent studies concerning crossmodal integration in individu-
als with DD have solely concentrated on the integration of letters and speech
sounds Thus, it is difficult to differentiate between general deficient verbal
crossmodal integration, independent of letter knowledge, and deficient integra-

tion of letter-speech sound pairs due to unsuccessful literacy acquisition itself.

1.3 The Diagnosis of Developmental Dyslexia

As described, the knowledge concerning the underlying causes of DD has tre-
mendously increased. Despite this, children with DD are not diagnosed until they
actually start literacy acquisition. DD-diagnosis is realized by psychometric tests
at the end of the 2™ grade (at an age of 7 years in Germany), when language de-
velopment is almost completed. For example, the German Writing Test (DERET;
Stock & Schneider, 2008) and the Reading Comprehension Test for first to sixth
graders (ELFE 1-6; Lenhard & Schneider, 2006) are applied. One psychometric
test, which can already be applied 10 months before school enrollment, is the
Bielefeld Screening for the early recognition of reading and writing problems
(BISC; Jansen, Mannhaupt, Marx, & Skowronek, 2002). The BISC tests prereq-
uisites for literacy acquisition, namely working memory, attention being a part of

working memory (i.e., the central executive; Baddeley, 2003), and phonological
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awareness. However, successful therapy highly relies on the early onset of thera-
peutic and supportive measures to effectively influence the learning process, so

for this purpose 10 months might still be insufficient.

Auditory discrimination, essential for phonological awareness skills (Jansen
& Marx, 1999), was found to develop early in life (Friederici, Friedrich, &
Weber, 2002) and it can be investigated by a characteristic event-related brain
potential (ERP) component called Mismatch Response (MMR, for detailed de-
scription, see 3.3). In DD, Schulte-Koérne and colleagues (Schulte-Korne et al.,
1998, 2001) found a significantly reduced negative MMR amplitude in German
school children and adults with DD in response to speech sounds. Furthermore,
specific characteristics of the MMR led researchers to hope that it might be used
as a diagnostic tool for the early risk diagnosis of DD, starting at an earlier age
than the BISC can be applied. These characteristics are objectivity (for review,
see Néitinen, 1995), independency of attention (Naidtdnen, Paavilainen, Tiitinen,
Djiang, & Alho, 1993), and suitability for investigating auditory discrimination
in infants (Molfese, 1997). Consequently, the MMR has been investigated in in-
fants at risk of developing DD, which was defined by at least one parent with di-
agnosed DD. Pihko et al. (1999) found differences between the MMR of at risk
and not at risk infants in response to short and long vowels (/ka/ vs. /kaa/) in 6-
month-old infants, but not in newborns. Confirming these results, Leppénen et al.
(2002) demonstrated different MMR responses of 6-month-old infants at risk
compared to infants not at risk in response to varying /t/ durations in the
pseudoword /ata/ (Leppénen et al., 2002). Thus, differences between infants at
risk and not at risk of developing DD start to appear during the first six months
of life, which has also been reported to be a time window when the MMR starts
to become language-specific (Cheour et al., 1998; Friederici, Friedrich, &
Christophe, 2007). Further supporting the hope for using the MMR as a diagnos-
tic tool are associations between the MMR amplitude and DD candidate genes,

such as KIAA0319 (Czamara et al., 2011). However, DD is not only genetically



1.3 Diagnosis of Developmental Dyslexia

(Scerri & Schulte-Korne, 2010), but also environmentally, that is, parental influ-
ence and schooling experience (Samuelson & Lundberg, 2003), shaped. Thus,
risk studies cannot analyze the direct link between DD at school age and infants’
auditory discrimination capacities. Rather, studies are needed that are able to ret-
rospectively investigate auditory speech discrimination capacities, as one of the
abilities predicting success in literacy acquisition (Snowling, 1998), in infancy of

diagnosed children, which was one aim of the current research project.

10
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2 Research Questions and Hypotheses

As described in the introduction, phonological, but also visual, processing abili-
ties and the ability to integrate visual and auditory information are predictive for
successful literacy acquisition. The current research project was designed to ana-
lyze auditory, visual, and visual-auditory speech processing in school children

with writing problems (WP)®.

The amplitude of the MMR was found to be associated with reading and
writing abilities and the risk of developing DD: Children with DD, and infants at
risk of developing DD, show a reduced negative MMR in response to speech
stimuli (Leppénen et al., 2002; Schulte-Korne et al., 1998). Additionally, certain
characteristics of the MMR led researchers to hope that it might be used as an
early diagnostic tool (see also Bishop, 2007). However, the relationship between
infants’ discrimination capacities and later DD needs to be analyzed directly, by
applying a retrospective longitudinal approach, in order to analyze the predictive
power of the infants” MMR for later DD. Thus, we addressed the following main

question:

e At which age do auditory speech discrimination differences develop between
German infants with and without later diagnosed WP, and can the MMR be

used for diagnostic purposes at an early age?

Hypothesis I.a: We expected group differences between infants with and with-
out later WP at age 5 months, the time point when MMR starts to become lan-
guage-specific (Cheour et al., 1998; Friederici et al., 2007), reflected in attenuat-
ed MMR amplitudes in infants with later WP in response to natural speech

stimuli compared to infants without later WP.

Hypothesis I.b: We did not expect MMR amplitude differences between infants
with and without later WP at age 1 month.

2 Note: Writing refers to the spelling abilities of the children.

11



Hypothesis I.c: Further, in line with previous studies, we expected to confirm
group difference between school children with and without WP, reflected in at-
tenuated MMR amplitudes in children with WP in response to natural speech

stimuli compared to children without WP.

However, speech processing is a multisensory phenomenon with visual
speech information being crucially involved (Benoit et al., 1996). For perceiving
visual speech information, visual motion processing is important (for a review
see Campbell, 2008), which was found to be deficient in individuals with DD in
response to non-linguistic symbols. Furthermore, it was demonstrated that chil-
dren and adults with DD show reduced lip-reading abilities compared to their
normally developing peers (de Gelder & Vroomen, 1998; Mohammed,
Campbell, Macsweeney, Barry, & Coleman, 2006). As far as is known, visual
speech processing in the ERP has not been investigated in relation to DD. There-

fore, we addressed the following main question:

e Is visual speech processing, like auditory speech processing, impaired in
school children with WP due to their deficient visual motion processing prob-

ably leading to reduced lip-reading abilities?

Hypothesis II: We expected group differences between school children with and
without WP during visual speech discrimination, reflected in attenuated visual
MMR amplitude in response to visual speech stimuli in children with WP com-

pared to children without WP, due to their deficient visual motion processing.

Recent studies concerning deficient crossmodal integration in individuals
with DD have mostly concentrated on letter-speech sound integration. Given the
evidence that both first-graders and 11-year-old children with DD show difficul-
ties in processing letter-speech sound pairs (Froyen, Bonte, Van Atteveldt, &
Blomert, 2009; Froyen, Willems, & Blomert, 2011), it is difficult to infer the un-
derlying deficit: School children could either suffer from a visual-auditory

speech integration deficit originating from early developmental stages (e.g., inte-

12



2 Research Questions and Hypotheses

gration of mouth-movements and corresponding speech sounds) or deficient let-
ter-speech sound integration typically occurring during literacy acquisition. The
assessment of school children’s ability to process visual-auditory speech infor-
mation (i.e., mouth movement and corresponding speech sounds) can deliver in-
sight into crossmodal integration abilities relatively independent of literacy
knowledge, as the combined processing of visual and auditory speech infor-
mation requires the ability to crossmodally integrate (van Wassenhove, Grant, &

Poeppel, 2005).
Therefore, we addressed the following main question:

e Do school children with WP exhibit a general verbal crossmodal integration

deficit during visual-auditory speech processing?

Hypothesis IIl.a: If we find a reduced visual-auditory MMR in children with
WP compared to children without writing problems, results would point to an
early acquired visual-auditory speech integration deficit, since our experimental
manipulation is more independent of letter-sound knowledge, gained during lit-
eracy acquisition, than studies using letter-speech sound pairs as stimuli (e.g.,

Froyen et al., 2011).

Hypothesis IIL.b: If we do not find visual-auditory MMR differences between
children with and without writing problems, results would point to intact visual-

auditory speech integration, when tested independently of letter knowledge.

