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1 

Chapter 1:  

General Introduction 

 

In our modern society reading is a very important skill. Most people are probably not 

even aware that they are reading when they encounter printed text, it is just automatic. Only 

when the text is spaced in a very unconventional way, like on the front of this thesis, word 

decoding stagnates and you have to read more carefully to understand what is written. For a 

small subgroup of the population, reading is a skill that is very hard to acquire. For those 

people reading costs effort and it remains slow; many of these individuals are diagnosed with 

dyslexia. According to the American Psychiatric Association (APA), dyslexia is a specific 

learning disability (SLD). In the Diagnostic and Statistical Manual of Mental Disorders 5 (DSM5) 

it is stated that the term “dyslexia” is "used to refer to a pattern of learning difficulties 

characterized by problems with accurate or fluent word recognition, poor decoding, and poor 

spelling abilities" (APA, 2013, p. 67). However, the difficulties may extend to other aspects of 

reading and language development as will be discussed later in this chapter. The prevalence 

of developmental dyslexia in the general population has been estimated to be between 3 and 

10 percent, but this prevalence rate is highly dependent on the exact definition of dyslexia 

and the diagnostic criteria used (T. R. Miles, 2004; B. A. Shaywitz, Fletcher, Holahan, & 

Shaywitz, 1992; S. E. Shaywitz, Shaywitz, Fletcher, & Escobar, 1990; Siegel, 2006). In general, 

dyslexia is more prevalent among boys than girls (Arnett et al., 2017; T. Miles, Haslum, & 

Wheeler, 1998). Some have found that it is also linked to left-handedness (Eglinton & Annett, 

1994), though increased left-handedness among the population with dyslexia has been widely 

debated (Locke & Macaruso, 1999; Scerri et al., 2011; Vlachos, Andreou, Delliou, & Agapitou, 

2013).  

Developmental dyslexia is partially hereditary, for example in a study by DeFries & 

Alarcón (1996) the concordance rate of dyslexia was found to be 68 percent for monozygotic 

twins, while it was only 38 percent for dizygotic twins. Furthermore, the prevalence rate of 

dyslexia among children with a dyslexic parent has been found to range between 31-62 

percent (Grigorenko, 2001). A meta-analysis found a prevalence of 45 percent on average 
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(Snowling & Melby-Lervåg, 2016). In the Dutch studies by Boets et al. (2010) and van Bergen 

et al. (2011), the prevalence of dyslexia among children with a high familial risk was 29 percent 

and 32 percent, respectively.  

 Because of the high incidence of dyslexia among children from parents with dyslexia, 

they are an interesting population for a prospective longitudinal study of dyslexia. In the past, 

some large longitudinal studies of dyslexia have been initiated, including the Dutch Dyslexia 

Programme (DDP; van der Leij et al., 2013). In the DDP children have been followed from birth 

until grade 3 of primary school. The original sample of the DDP included 300 children, 180 of 

these children had a high familial risk of developmental dyslexia because one of their parents 

was diagnosed with dyslexia and they reported a family history of dyslexia. The children came 

from all over the Netherlands as the DDP was conducted at three universities in Amsterdam, 

Groningen, and Nijmegen. A large amount of data has been gathered including 

electroencephalography (EEG) recordings, questionnaire data, behavioural data including 

measures of language development, general intelligence, specific cognitive skills and of 

course reading and spelling outcomes at the beginning of primary school till grade 3. 

Most of the studies in this thesis are part of the follow-up of the DDP. In these 

studies, the children who participated in the DDP are followed from the end of primary school 

to the beginning of secondary school. The main research questions of these studies concern 

the characterization, prediction and explanation of advanced reading skills among children 

with (a familial risk of) dyslexia. Specifically, we compare the children with a high familial risk 

of dyslexia that have developed dyslexia (HRDys) and the ones with the same risk that have 

not developed dyslexia (HRnonDys) with a control group of typically reading children that 

have a low familial risk of dyslexia (LRnonDys) on several measures including EEG and 

behavioural and cognitive tests. Before the specific studies in this thesis are described, the 

term “dyslexia” is further defined, to establish a common concept of this term, and the most 

relevant aspects of dyslexia are discussed, to create a theoretical framework in which the 

studies of this thesis can be placed.  