13
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3 General Methodological Approach

3.1 Participants

Children were participants of a longitudinal study (German Language Develop-
mental Study) starting at children’s birth. At preschool age, the BISC (Jansen et
al., 2002) was applied for assessment of phonological awareness abilities and the
risk of later DD. From the original 198 participants of the GLAD-Study, we
could invite 33 children at risk of developing later reading and spelling problems.
Accordingly, for our control group, we invited 34 children that were not at risk of
developing later reading and spelling problems. These children were tested indi-
vidually with the DERET (Stock & Schneider, 2008) at the age of 9.5 years
(grade 3 or 4). Children were classified based on the risk diagnosis (BISC; Jan-
sen et al., 2002) at preschool age and their writing abilities at school age
(DERET; Stock, & Schneider, 2008). In German children, writing abilities are
often used for classification (see also Neuhoff et al., 2012), as grapheme-
phoneme correspondences are consistent, fostering reading skills, but phoneme-
grapheme correspondences are less consistent, hindering writing skills, which
leads to more persistent writing impairments compared to reading impairments

(Lander] & Wimmer, 2008).

Children at risk of developing DD and with a percentile rank (PR) < 25 in the
writing test were classified as children with WP (N=17). Children not at risk of
developing DD and with a PR > 25 in the writing test were classified as children
without WP (N=21)*. For these 38 children (mean age = 9.64 years; SD = 0.43),
audiometric responses to sounds of varying frequencies (i.e., 250 Hz, 500 Hz,
1000 Hz, 2000 Hz, 4000 Hz) and intensities (Decibel Sound Pressure Level; dB
SPL) were determined in a sound-attenuated cabin. No child was below the criti-
cal threshold of 25 dB SPL in any frequency. For vision, parents were asked

about children’s eyesight. All children that were either myopic or hyperopic wore

3 Note: Two children without WP and one child with WP did not participate in Study II and Study I11.
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glasses for compensation. Further, the Reading Speed and Comprehension test
for grade 6-12 (LGVT 6-12; Schneider, Schlagmiiller, & Ennemoser, 2007), a
reading test by Schulte-K6rne (2001) for measuring reading speed and accuracy,
the Test for Basic Competences for Reading and Writing (BAKO; Stock, Marx,
& Schneider, 2003) for assessment of phonological awareness abilities at school
age, and the German version of the Kaufmann-Assessment Battery for Children
(K-ABC; Kaufman, Kaufman, Melchers, & Preuf3, 2009) for assessment of non-
verbal intelligence were conducted. At school age, groups did not differ signifi-
cantly in their nonverbal intelligence and reading comprehension and accuracy,
but in their reading speed and phonological awareness abilities. All children had
previously been tested on their auditory discrimination abilities at age 1 month

(+/- 2 days) and at age 5 months (+/— 2 days) (see Quandt, 2004).

The studies followed American Psychological Association (APA) standards
in accordance with the declaration of Helsinki (World Medical Association,
2013) and were approved by the responsible ethics committees (i.e., University
of Leipzig for school children data; Charité — Universititsmedizin Berlin for in-
fant data (see Study I)). Parents of participating children were reimbursed (€ 7.00

per hour).

3.2 Electroencephalography and Event-Related Potentials

Electroencephalography (EEG) was the method of choice for analyzing visual,
auditory, and visual-auditory speech processing in school children with and

without WP.

The EEG reflects brain activity on the millisecond level through recording
ongoing voltage fluctuations at scalp level (Rugg & Coles, 1995). As the effect
from a single stimulation is only a small part of the ongoing brain activity, the
part associated with the event at interest needs to be extracted. Repeated stimula-
tion with pre-defined stimuli and averaging across those epochs of the EEG gen-

erates a stable event-related potential (ERP; Birbaumer & Schmidt, 2006). ERPs
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in response to different stimuli can be statistically compared. Their difference
can give information about the strength of the involved neurophysiological pro-
cess underlying the cognitive process associated with the event (i.e., stimulus) of

interest (Kutas, van Petten, & Kluender, 2005).

For reliable ERPs, the raw EEG needs to be preprocessed as it is prone to
noise (e.g., electric streams stemming from muscle activity). For example, mus-
cle activity needs to be removed from the EEG as it is larger in magnitude than
ERPs and consequently leads to spurious ERPs. For identification and removal of
artifacts, various techniques are available, such as filtering for muscle activity

(Edgar, Stewart, & Miller, 2005).

3.3 Oddball Paradigm and Mismatch Response

The oddball paradigm is one of the most suitable paradigms for gaining stable
ERPs as it adequately fulfills the need for repetitive presentation of stimuli.
Squires, Squires, and Hillyard (1975) were the first to apply the oddball para-
digm to measure ERPs. During an oddball paradigm, an auditory or visual stimu-
lus is repetitively presented (i.e., standard) and gets occasionally replaced by a
differing stimulus (i.e., deviant). When comparing the response to the deviant
with the response to the standard stimulus, an ERP called MMR can be observed
(Naatanen, Gaillard, & Maéntysalo, 1978). Oddball paradigms can be active,
when participants respond to the deviant stimulus, or passive, when participants

experience a series of stimuli without a behavioral response.

The MMR in response to auditory stimuli (aMMR) is an anteriorly evoked
negativity at about 100—200 ms after stimulus onset of a deviant stimulus during
a passive oddball paradigm, and was first discovered by Néédtinen et al. (1978).
The aMMR has been found to be elicited in reactions to a wide range of auditory
stimulus-types and, most importantly, in response to speech stimuli, such as syl-
lables (for a review, see Nadtidnen, Paavilainen, Rinne, & Alho, 2007). Further-

more, the aMMR is thought to be relatively independent of conscious attention
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(Naatdnen et al., 1993), making it suitable for investigating auditory discrimina-
tion in infants (Friederici et al., 2002). Equivalently, the visual MMR (VMMR)
was found to occur in response to deviant visual stimuli (i.e., nonlinguistic,
visually presented symbols; Czigler, Weisz, & Winkler, 2006), and visual speech
stimuli, like mouth movements (Files, Auer, & Bernstein, 2013). The vMMR
was found to be located in supplementary visual areas in the occipital and poste-
rior temporal cortex. Finally, there is also evidence for a visual-auditory mis-
match response (vaMMR) in response to deviant visual-auditory speech stimuli,
like mouth movements and corresponding speech sounds (Ponton, Bernstein, &
Auer, 2009). The vaMMR can be located in lateral temporal cortices, such as the
superior temporal gyrus (STG) and superior temporal sulcus (STS; Ponton et al.,
2009), also associated with letter-speech sound integration (van Atteveldt,
Formisano, Goebel, & Blomert, 2004). In contrast to the aMMR, stimuli need to
be focused visually for the elicitation of the vMMR and the vaMMR. Taken to-
gether, the MMR is suitable for investigating auditory, visual, and visual-

auditory speech processing, which was the aim of the current dissertation project.

3.4 Paradigm and Stimuli for this Research Project

For investigating auditory, visual, and visual-auditory speech processing in
school children with and without WP, we conducted a passive oddball paradigm
with three different experimental variations. For all three experiments the sylla-
bles /pa/ and /ga/ were used and were kept as natural as possible. The phonemes
/p/ and /g/ were chosen, because they contribute to the difference in meaning in
German words (e.g., /p/latt vs. /g/latt; /P/aten vs. /G/a[r]ten) and they can be dis-

criminated both auditorily and visually.

Mouth movements of a female German actress were video-recorded (for vis-
ual stimulation) and speech sounds were audiotaped (for auditory stimulation)
simultaneously. A design with two blocks was used to control for physical dif-
ferences between stimuli. The syllable /ga/ was used as a standard and the sylla-

ble /pa/ as a deviant in one block; and vice versa in the other block. By this, the
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syllable /pa/ could be compared as a deviant with itself as a standard, and like-
wise the syllable /ga/. The order of the blocks was counterbalanced across chil-
dren and experiments. For all experiments, one block consisted of 600 stimuli,
with 85% standard and 15% deviant stimuli. The presentation of the deviants was
pseudo-randomized, such that at least two standards were presented in between
the deviants. For auditory speech discrimination (Study I) the syllable /pa/ was
266 ms and the syllable /ga/ 409 ms in length. Due to the different length of the
syllables, the inter-stimulus-interval (ISI) varied between 1450 and 1750 ms. For
visual speech discrimination (Study II) the mouth movements pronouncing sylla-
bles silently were both 1.440 ms in length and the ISI between two syllables (off-
set to onset) was 500 ms. For visual-auditory speech discrimination (Study III),
both stimuli lasted for 1440 ms. For /pa/ the mouth movement started 200 ms af-
ter stimulus onset and lasted for 1160 ms. The sound started 580 ms after stimu-
lus onset and lasted for 266 ms. For /ga/ the mouth movement started 80 ms after
stimulus onset and lasted for 1280 ms. The sound started 320 ms after stimulus
onset and lasted 409 ms. The ISI between two syllables (offset to onset) was 500

ms (for illustration, see Figure 3).

Visual stimulation was realized via a 15-inch monitor (display resolution:
1024 x 768). The distance between the children and the monitor was controlled

for and measured 75 cm.