 

1.1 Defining Dyslexia  

The word “Dyslexia” is composed of the Greek words “Dys”, meaning “impaired”, 

and “lexis”, meaning ”word”, which suggests that dyslexia is a problem with words. The term 
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dyslexia was first coined in 1887 by ophthalmologist Rudolf Berlin (Wagner, 1973) when he 

wrote “Eine besondere Art der Wortblindheit (Dyslexie)." Because dyslexia is a disorder that 

manifests itself most clearly in the reading of words, it has also been called “word blindness” 

in the past, and “reading disorder” or “specific reading impairment” are still used alternative 

terms. Dyslexia can result from brain damage or it can be present from birth; the former is 

often referred to as alexia or acquired dyslexia, the latter is called developmental dyslexia or 

simply dyslexia. The term dyslexia will be used in this thesis to refer to developmental 

dyslexia. 

There are numerous definitions of dyslexia, like the definition of the Dutch Dyslexia 

Association (Stichting Dyslexie Nederland, SDN): 

 

“Dyslexie is een specifieke leerstoornis die zich kenmerkt door een 

hardnekkig probleem in het aanleren van accuraat en vlot lezen en/of 

spellen op woordniveau, dat niet het gevolg is van omgevingsfactoren en/of 

een lichamelijke, neurologische of algemene verstandelijke beperking”  

(SDN et al., 2016, p. 7) 

 

(Dyslexia is a specific learning disorder characterized by persistent problems 

in learning to read accurately and fluently and/or spell at the word level, 

which is not the result of environmental factors and/or a physical, 

neurological or general intellectual disability) 

 

As becomes clear from this definition of the SDN and from the APA DSM5 definition 

mentioned above, the difficulties arising from dyslexia are not limited to reading, but may 

extend to spelling, as well. The core characteristic of dyslexia is a primary deficit at the word 

level. Furthermore, the persistence of the reading and/or spelling deficits is also mentioned 

in the SDN definition. This is an important aspect that is also relevant for the advanced readers 

that were included in the studies of this thesis. Finally, in the description of SLDs in the DSM5 

and in the definition of the DSM5 exclusion criteria are mentioned. This is to ensure that the 

reading problems are specific and that there is no more general underlying cause such as poor 

vision or low intelligence. Furthermore, since reading is not a natural skill like language, 

proper literacy instruction is usually needed to acquire reading and spelling skills. 
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Similar characteristics are also part of the more elaborate definition from the 

International Dyslexia Association (IDA; Lyon, Shaywitz, & Shaywitz, 2003):  

 

“Dyslexia is a specific learning disability that is neurological in origin. It is 

characterized by difficulties with accurate and/or fluent word recognition 

and by poor spelling and decoding abilities. These difficulties typically 

result from a deficit in the phonological component of language that is 

often unexpected in relation to other cognitive abilities and the provision 

of effective classroom instruction. Secondary consequences may include 

problems in reading comprehension and reduced reading experience that 

can impede the growth of vocabulary and background knowledge” 

 

The IDA notes that, in addition to the primary problems at the word level, there may be 

secondary consequences of dyslexia, as well. These secondary consequences of dyslexia will 

be discussed later in this thesis as they also concern the development of advanced reading 

skills. The IDA also includes a neurological origin that affects the phonological component of 

language. A phonological deficit is one of the cognitive deficits that we will discuss below, 

together with other cognitive deficits that have also been linked to dyslexia. 