TF 1 (40 ms) TF 3 (120 ms) TF 8 (320 ms) TF 15 (600 ms) TF 25 (1000 ms) TF 35 (1400 ms)
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/pa/ sound onset lasting for 266 ms
=
20
o
£
=
5

/ga/ sound onset lasting for 409 ms

Figure 3. Nllustration of stimuli used for investigating auditory, visual, and visual-auditory
speech discrimination. Here, only representative time frames (TF) of video recorded mouth

movements are presented.
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Auditory stimulation was realized binaurally via loud speakers with an intensity
of 64 dB SPL. For the visual and visual-auditory experiment, children were in-
structed to watch the mouth-movements. Further, an independent observer moni-
tored each child online during the experiment. At the end of each experimental
block the observer rated the attention directed towards the stimuli (in percent).
During the auditory speech discrimination experiment at school age (Study I),
children watched a silent video of “the mole”, a Czech children’s cartoon, on a
small video screen placed in front of them to prevent extreme eye movements
and boredom. Each experiment lasted for 45 min and the whole procedure for

one experiment lasted for about 90 min.

For auditory speech discrimination tested at infant age (Study I) the syllables
/da/ and /ga/ were used. As both syllables were 150 ms in length and to reduce
exhaustion for infant participants, all participants received only one block with
the syllable /da/ as the standard and /ga/ as the deviant. In total 600 syllables,
with 500 standards (83%) and 100 deviant syllables (17%), were presented. The
ISI between two syllables was 750 ms. The experiment lasted for 10 min and the

whole procedure lasted for about 90 min (see Quandt, 2004).
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4 Summaries of the Three Experimental Studies

4.1 Study I “Present and past: Can writing abilities in school
children be associated with their auditory discrimination ca-
pacities in infancy?”

4.1.1 Background

Study I examines the relationship between auditory speech discrimination in re-
sponse to natural syllables and writing abilities at school age, and determines the
time-point when auditory speech discrimination differences, relevant for later

writing abilities, start to develop in infancy.

Schulte-Korne et al. (1998) demonstrated a diminished negative aMMR in
German school children with DD compared to their normally developing peers in
response to speech stimuli, but not in response to simple sounds. Furthermore,
infants at risk of developing DD show reduced auditory discrimination capaci-
ties, namely a diminished aMMR compared to infants not at risk of developing

DD, at age 6 months (Leppénen et al., 2002).

However, auditory discrimination capacities in infancy and later DD should be
investigated by applying a retrospective approach in order to analyze the associa-
tion between early auditory discrimination capacities and later writing abilities
directly. Here, we investigated the aMMR in response to natural syllables (see
also, Shestakova et al., 2002) in German school children with and without WP,
and, by applying a retrospective approach, in these children when they were 1
month and 5 months old. By this we aimed to determine the time-point in devel-
opment when differences in speech discrimination abilities relevant for success-

ful writing acquisition emerge.
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4.1.2 Methods

A passive auditory oddball paradigm was conducted to analyze auditory speech
discrimination in children with and without WP at school age and infant age (for

description see 3.).

Mixed-model design analyses of variance (ANOV As) were performed for the
three different age groups. To test for a significant aMMR, we compared the
ERPs for standard stimuli with the ERPs for deviant stimuli (p<.05). Writing
abilities (with, without WP) were included as between-subject factor. Analyses
were computed on a frontal region of interest (ROI) (F3, FZ, F4), a central ROI
(C3, CZ, C4), and a parietal ROI (P3, PZ, P4). ROIs were defined due to elec-
trode settings of the infant data acquisition and typically found fronto-central dis-
tribution effects of the aMMR (e.g., Niitdnen, Paavilainen, Rinne, & Alho,
2007).

4.1.3 Results

Figure 4 illustrates the aMMR of school children with and without WP. At
school age, ERP measures revealed significant differences between the aMMR of
children with and without WP in response to natural syllables. For the syllable
/pa/, school children with WP showed a positive aMMR and school children
without WP a negative aMMR. In response to /ga/, both groups showed a posi-
tive aMMR. Effect sizes (n,”> ) demonstrated quantitative discrimination differ-
ences for /ga/, namely a less pronounced positive aMMR in school children

without compared to school children with WP.

Figure 4 illustrates the aMMR for infants with and without later WP at 1
month and 5 months. ERP measures revealed no significant differences between
the aMMR of 1-month-old infants, but between the aMMR of 5-month-old in-
fants with and without later WP. Five-month-old infants without later WP
showed a significant frontal negative aMMR in response to the deviant stimulus,

but 5-month-old infants with later WP did not.
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syllable /pa/ at school age  syllable /ga/ at school age infants at 5 months infants at 1 month
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Figure 4. Figure adapted from Schaadt et al. (a, submitted). ERPs for standard stimuli (dotted
line) and deviant stimuli (solid line) are presented separately for children with WP (top panel,
red) and children without WP (bottom panel, blue). ERPs in response to the syllable /pa/ and to
the syllable /ga/ at school age and ERPs at 5 months and 1 month are presented separately.

Black arrows indicate significant aMMRs.

4.1.4 Discussion

The three experiments summarized here investigated the relationship between
auditory speech discrimination at school age and infancy, and writing abilities at
school age, by means of the aMMR. As expected (Hypothesis 1.c), we con-
firmed aMMR differences between children with and without WP at school age
(Corbera et al., 2006; Kujala, Lovio, Lepistd, Laasonen, & Néétinen, 2006), spe-
cifically in response to natural syllables. Beyond this, we observed qualitative
differences (i.e., different aMMR polarity) in response to the syllable /pa/ and
quantitative differences (i.e., different aMMR amplitude) in response to the syl-
lable /ga/ between children with and without WP. These differences concerning
the response to the syllables /pa/ and /ga/ will be discussed in more detail in the

general discussion (see 5.2.1).
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Confirming our retrospective hypotheses, we found aMMR differences in re-
sponse to natural syllables between infants with and without later diagnosed WP
at the age of 5 months (Hypothesis L.a), but not at the age of 1 month (Hypothe-
sis L.b). At age 5 months, infants without later WP are able to discriminate natu-
ral syllables, but infants with later WP are not. These developmental differences
in auditory speech discrimination can be explained as language-specific phone-
mic representations of speech start to develop and the aMMR becomes language
specific during infants’ first five months of life (Cheour et al., 1998; Friederici et
al., 2007). Thus, 5-month-old German infants without later WP have established
long-term representations of speech more successfully than 5-month-old German

infants with later WP.

4.2 Study II “Facial speech gestures: The relation between
visual speech processing, phonological awareness, and
spelling problems in 10-year-olds”

4.2.1 Background

Study II examines the relationship between visual speech discrimination and
writing abilities at school age. Speech perception is a multisensory phenomenon,
involving both auditory information and visual information (Benoit et al., 1996).
Visual information, namely mouth movements, precedes auditory information
during speech perception (Chandrasekaran, Trubanova, Stillittano, Caplier, &
Ghazanfar, 2009). Accordingly, Arnal, Morillon, Kell, and Giraud (2009)
demonstrated the brain’s anticipation of auditory signals when being presented
with visual signals. Thus, visual speech information might support speech pro-
cessing in noisy environments (Bernstein, Auer, & Takayanagi, 2004), but also

during clearly audible and intact speech (Arnold & Hill, 2001).

Equivalent to the aMMR, the vMMR can be used to investigate visual speech
processing (Files, Auer, & Bernstein, 2013). Yet, in contrast to auditory speech
processing, no equivalent studies investigated visual speech processing in indi-

viduals with DD, although visual speech processing plays an important role dur-
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ing speech development (Lewkowicz & Hansen-Tift, 2012). Furthermore, as de-
scribed in the introduction, there are theories postulating visual processing defi-
cits in individuals with DD (Stein, 2001). Therefore, the present study investigat-
ed the vMMR in response to visual speech stimuli in school children with and

without WP.

4.2.2 Methods

A passive visual oddball paradigm was conducted to analyze visual speech dis-

crimination in school children with and without WP (for description, see 3.).

Mixed-model design analyses of covariance (ANCOVAs) were performed.
To test for a significant VMMR, we compared the ERPs for standard stimuli with
the ERPs for deviant stimuli (p<.05). Writing abilities (with, without WP) were
included as between-subject factor and attention (i.e., ratings of independent ob-
server) and eye-movements (i.e., vertical and horizontal Electrooculograms;
EOG) were added as covariates, as attention and differences in eye-movements
could have an impact on potential group differences regarding the vMMR. Anal-
yses were computed on a frontal region of interest (ROI) (F3, FZ, F4), a central
ROI (C3, CZ, C4), and a parietal ROI (P3, PZ, P4). These ROIs were chosen due
to typically found fronto-central distribution effects of the aMMR (e.g.,
Naéténen, Paavilainen, Rinne, & Alho, 2007) and the posterior distribution ef-
fects of the vMMR (Mackawa et al., 2005). Further, we calculated Pearson’s bi-
variate correlation coefficient between the vMMR difference wave (deviant—
standard) and writing abilities (PR of DERET), and between the vMMR and
phonological awareness abilities for all ROIs separately for children with and

without WP.

4.2.3 Results

Figure 5 illustrates the vMMR in response to mouth movements pronouncing
syllables silently, separately for children with and without WP. Both groups

show a significant vMMR. However, children with WP showed an anteriorly dis-
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tributed positive vVMMR, whereas children without WP showed a posteriorly dis-
tributed positive VMMR. These effects were not influenced by attention* or eye-
movements as we did not find any significant interactions with afore mentioned

covariates.
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Figure 5. Figure adapted from Schaadt et al. (b, submitted). Topographic plots (left panel) show
MMR difference wave (deviant—standard) for children with WP (top panel) and without WP
(bottom panel) across both syllables (/pa/, /ga/) with no interactions involving condition and
syllable-type. Right panel illustrates the relation between writing abilities and MMR difference

wave.

Correlational analyses showed low writing abilities (PR) in children with WP
to be associated with increased anterior vMMR amplitudes (see Figure 5), and
low phonological awareness abilities (PR) in children with WP also to be associ-

ated with increased anterior vVMMR amplitudes (r= —.52) . In children without

* Note. The measure of attention is suboptimal and should be considered carefully (for discussion, see
5.6).
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WP, high writing abilities (PR) were found to be associated with increased poste-
rior vYMMR amplitudes (see Figure 5), but no association between phonological

awareness and vMMR amplitudes were found.

4.2 .4 Discussion

The experiment summarized here investigated the relationship between visual
speech discrimination, phonological awareness, and writing abilities, by means
of the vMMR in response to mouth movements pronouncing syllables silently. In
contrast to our hypothesis (Hypothesis II), both groups of children showed a
vMMR. However, we found distributional differences between children with and
without WP during visual speech discrimination. Children without WP showed a
positive VMMR with a posterior scalp distribution that was positively correlated
with children’s writing abilities, matching the typical distribution normally re-
ported for the vMMR (Czigler et al., 2006; Files et al., 2013). In contrast, chil-
dren with WP showed a long-lasting positive vVMMR with a more anterior scalp
distribution, normally observed for the aMMR (for a review, see Naéténen et al.,
2007), and which was negatively correlated with children’s writing abilities and
phonological awareness. The anterior vVMMR during visual speech processing in
children with WP might be regarded as an anticipation of the potentially upcom-
ing auditory signal (Arnal et al., 2009), normally following visual speech input
(Chandrasekaran et al., 2009), possibly in an attempt to compensate for their

phonological deficit (see 5.3 for further discussion).

4.3 Study III “Deficient visual-auditory speech processing in
elementary school children with limited spelling abilities:
When crossmodal integration goes wrong independent of let-
ter knowledge”

4.3.1 Background
Study III was conducted to investigate the question whether school children with
WP exhibit verbal crossmodal integration deficits during visual-auditory speech

processing, independent of letter knowledge. Additionally, we were further able
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to analyze whether visual speech information can be used to successfully com-
pensate for auditory speech discrimination deficits (see Study I) in school chil-
dren with WP. As summarized in Study II, visual information processing is cru-
cially involved during speech perception (Benoit et al., 1996) and supports
speech processing in adults and infants (Arnold & Hill, 2001; Teinonen, Aslin,
Alku, & Csibra, 2008). For visual speech information to be beneficial, visual and
auditory speech information need to be crossmodally integrated. Although in-
fants can already integrate visual and auditory information at age 10 months
(Neil, Chee-Ruiter, Scheier, Lewkowicz, & Shimojo, 2006), children and adults
with DD show crossmodal integration deficits (see also Introduction). Individuals
with normal reading and writing abilities show an enhancement of the aMMR in
response to deviant speech sounds, if the standard stimulus is bimodally present-
ed, namely the speech sound and the corresponding letter (Froyen, Van
Atteveldt, Bonte, & Blomert, 2008). However, integration of letter-speech sound
pairs needs to develop during literacy acquisition (Froyen et al., 2009). Interest-
ingly, 11-year-old children with DD do not benefit from bimodally presented let-
ter-speech sound pairs, compared to their normally developing peers that show
similar aMMR enhancement like adults (Froyen et al., 2009; Froyen et al., 2011).
However, these results cannot differentiate between general deficient verbal inte-
gration in individuals with DD, independent of letter knowledge, and deficient
integration of letter-speech sound pairs resulting from unsuccessful literacy ac-
quisition. The present study investigated visual-auditory speech processing inde-

pendent of letter knowledge.

4.3.2 Methods

A passive visual-auditory oddball paradigm was conducted to analyze visual-
auditory speech discrimination in school children with and without WP (for de-

scription, see 3.).

Mixed-model design ANOVAs were performed. To test for a significant
vaMMR, we compared the ERPs for standard stimuli with the ERPs for deviant
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stimuli (p<.05). Writing abilities (with, without WP) were included as between-
subject factor. Analyses were computed on a frontal region of interest (ROI) (F3,
FZ, F4), a central ROI (C3, CZ, C4), and a parietal ROI (P3, PZ, P4). Further,
because the amount of attention directed towards stimuli could have an effect on
potential group differences in visual-auditory speech processing, we compared

attention paid towards stimuli between children with and without WP.

4.3.3 Results

Regarding the attention paid towards stimuli, children with and without WP did
not differ significantly (p =.12). Figure 6 illustrates the vaMMR in response to
mouth movements pronouncing syllables out loud. Results showed that children
with and without WP do not differ significantly in their vaMMR. The syllables
/pa/ and /ga/ are processed differently in both groups. For the syllable /pa/, but
not for the syllable /ga/, we found a negativity (200-300 ms after stimulus onset)
followed by a second negativity (600—-700 ms after stimulus onset). Further, we
found a positivity at 800-900 ms after stimulus onset, which was significantly

more pronounced for the syllable /ga/ compared to the syllable /pa/.

To evaluate the underlying processes of visual-auditory speech processing in
children with and without WP, we conducted temporal principal component
analyses (PCA) on the MMR difference wave only at FZ (deviant—standard), as
we did not find interactions involving the factors condition and region, but sepa-
rately for syllables /pa/ and /ga/, as we found interactions involving the factors
condition and stimulus-type. Component loadings were used as weights to com-
pute component scores, which were then submitted to a mixed-model design
ANOVA in order to analyze whether children with and without WP differ con-

cerning their component scores that were found by PCA.

The PCA revealed four components for both stimuli (see Figure 6), which we
interpreted according to their time-point of appearance in relation to the infor-

mation presented to participants. The first one of these components most likely
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indicates the processing of the stimulus-onset (Onset). The second component
can be viewed as an indicator for visual speech processing (Visual), and the third
one as an indicator for auditory speech processing (Auditory) (Chandrasekaran et
al., 2009). The fourth component was interpreted as indicating visual-auditory
integration (Integration). No differences between the syllables /pa/ and /ga/ were
found concerning the components revealed by PCA. However, we found differ-
ences between children with and without WP, such that they differed significant-
ly concerning their component scores on the integration component. Children

with WP scored negatively, whereas children without WP scored positively.
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Figure 6. Figure adapted from Schaadt et al. (c, submitted). Top panel illustrates ERPs for
standard stimuli (dotted line) and deviant stimuli (solid line) separately for syllables /pa/ and
/gal/ across both groups of children. Middle panel shows components for syllables separately.
Bottom panel illustrates component scores for children with (red columns) and children without
WP (blue columns) collapsed across both syllables as we did not find significant interactions

between the factors component scores and syllables. * p<.05.
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We further controlled for attention paid towards stimuli by adding this variable
as a covariate, but no interaction involving attention was significant and we still
found significant differences between children with and without WP concerning

the integration component.

4.3.4 Discussion

The experiment summarized here investigated whether children with WP exhibit
a general verbal integration deficit, independent of letter knowledge, or a specific
letter-speech sound integration deficit. Further, we were able to analyze whether
visual speech information can be used functionally by school children with WP
to successfully compensate for their deficient auditory speech discrimination
(Study I). We analyzed the vaMMR in response to mouth movements pronounc-
ing syllables out loud. Generally, we did not find visual-auditory speech discrim-
ination differences between children with and without WP, which would speak in
favor of the hypothesis that visual-auditory speech integration is intact in chil-
dren with WP, when tested independently of letter knowledge (Hypothesis
IIL.b). Furthermore, this finding could be attributed to the supportive role of vis-
ual speech information during speech processing (Arnold & Hill, 2001; Bernstein

et al., 2004), even in children with WP.