An even more extensive definition comes from the British Dyslexia Association (BDA), 

and is based on a report by Rose (2009, p. 10):  

 

“Dyslexia is a learning difficulty that primarily affects the skills involved in 

accurate and fluent word reading and spelling. Characteristic features of 

dyslexia are difficulties in phonological awareness, verbal memory and 

verbal processing speed. Dyslexia occurs across the range of intellectual 

abilities. It is best thought of as a continuum, not a distinct category, and 

there are no clear cut-off points. Co-occurring difficulties may be seen in 

aspects of language, motor co-ordination, mental calculation, concentration 

and personal organisation, but these are not, by themselves, markers of 

dyslexia. A good indication of the severity and persistence of dyslexic 
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difficulties can be gained by examining how the individual responds or has 

responded to well-founded intervention. ” 

 

Unlike the previous definitions of dyslexia, the BDA definition states that dyslexia should be 

thought of as a continuum. The continuous nature of dyslexia is an important aspect that is 

relevant to this thesis, especially for Chapter 3 where we do not use diagnostic categories. 

Since dyslexia is continuous, so is the familial risk of dyslexia. We will further discuss the 

continuous nature of dyslexia in the next section. Like the definition of the IDA, the definition 

of the BDA includes that there may be possible co-occurring difficulties, though in different 

domains as mentioned by the IDA, that do not fall directly under the definition of dyslexia but 

are nevertheless associated with it. It does not include exclusion criteria like the SDN and IDA 

definitions, though it does state that the severity of the disorder is higher when there is a low 

response to intervention. 

These definitions show that there is not a clear-cut definition of dyslexia that 

comprises all aspects of this disorder. What all these definitions have in common are the 

reading and spelling deficits at the word-level; this is the core of dyslexia. Therefore, this 

primary deficit is discussed in more detail in the next section. However, it is an 

oversimplification to state that dyslexia only affects word-level reading and spelling. There 

are co-occurring difficulties and secondary consequences of dyslexia that may vary from 

person-to-person; therefore, these aspects are discussed, as well. For a deeper understanding 

of dyslexia, the underlying causal factors of this SLD must be examined, including cognitive, 

neurological, genetic and environmental factors. After this theoretical account of dyslexia, it 

is discussed how dyslexia is diagnosed in clinical practice and for research purposes. This 

general introduction ends with a short description of each of the research studies in this thesis 

using the theoretical framework that has been built. 

 

1.2  Heterogeneous Problems at the Word Level 

Word reading and spelling problems are central to dyslexia, as became clear from the 

definitions of dyslexia cited above. However, this does not mean that all individuals with 

dyslexia have the same problems at the word level. There are several reasons for the 

heterogeneity of dyslexia. First of all, the severity of dyslexia may vary. Some children with 
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dyslexia will experience more difficulties and are more resistant to interventions than others 

(Torgesen et al., 2001). In a large-scale reading study, it was concluded that dyslexic children 

form the lower tail of a normally distributed continuum of reading abilities that also includes 

typically reading children (S. E. Shaywitz, Escobar, Shaywitz, Fletcher, & Makuch, 1992). Like 

the dyslexia definition of the BDA (Rose, 2009), Shaywitz et al (1992) argue that dyslexia is 

not a discrete diagnostic entity. There is not a qualitative difference between the people just 

above or below the arbitrary chosen cut off point. A good illustration of the continuity of 

dyslexia, and as a result the familial risk of dyslexia, is the fact that the reading skills of parents 

with children in the HRDys-group have been found to be even poorer than the reading skills 

of parents with children in the HRnonDys-group (Torppa, Eklund, van Bergen, & Lyytinen, 

2011; van Bergen, de Jong, Plakas, Maassen, & van der Leij, 2012; van Bergen et al., 2011). 

The continuous nature of (the familial risk of) dyslexia is also the reason that sometimes mild 

reading (related) deficits are observed in the HRnonDys group (e.g., Elbro, Borstrøm, & 

Petersen, 1998; Pennington & Lefly, 2001; Snowling, Gallagher, & Frith, 2003; van Bergen et 

al., 2012), as children in the HRnonDys-group are probably exposed to some of the same risk-

factors as children in the HRDys-group, though not to the same extent.  