However, individuals with DD normally show deficient integration (Blau et
al., 2010; Froyen et al., 2011) during the processing of letter-speech sound pairs.
We computed PCA and found differences between children with and without WP
for the integration component. Children with WP scored negatively and children
without WP scored positively on the integration component. The negative score
of children with WP on the integration component indicates that the integration
component of children with WP contributes less to the overall signal (i.e.,
vaMMR) compared to the mean of the whole sample. Therefore, it can be con-
cluded that children with WP show reduced integration abilities during the dis-
crimination of visual-auditory speech stimuli compared to children without WP

(Hypothesis I11.a).
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5 General Discussion

5.1 Summary of Results

Three studies were conducted to assess the relationship between auditory, visual,
and visual-auditory speech processing and writing abilities in German school

children using ERP measures.

Study I generally confirms previous findings of auditory speech discrimina-
tion deficits in school children with WP. By applying a retrospective analysis of
the ERPs registered during infancy, we could further determine the time-point
when auditory speech discrimination deficits in German infants with later WP

start to develop, which is at the age of 5 months.

Study II tested visual speech discrimination in children with WP, as speech
processing is a multisensory phenomenon and visual speech information was
generally found to support speech processing. We found distributional differ-
ences of the vVMMR between children with and without WP. Children without
WP show a posterior scalp distribution, whereas children with WP show a more
anterior scalp distribution during visual speech discrimination that can normally
be observed during auditory speech discrimination. We interpreted these findings
as an attempt of children with WP to anticipate the potentially upcoming auditory
signal in order to compensate for their auditory speech discrimination deficit

(i.e., phonological deficit).

Study III aimed to investigate whether school children with WP exhibit a
general verbal integration deficit during visual-auditory speech processing, rela-
tively independent of letter knowledge, or a specific deficit during the integration
of letters and speech sounds. We did not find any vaMMR differences during
visual-auditory speech discrimination between children with and without WP,
maybe suggesting that indeed, visual speech information can support children

with WP during speech processing. However, looking more closely at the under-
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lying processes of visual-auditory speech processing by computing a PCA, we
found integration deficits of visual and auditory speech information in children
with WP. These results suggest deficient letter-speech sound integration to be
caused by a general visual-auditory speech integration deficit, and indicate that
auditory speech discrimination deficits cannot be entirely compensated by the

processing of visual speech information.

In the following, these findings will be discussed in relation to the theories
concerning the underlying causes of DD (see Introduction), regarding implica-
tions for therapeutic interventions for individuals with DD, and concerning im-
plications for the early risk diagnosis of DD. The results of the three studies will
be integrated and I will raise some limitations of the studies presented and pro-

vide suggestions on how to overcome these limitations in future research.

5.2 Relation of the Current Findings to Theories Concerning
the Underlying Causes of Developmental Dyslexia

5.2.1 Auditory Speech Processing and Developmental Dyslexia Theo-
ries

By investigating auditory speech discrimination by means of ERPs in school
children with and without WP in response to natural syllables, we found auditory
speech processing deficits in children with WP, which is in line with other stud-
ies (Baldeweg, Richardson, Watkins, Foale, & Gruzelier, 1999; Kujala et al.,
2000; Schulte-Korne et al., 1998). These previous findings and our results speak
in favor of the phonological theory, postulating DD to be caused by a cognitive
deficit specific to representations and processing of speech sounds (Liberman,
1973; Snowling, 1998). Yet, results of Study I do not allow to exclude other the-
ories such as the auditory processing deficit theory (Tallal et al., 1993), postulat-
ing basic, non-linguistic deficits in temporal resolution of rapidly changing audi-
tory stimuli to cause deficient speech perception as a secondary symptom. In
Study I, we did not analyze auditory processing deficits. However, for example,

Schulte-Ko6rne et al. (1998) and Paul et al. (2006) found significantly reduced
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speech discrimination capacities in German school children with DD, but no de-
ficient simple sound discrimination, which would argue against the auditory pro-

cessing deficit theory and in favor of the phonological theory.

Beyond auditory speech discrimination deficits in children with WP, we ob-
served qualitative differences, namely different aMMR polarity, in response to
the syllable /pa/ and quantitative differences, namely different aMMR amplitude,
in response to the syllable /ga/, between children with and without WP. Qualita-
tive differences between aMMR of school children with and without WP could
be explained by a developmental delay of school children with WP (see also Urs
Maurer, Kerstin Bucher, Silvia Brem, & Daniel Brandeis, 2003), as a positive
aMMR is associated with a less mature response depending on the individual de-
velopment (Mueller, Friederici, & Ménnel, 2012). The developmental delay and
hence, different aMMR polarities might be associated with the involvement of
different sources generating the aMMR (U. Maurer, K. Bucher, S. Brem, & D.
Brandeis, 2003), which are the STG associated with the bottom-up processing of
auditory deviancy, and the inferior frontal gyrus (IFG) associated with top-down
processes modulating the deviance detection by attentional switches (Restuccia,
Della Marca, Marra, Rubino, & Valeriani, 2005). STG and IFG activity were
found to be responsible for a negative aMMR in adults, whereas a positive
aMMR in kindergarteners was only found to be associated with STG activity (U.
Maurer et al., 2003). Based on these findings, we thus concluded the positive
aMMR in our sample of school children with WP to be associated with reduced
IFG involvement and thus, top-down attentional switch modulation problems
during deviance detection, which, in addition, questions the independency of at-
tention of the aMMR (Néétédnen et al., 1993). This interpretation fits the atten-
tional sluggishness theory, which postulates auditory deficits to be attention re-
lated (Lallier et al., 2009), receiving further support by high comorbidity between
DD and attention-deficit-hyperactivity disorder (Germano, Gagliano, & Curatolo,
2010).
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Yet, we also found a positive aMMR in children without WP in response to
the syllable /ga/, which was, however, less pronounced than in children with WP.
Next to a developmental delay and attention-related deficits, a second factor
should, therefore, be discussed in the context of aMMR polarity, namely task dif-
ficulty. Wetzel, Berti, Widmann, and Schroger (2004) found a positive aMMR
also to be elicited in normally developing children during difficult discrimination
tasks, influenced by the length of the ISI (Schroger & Winkler, 1995) and stimu-
lus complexity (Ruhnau, Wetzel, Widmann, & Schroger, 2010). In Study I, a
long ISI (1450-1750 ms) and complex natural syllables were used. Importantly,
the discrimination of syllables beginning with /g/ is more difficult than the dis-
crimination of syllables beginning with /p/ (Masterson, Hazan, & Wijayatilake,
1995). As /pa/ is a more dominant plosive sound, top-down attentional switch
modulation during deviance detection of the syllable /ga/ out of a stream of the
syllable /pa/ could be reduced, leading to a positive aMMR, even in school chil-
dren without WP. Therefore, results of Study I should only carefully be interpret-
ed in line with the attentional sluggishness theory, as children without WP also
seem to have attentional switch modulation problems during deviance detection

in difficult discrimination tasks.

As DD appears to be such a diverse disorder, there is probably an interplay of
many causes leading to the development of DD and there are first attempts to ad-
dress this issue by suggesting DD subtypes (e.g., Heim et al., 2008), which are

discussed in more detail in section 5.5.

5.2.2 Visual Speech Processing and Developmental Dyslexia Theories

The magnocellular visual deficit theory (Stein, 2001) suggests deficient coherent
visual motion detection and reduced visual speed discrimination to cause DD,
depending on neurodevelopmental abnormalities of the magnocellular system
(Meng et al., 2011; Talcott et al., 2003). As visual motion detection is important
for perceiving the word-form and letter positions in words (Demb et al., 1998),

but also for perceiving visual speech information (for review, see Campell,
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2008), one could hypothesize deficient visual speech discrimination in children
with WP. Yet, in Study II we did not find deficient visual speech processing in
children with WP, but differences in the way of processing of visual speech in-
formation between children with and without WP. Thus, results can generally not
be interpreted as a visual processing deficit. It is more likely that children with
WP try to use visual speech information in order to compensate for their phono-
logical deficit. However, the magnocellular visual deficit theory was not formu-
lated to explain deficient visual speech processing, but general visual processing
deficits. Thus, we cannot expulse the magnocellular visual deficit theory, but
conclude that it cannot explain distributional differences between children with

and without WP.

5.2.3 Visual-Auditory Speech Processing and Developmental Dyslexia
Theories

One theory concerning visual-auditory integration of letter and speech sounds
during reading is the DRC-model (Coltheart et al., 2001). Three different routes
are suggested describing pathways between perceiving printed information and
reading out loud (see also section 1.2.3). For all three routes, the acquisition and
execution of grapheme-phoneme correspondence rules are required. Individuals
with DD show deficiencies during the acquisition and utilization of letter-speech
sound correspondences (Froyen et al., 2009; Froyen et al., 2011). However, as
outlined in the introduction, studies concerning the integration of letter-speech
sounds cannot differentiate between specific integration deficits of letter-speech
sound pairs and a general verbal integration deficit independent of letter
knowledge. In Study III, we analyzed visual-auditory speech discrimination rela-
tively independent of letter knowledge. In order to successfully discriminate bi-
modally presented stimuli, namely visual and auditory speech information, they
need to be integrated. By analyzing the vaMMR amplitude, we found that chil-
dren with WP do not seem to exhibit a general verbal integration deficit. We did

not find any vaMMR amplitude differences between children with and without
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WP and it could be concluded that deficient integration of letter-speech sound
pairs (Froyen et al., 2009; Froyen et al., 2011) can be attributed to a consequence
of unsuccessful literacy acquisition rather than to causing DD. However, it
should be considered that underlying components of the vaMMR in response to
the syllables overlap, which could also explain why we did not find any vaMMR

amplitude differences.

Looking more closely at the underlying processes during visual-auditory
speech processing, a PCA revealed deficient integration of visual and auditory
speech information in children with WP. We found that children with WP scored
negatively on the fourth component, which we interpreted as indicating integra-
tion processes, whereas children without WP scored positively. These findings
point to integration difficulties in children with WP and would speak in favor of
general verbal integration deficits in individuals with DD, independent of letter
knowledge, which would then cause deficient letter-speech sound integration.
Further research needs to confirm our results in order to reformulate theories on
grapheme-phoneme correspondences into theories focusing on more general ver-
bal integration deficits, which would consequently lead to difficulties in learning

letter-speech sound correspondences.

5.3 Visual and Visual-Auditory Speech Processing in Children
with Writing Problems—a Denied Research Field

In Study II and Study III, we analyzed visual and visual-auditory speech pro-
cessing in children with WP. As far as we are concerned, these are the first stud-
ies investigating speech processing beyond the auditory modality in relation to
reading and writing impairments in the ERP. As visual speech information, how-
ever, supports or can even replace the processing of auditory speech information
(Arnold & Hill, 2001; Bernstein et al., 2004), this research promises more insight

into speech processing “deficits” of individuals with DD.
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The use of the supportive function of visual speech information develops ear-
ly in life. Already twelve-month-old infants concentrate on visual speech infor-
mation, namely mouth movements, during difficult auditory communication
conditions (i.e., non-native monologue) in order to support speech processing
(Lewkowicz & Hansen-Tift, 2012). This strategy might continue into adoles-
cence or even adulthood in individuals with WP in order to compensate for their
phonological deficit (Pekkola et al., 2006). Accordingly, the anterior vVMMR,
which we found in Study II during visual speech processing in children with WP,
might be regarded as an anticipation of the potentially upcoming auditory signal,
in an attempt to compensate for their phonological deficit (Snowling, 1998). This
interpretation finds support, firstly by our finding that low phonological aware-
ness abilities in children with WP go along with a more pronounced anterior
vMMR, and secondly by Pugh et al. (2001), who suggested three circuits to be
involved in the processing of written language:

1) The ventral circuit (including lateral extrastriate areas and a left inferior occip-
ito-temporal area) is involved in the identification of linguistically structured
memory based words, and children with DD show reduced activity compared to
their normally developing peers (Salmelin, Service, Kiesild, Uutela, & Salonen,
1996).

2) The dorsal circuit (including angular gyrus, supramarginal gyrus, Wernicke’s
area) is involved in the integration of orthographic, phonological, and lexical-
semantic dimensions, and was also found to show less activity in individuals
with DD compared to their normally developing peers (Brambati et al., 2006).
3) The anterior circuit (including Broca’s area in the IFG) is involved in fine-
grained articulatory recoding. Here, individuals with DD show enhanced activity
compared to their normally developing peers during the processing of visually
presented words (Kronbichler et al., 2006). This enhanced activation was inter-
preted as a compensatory process in light of an impaired development of the pos-
terior part of the network and the phonological deficit in individuals with DD
(see also Shaywitz & Shaywitz, 2008).
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Importantly, in Study I, we found a more pronounced aMMR in children with
WP in response to deviant syllables, which we interpreted to be associated with
reduced IFG involvement and thus, top-down attentional switch modulation
problems during deviance detection, due to their phonological deficit. Thus, the
anteriorly distributed vVMMR in children with WP might indicate an attempt to
enhance IFG activity to anticipate the potentially upcoming auditory signal and
to support top-down attentional switch modulation during deviance detection.
Additionally, the distribution of the vMMR and aMMR was compared to further
support the claim of the anterior VMMR in children with WP to mirror an attempt
to compensate for their phonological deficit. The ANOVA was extended by a
further factor (i.e., experiment; visual, auditory). Results revealed a significant
interaction between experiment, region, and writing abilities (p<.01), though on-
ly for children without WP, such that there was a significant anterior aMMR and
a significant posterior VMMR. Children with WP did not show any distributional
differences between auditory and visual speech processing, suggesting that both

kinds of stimuli were processed similarly.

In Study III we could analyze whether this possible compensatory process is
functional, expressly whether visual speech information supports auditory speech
processing in individuals with DD. Indeed, we did not find significant vaMMR
differences between children with and without WP. Although PCA revealed dif-
ferences between children with and without WP during the integration of visual
and auditory speech information, we would still view the data to speak in favor
of the supportive function of visual speech information for individuals with DD.
A post-hoc linear regression analysis showed that the integration abilities of chil-
dren with WP are negatively affected by the aMMR (B =-.37; p=.09) and posi-
tively affected by the vVMMR (B =.51; p=.03) (R*>=.26; p<.08). These results
show that enhanced auditory speech processing capacities (i.e., negative aMMR)
and a stronger attempt to compensate for phonological deficits (i.e., a more posi-

tive anterior VMMR) are associated with enhanced integration abilities. However,
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to track down the interaction between auditory speech processing, visual speech
processing, and integration abilities more thoroughly, a further predictor variable
was added: the interaction between the vVMMR and the aMMR. We still found a
more negative aMMR to be associated with better integration abilities (f =—.76;
p=.07), but the vVMMR was no longer associated with integration abilities ( =—
.01; p=.80). When looking at the interaction between aMMR and vVMMR, we
found a positive impact on integration abilities (p = .95; p=.10) (R* = .32; p<.09).
This might indicate that children with reduced auditory speech processing ca-
pacities are still able to integrate visual and auditory speech information when
the suggested visual compensatory process is more pronounced. These results
can, however, only be reported for the syllable /pa/ and not for the syllable /ga/,
which can be explained by the fact that visual speech information of the syllable
/pa/ is more differentiating and informative compared to the syllable /ga/, and so

can be used for compensation more easily.

It has to be noted that our interpretation is not in accordance with findings by
de Gelder and Vroomen (1998), who found reduced abilities in identifying the
syllables /ba/ and /da/ that were either presented visually alone or auditorily
alone in children with DD compared to children without DD. However, when
children with DD had to identify the syllable /ba/ and /da/ when they were pre-
sented visually and auditorily together, they did perform similarly to children
without DD (de Gelder & Vroomen, 1998). This again points towards the sup-
portive function of visual speech information during speech processing in chil-

dren with DD.

Taken together, we found children with WP to exhibit auditory speech pro-
cessing deficits (i.e., phonological) and integration deficits of visual and auditory
speech information. Further, we found that visual speech information might sup-
port children with WP during speech processing and the integration of visual and
auditory speech information. These findings give implications for therapeutic in-

terventions for individuals with DD, which I will outline in the following section.
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5.4 Implications for Developmental Dyslexia Therapies

Therapeutic interventions for individuals with DD can be differentiated into
symptomatic and causal therapeutic interventions. Symptomatic interventions
employ systematic methods based on learning theory, where reading and writing
or precursors of these abilities are trained directly. Causal interventions try to
eliminate postulated causes underlying the learning disabilities, with treatment
measures that focus on training low-level functions (von Suchodoletz, 2010).
One measure for training prerequisites for literacy acquisition is called “hearing,
listening, learning” (Kiispert & Schneider, 2008). This training-program is based
on the assumption of phonological deficits (Snowling, 1998) in individuals with
later DD and tries to compensate for these deficits by practicing, for example,
rhyming and syllable clapping to enhance phonological awareness. Training
phonological awareness abilities seems highly recommended considering our re-
sults of deficient auditory speech processing in children with WP. Indeed, phono-
logical awareness training in children with learning problems leads to enhanced
and more resistant cortical responses to syllables (i.e., /ga/, /da), which, im-
portantly, is accompanied by improvement in behavioral performance (Hayes,

Warrier, Nicol, Zecker, & Kraus, 2003).