In addition to the severity, the type of difficulties that someone with dyslexia 

experiences can differ from person to person; this is already part of the definitions of dyslexia 

that were reviewed above, as dyslexia may concern both reading and spelling. While reading 

and spelling are associated, as some processes and knowledge are shared, they are not the 

same; whereas reading involves the decoding of a word, spelling involves the encoding of 

several letters or other orthographic units that together make up a word (Ehri, 1997). 

Correlations between reading and spelling are not perfect and have been reported to range 

between .77 to .86 (Ehri, 1997). For reading fluency and spelling the correlations are smaller, 

ranging between .59 and .65 (Wimmer & Mayringer, 2002). In fact, isolated cases of spelling 

and reading fluency deficits have been found, both with a similar incidence of 6 and 7 procent, 

respectively, in a large German sample of elementary school children (Moll & Landerl, 2009). 

This double dissociation between reading and spelling deficits has been explained by the 

involvement of multiple cognitive processes in these skills. Phonological skills, skills that 

involve knowledge of the sound structure of a language, such as being able to transfer sounds 

into letters and vice versa, are mainly important for spelling in regular orthographies, whereas 

the fast and automatic retrieval of phonological information from memory, referred to as 
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rapid automatized naming (RAN), is more important for reading fluency (Moll & Landerl, 2009; 

Wimmer & Mayringer, 2002). These processes are discussed later in more detail when the 

cognitive causes of dyslexia are examined.  

 Concerning reading, fluency and/or accuracy difficulties may be experienced by 

someone with dyslexia. Which kind of reading difficulties are experienced depends among 

other factors on the orthographic regularity (whether or not there is a regular relationship 

between letters and sounds) and the script of the language (E. Miles, 2000). The 

developmental stage someone is in, and the kind of underlying processes that are impaired 

also influence which difficulties are most prominent. Furthermore, transient characteristics, 

like the reading strategy used, affect the behavioural manifestation of dyslexia too (Hendriks, 

1997). In the next paragraphs, these factors are discussed in more detail. It should be noted, 

however, that the manifestation of dyslexia is in each case a unique interaction between 

countless factors internal and external to the person, such as the presence of comorbidity 

and secondary difficulties, genetic and environmental factors; some of these are discussed in 

later sections.  

For a better understanding of the behavioural manifestation of dyslexia, it is important 

to discuss the dual-route model of reading (e.g, Baron & Strawson, 1976; Castles & Coltheart, 

1993; Coltheart, Curtis, Atkins, & Haller, 1993). This model states that there are two routes 

from visual perception towards word recognition. One is the direct, or the lexical route, via 

this route the word is recognized as a whole and can be understood and pronounced directly. 

When the direct route is impaired a person has difficulty reading irregular spelled words 

because these cannot be derived by converting letters into sounds. This kind of dyslexia has 

been referred to as surface dyslexia. The other route, the sub-lexical or indirect route, goes 

via the phonology of a word. When this route is taken the letters have to be converted to 

sounds before the word can be understood or pronounced. If this route is impaired a person 

has phonological dyslexia. A person with this kind of dyslexia has difficulty reading regularly 

spelled words with a low frequency because these are difficult to derive from memory, and 

reading pseudowords because there are no memory representations of these words. These 

two types of dyslexia correspond with Boder’s (1970) older notion of dyseidetic and 

dysphonetic dyslexia, where the children with the first type of dyslexia had mainly problems 

with whole-word recognition and children with the latter type of dyslexia had problems with 

decoding letters into sounds. 
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The orthographic regularity influences how words are processed. The English 

orthography is very opaque since the relationship between letters and sounds is not 

straightforward like in transparent orthographies such as Italian, Spanish, Finnish and 

German. The Dutch orthography is more transparent than English, and French, but less than 