Another training measure, which seems to support individuals with DD, is a
causal intervention by Dreher (2006), where children are asked to perform large
mouth movements to memorize the picture of the mouth during certain speech
sounds. Dreher (2006) explains the success of the training by referring to defi-
cient mouth movement coordination in children with DD. However, referring to
our findings of Study II and Study III, one could associate the success of this
training with the supportive function of visual speech information for speech
processing, which might be further supported by training large mouth move-

ments.

Some intervention studies also showed audiovisual training programs to im-

prove reading and writing abilities in individuals with DD. Lovio, Halttunen,
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Lyytinen, Néitinen, and Kujala (2012) trained 6-year-old preschoolers with dif-
ficulties in reading related skills, either with an intervention game where letter-
sound associations are trained, or with mathematical exercise. Only children that
were trained in letter-sound association progressed in reading related skills.
However, as discussed above, we suggest a general verbal integration deficit,
which should be trained in individuals with DD. Interestingly, it was demonstrat-
ed that normally reading and writing adults benefit from verbal audiovisual train-
ing, in that auditory perceptual learning for speech perception is enhanced
(Bernstein, Auer, Eberhardt, & Jiang, 2013). Considering these findings and our
results, we recommend visual speech processing and visual-auditory speech inte-
gration training, next to phonological training, for individuals with DD and at

risk of developing DD.

For the realization of therapeutic interventions early diagnosis is required.
Currently, the earliest psychometric test for diagnosing the risk of developing
DD is the BISC (Jansen et al., 2002), which can be applied 10 months before
school enrollment. In order to train important prerequisites for literacy acquisi-
tion in children at risk of DD, 10 months is a short period of time and therapeutic
interventions are more promising when applied, at least 2 years before school en-
rollment. For this to occur, diagnostic tools are required which are currently una-
vailable. In the following section, I will discuss findings of the current research
project in terms of implications for the early diagnosis of the risk of developing

DD.

5.5 Auditory Speech Processing and Implications for the Ear-
ly Diagnosis of the Risk of Developmental Dyslexia

As mentioned before, certain characteristics (e.g., objectivity, independency of
attention) of the aMMR led researchers to hope that it might be used as a diag-
nostic tool for identifying the risk for DD (Bishop, 2007). Moreover, the aMMR
can be registered relatively reliably at the individual level. Bishop and Hardiman

(2010) identified an individual aMMR in 82% of adult participants in response to
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pure tones. These features make the aMMR very attractive as a potential diagnos-
tic tool for deficient auditory speech discrimination as an early indicator for chil-
dren’s problems in later language and literacy acquisition. In our retrospective
analyses, we found differences in the aMMR in response to natural syllables be-
tween infants with and without later diagnosed WP at the age of 5 months, but
not at the age of 1 month. Hence, 5-month-old infants without later WP are able
to discriminate natural syllables, but 5-month-old infants with later WP are not
(see also Leppénen et al., 2002; Pihko et al., 1999). However, the effect size in-
dicating the variance explained by the differences between infants with and with-
out later WP at the age of 5 months is small (n,>=.08) and exploratory regres-
sion analysis did not show the infant aMMR to be predictive for later writing
abilities (f =—.02). It can therefore be concluded that the aMMR is not suitable,
at least at this young age, to reliably diagnose the risk for later DD, and it is
questionable whether the aMMR can be used for diagnostic measures later in de-
velopment, because ERPs are prone to noise.

Another, maybe more promising approach and less prone to noise, is the uti-
lization of brainstem potentials to diagnose the early risk for DD. Banai et al.
(2009), demonstrated a relationship between timing of subcortical auditory pro-
cessing, namely brainstem potentials of speech and reading abilities. Specifically,
subcortical speech encoding reflecting the utilization of stimulus regularities, dif-
ferentiation of stop consonants, and robustness of neural synchrony, were found
to predict 73% of the variance in reading scores (Hornickel, Chandrasekaran,
Zecker, & Kraus, 2011) of school children between the ages of 8 and 13 years.
Despite the high-explained variance of reading scores, further research needs to
analyze whether the found relationship can be explained by deficits leading to
DD, and thus, underpinning the suitability of brainstem potentials for diagnostic
measures, or whether reported deficits are caused by unsuccessful literacy acqui-
sition itself. This can be realized in a longitudinal design, investigating children
at risk of developing DD before school enrollment, and reading and writing abili-

ties after around 2 years of literacy instruction.
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5 General Discussion

5.6 Limitations of the Current Research Project and Sugges-
tions for Further Research

Concerning Study I, in which we analyzed auditory speech discrimination, one
major critique is that stimuli at infant age and school age cannot be compared di-
rectly. This becomes apparent by the negative aMMR in response to /ga/, which
we found in 5-month-old infants without later WP, but the positive aMMR in re-
sponse to /ga/ in these very same children at school age. We explained these dif-
ferences by the fact that infants were tested with a natural syllable, which was
shorter in length (150 ms) and therefore less complex, compared to the stimulus
used at school age (409 ms). Additionally, the ISI for the infants’ testing was
shorter (750 ms vs. 14501750 ms), supporting a less complicated detection of
deviance (Schroger & Winkler, 1995). Stimulus complexity and length of ISI in-
fluence task difficulty, which can lead to the elicitation of a positive aMMR,
even in older children that normally can already generate a negative aMMR
(Wetzel et al., 2004). Different stimuli can be justified by the retrospective char-
acter of the study. We could also have used /ga/ and /da/ as stimuli at school age.
But, /da/ and /ga/ cannot be easily differentiated visually und therefore we decid-
ed for comparability of the three experiments concerning auditory, visual, and

visual-auditory speech discrimination at school age.

In addition, there is a second critique concerning the utilization of the sylla-
bles /pa/ and /ga/. Phonemes can be characterized by the site of articulation,
namely labial, alveolar, and velar, and kind of articulation, namely plosive, frica-
tive, and nasal. Further, they are characterized in terms of a voiced or unvoiced
articulation. In DD research, normally /ga/ and /da/ are used, because they are
both plosive and voiced and so just differ in terms of their site of articulation
(/da/ is alveolar and /ga/ is velar). /Pa/ and /ga/ are also both plosive sounds, but
/pa/ is unvoiced and /ga/ is voiced and the site of articulation varies, with /pa/ be-
ing labial and /ga/ being velar. As described above, we decided to use /pa/ and

/ga/, because they can be discriminated not only auditorily but also visually.
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5.6 Limitations and Further Research Questions

Future investigations should use different syllables to confirm our results not on-
ly concerning auditory speech discrimination, but also visual and visual-auditory
speech discrimination. One possibility could be to use /ba/ and /ga/, as they can
be discriminated both auditorily and visually and, as they are both voiced, they
differ less than /pa/ and /ga/. Furthermore, a larger variety of syllable pairs
should be analyzed in the future to gain a better understanding of the underlying
speech discrimination deficit in individuals with DD. So far, most researchers

only used the syllables /da/, /ga/, and /ba/ (for an overview, see Bishop, 2007).

Further, we did not analyze low-level auditory processing in our sample and
were therefore not able to reject deficient low-level auditory processing as an ex-
planation for auditory speech processing deficits, which we found in Study I.
Low-level auditory processing could have been investigated by analyzing the
aMMR in response to simple sounds with a short ISI. However, Schulte-Kdrne et
al. (1998, 2001) and Paul et al. (2006) did not find auditory processing differ-
ences between German individuals with and without DD in response to simple
sounds, and recent studies found a relationship between reading and subcortical
auditory processing of speech, but not between reading and pitch encoding

(Banai et al., 2009).

As discussed above, our studies were not suitable to accept or expulse one of
the theories concerning the underlying causes of DD (see section 5.2). This diffi-
culty might also be attributed to the diversity of DD. First attempts to address
this issue suggest DD subtypes. For example, Heim et al. (2008) postulated one
group of individuals with DD with phonological deficits, one group with low-
level auditory deficits, and one group with magnocellular deficits (see also
Schulte-K6rne & Bruder, 2010). It would have been interesting to analyze audi-
tory, visual, and visual-auditory speech discrimination in relation to these three
different subtypes. However, sample size was not sufficient for high enough sta-
tistical power, which should, however, be realized in future research. Concerning

auditory speech processing, I would expect the subtype with phonological defi-
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5 General Discussion

cits to be more impaired than the other two subtypes. Results concerning visual
speech processing in this research project were interpreted in terms of a compen-
sation for a phonological deficit. However, it is possible that individuals with a
specific magnocellular deficit would show reduced posterior vMMR amplitude,
compared to individuals with a phonological deficit, who might show a more an-
terior vMMR during visual speech discrimination, compared to normally devel-
oping controls. According to these hypotheses, it could be concluded that in the
current research project, participating school children belonged to the phonologi-
cal subtype. We observed deficient auditory speech processing and possible
compensation for this phonological deficit by relying on visual speech infor-
mation. Phonological deficits are the most frequently reported cases in the DD
population (Mann & Liberman, 1984; Moll et al., 2014; Snowling, 1998) and
therefore a larger sample probably would have been necessary for also acquiring

the less common magnocellular subtype (Schulte-Koérne & Bruder, 2010).

During visual and visual-auditory speech processing, attention paid towards
stimuli is important for gaining a reliable MMR. For controlling attention, we
analyzed differences in eye-movements (i.e., horizontal EOG, vertical EOG) and
attention paid towards stimuli (i.e., rated by an independent observer) between
children with and without WP. However, measurement of eye-movements by us-
ing EOG channels is not completely reliable and the rated attention after the ex-
perimental block is dependent on the subjectivity of the observer. A possibility
for controlling for eye-movements is to use an eye-tracker and reject trials when
participants do not focus the area of interest, namely the mouth. However, eye-
tracking is difficult in young children. A further possibility would be to send a
trigger by an independent observer every time the child is not focusing on the

stimulus, and reject trials indicated as not being attended to.

Concerning letter-speech sound integration deficits in individuals with DD, I
argued that findings could be a secondary effect, such that these deficits are

evoked by unsuccessful literacy acquisition. To this end, we also cannot exclude
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5.7 Conclusions

that visual speech discrimination differences between children with and without
WP, and visual-auditory speech integration deficits in children with WP, are also
caused by unsuccessful literacy acquisition. Future research needs to analyze, es-
pecially, visual and visual-auditory speech discrimination in preschoolers at risk
of developing DD. Here, similar findings like the found differences between
children with and without WP would emphasize training of visual speech pro-
cessing and visual and auditory speech integration, next to phonological training
in preschoolers at risk of developing DD. The current research project mainly fo-
cused on visual and auditory processing and their integration. Thus, we cannot
expulse the possibility of a more general deficit of, for example, the suggested
magnocellular system (Stein, 2001). Few studies have reported reduced tactile
processing in individuals with DD (Grant, Zangaladze, Thiagarajah, & Sathian,
1999) and reduced temporal processing abilities of bimodally presented visuotac-
tile stimuli (Virsu, Lahti-Nuuttila, & Laasonen, 2003). Future DD research
should further investigate processing abilities in different modalities and their
integration to differentiate between a more general deficit and a deficit specific to

visual and auditory information.

5.7 Conclusions

In conclusion, we found auditory speech discrimination deficits in response to
natural stimuli in German school children with WP, confirming a close relation-
ship between children’s phonological and literacy skills. In contrast to other stud-
ies analyzing infants at risk of developing DD, we could show in a retrospective
analysis that auditory speech discrimination deficits in infants with later diag-
nosed WP already start to develop at the age of 5 months. However, as the
aMMR is probably too prone to noise, at least at this young age, further research
is needed to evaluate the suitability of other psychophysiological measures, such
as brain stem potentials, for the early diagnosis of the risk of developing DD in
the individual child. Further, to our knowledge, we conducted the first study ana-

lyzing visual speech processing by measuring ERPs in children with WP. Inter-
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5 General Discussion

estingly, results indicate that visual speech information might even support chil-
dren with WP during speech processing. In a further study, we analyzed visual-
auditory speech integration and found deficits in children with WP. However,
importantly, additional analyses showed that children with reduced auditory
speech processing capacities but enhanced visual compensation strategies
showed better performance in visual-auditory speech integration. Thus, results
speak for general deficient verbal integration independent of letter knowledge in
children with WP, which is modulated by auditory and visual speech processing
and their interaction. The combined results of all three studies suggest that
speech processing should not be interpreted as a monosensory phenomenon, but
rather as a multisensory phenomenon, especially when investigating the underly-
ing causes of language deficits, such as reading and writing problems. Future re-
search needs to analyze the interplay between visual, auditory, and visual-
auditory speech processing in more detail under consideration of DD subtypes to
form a profound principle for the conceptualization of successful training pro-

grams.
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Literacy acquisition is highly associated with auditory processing abilities, such as
auditory discrimination. The event-related potential Mismatch Response (MMR) is an
indicator for cortical auditory discrimination abilities and it has been found to be reduced
in individuals with reading and writing impairments and also in infants at risk for these
impairments. The goal of the present study was to analyze the relationship between
auditory speech discrimination in infancy and writing abilities at school age within
subjects, and to determine when auditory speech discrimination differences, relevant for
later writing abilities, start to develop. We analyzed the MMR registered in response to
natural syllables in German children with and without writing problems at two points
during development, that is, at school age and at infancy, namely at age 1 month and
5 months. We observed MMR related auditory discrimination differences between infants
with and without later writing problems, starting to develop at age 5 months-an age when
infants begin to establish language-specific phoneme representations. At school age, these
children with and without writing problems also showed auditory discrimination
differences, reflected in the MMR, confirming a relationship between writing and auditory
speech processing skills. Thus, writing problems at school age are, at least, partly grounded
in auditory discrimination problems developing already during the first months of life.
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1. Introduction

Reading and writing are two of the most important cultural abilities, not only for children during schooling, but also for
later everyday life challenges. According to the Diagnostic and Statistical Manual of Mental Disorders: DSM-V (American
Psychiatric Association, 2013), impairments in reading and/or writing belong to the category of specific learning disorders
(SLD) and occur in 4-5% of German school children (Schulte-Kérne & Remschmidt, 2003). SLD are diagnosed if reduced
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Abstract

Successful communication in everyday life crucially involves the processing of auditory and visual components of speech. Viewing
our interlocutor and processing visual components of speech facilitates speech processing by triggering auditory processing.
Auditory phoneme processing, analyzed by event-refated brain potentials ( ERP), has been shown to be associated with
impairments in reading and spelling (i.e. developmental dyslexia), but visual aspects of phoneme processing have not been
investigated in individuals with such deficits. The present study analyzed the passive visual Mismatch Response (vMMR) in
school children with and without developmental dyslexia in response to video-recorded mouth movements pronouncing syllables
silently. Our results reveal that both groups of children showed processing of visual speech stimuli, but with different scalp
distribution. Children without developmental dysiexia showed a vMMR with typical posterior distribution. In contrast, children
with developmental dyslexia showed a vM MR with anterior distribution, which was even more pronounced in children with severe
phonological deficits and very low spelling abilities. As anterior scalp distributions are typically reported for auditory speech
processing, the anterior vMMR of children with developmental dyslexia might suggest an attempt to anticipate potentially
upcoming auditory speech information in order to support phonological processing, which has been shown to be deficient in

children with developmental dyslexia.
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tested by analyzing visual Mismatch Response
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Children without developmental dyslexia exhibit a
posterior vMMR, whereas children with develop-
mental dyslexia show an anterior vMMR, normally
reported for auditory phoneme processing.

Anterior vYMMR was even more pronounced in
children with severe phonological deficits, suggesting
an attempt to compensate for their phonological
deficit.
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Introduction

One of the key features of speech is that it is naturally a
multisensory phenomenon and both auditory and visual
information are crucially involved (Benoit, Guiard-
Marigny, Goff & Adjoudani, 1996). Seeing the inter-
locutor’s face aids or can even partially replace the
processing of auditory information. This is especially
true in difficult auditory communication conditions such
as noisy environments (Bernstein, Auer & Takayanagi,
2004) and during second language learning (Navarra &
Soto-Faraco, 2007), but also during clearly audible and
intact speech (Arnold & Hill, 2001). During speech
perception, visual information (ie. lip and mouth
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Deficient visual-auditory speech processing in elementary school chil-
dren with limited spelling abilities: When crossmodal integration goes

wrong independent of letter knowledge
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During information processing, individuals benefit from bimodally presented information, as demon-
strated for the processing of letter-speech sound pairs. While this was found for typically developing
individuals, school children with reading and spelling problems do not show this bimodal benefit,
suggesting deficient integration of visual (letters) and auditory (speech sounds) information. Howev-
er, this finding does not allow differentiating between a general deficit of integrating visual-auditory
information of spoken expression that might arise during early development independent of chil-
dren’s reading and spelling, and an integration deficit that is specific to letter-speech sound pairs and
which develops when children learn to read and write. We examined whether school children with
spelling problems exhibit deficient visual-auditory speech processing of video-recorded mouth
movements pronouncing syllables. Our results show that school children with and without spelling
problems process visual-auditory speech stimuli similarly as revealed by the event-related potential
Mismatch Response. However, a principal component analysis of the Mismatch Response revealed
differences for children with and without spelling problems, suggesting a general speech integration
deficit for children with spelling problems. Therefore, children with spelling problems might exhibit
a specific speech integration deficit, potentially causing letter-speech sound integration problems
during reading and spelling acquisition.

Keywords: visual-auditory speech processing, visual-auditory Mismatch Response, spelling abilities,
school children; German language
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