German. According to Ziegler and Goswami (2005), the psycholinguistic grain size is also larger 

in English than in many other languages. That is to say, the orthographic system is based on 

larger units, e.g. rhymes or syllables, than in some other languages with smaller 

psycholinguistic grain sizes where the orthographic system is based on phonemes. Bigger 

grain sizes go hand-in-hand with larger numbers of orthographic units; for example, there are 

more words than there are syllables, more syllables than there are rhymes, more rhymes than 

there are graphemes (Ziegler & Goswami, 2005). Thus, the larger the grain size, the more 

units need to be learned to read and write. As a result, word reading accuracy among children 

without reading problems is higher in transparent languages, compared to an opaque 

language like English. While about 90 percent of the words, and 80 percent of the pseudo-

words, are read correctly in transparent languages at the end of Grade 1, English children read 

only 70 percent of the words, and 45 percent of the non-words, correctly (Ziegler & Goswami, 

2005). Because of the orthographic grain size of English, children need to develop reading 

strategies based on larger grain sizes such as a rhyme analogy strategy (Ziegler & Goswami, 

2005). While children with reading difficulties typically have problems with both word reading 

accuracy and speed in opaque languages, mainly speed is compromised in transparent 

languages (E. Miles, 2000). Only in the first year of reading instruction accuracy problems are 

prevalent in transparent languages (Landerl & Wimmer, 2008; Seymour, Aro, & Erskine, 

2003).  

English and many other European languages use an alphabetic script where sounds 

are decoded into letters, whereas other languages like Chinese and Japanese Kanji have a 

morphemic script were morphemes, the smallest meaningful units of a language, are encoded 

into characters. In languages with a morphemic script, sub-syllabic phonology plays a less 

important role in reading. Although there are phonological cues in Chinese characters, these 

are highly dependent on context and thus highly variable. There are certainly children with 

reading difficulties in languages with a morphemic script. It seems that these children show 

similar problems with phonological skills as children who learn to read in alphabetic 

languages, which has been tested with syllable deletion and syllable reversal tasks (Ziegler & 
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Goswami, 2005). However, in languages with a morphemic script RAN is a more important 

predictor of reading ability than phonological skills (O’Brien, Wolf, & Lovett, 2012). Children 

with reading problems in morphemic scripts also seem to have difficulties with the visual 

processing of complex characters, as they sometimes substitute complex characters for more 

simple characters (E. Miles, 2000).  

The fact that reading strategy can also influence the manifestation of dyslexia has 

been shown in a study by Hendriks and Kolk (1997). They showed that the reading strategy 

that poor reading children use for word decoding is dependent on the instructions they 

receive. When reading accuracy was stressed more children used sounding out strategies to 

decode a word. On the other hand, when reading speed was stressed they made more 

substitution errors, a sign of whole-word reading. Thus the momentary reading style of poor 

readers is not only determined by the language, script, and the severity and the type of 

dyslexia that they have, but also by conscious strategic control. 

 

1.3  Secondary Characteristics of Dyslexia 

As the definition of the IDA (Lyon et al., 2003, see also Section 1.1) states, secondary 

consequences of dyslexia may include problems with reading comprehension and the 

development of vocabulary and background knowledge as the result of reduced reading 

experience. The BDA definition also mentions co-occurring difficulties in: "language, motor 

co-ordination, mental calculation, concentration and personal organization" (Rose, 2009, p. 

10). Although these aspects are not central to dyslexia, like the primary word-level literacy 

deficit, they do need attention because the presence of one or more associated difficulties is 

characteristic for dyslexia. In fact, because comorbidity between developmental disorders like 

dyslexia and other disorders like developmental coordination disorder (DCD), also known as 

dyspraxia, and Attention Deficit Hyperactivity Disorder (ADHD) seems to be the rule rather 

than the exception (Kaplan, Wilson, Dewey, & Crawford, 1998), it has been proposed that 

these separate disorders are in fact all part of a syndrome of developmental delay (Pauc, 

2005). Because it is hard to distinguish between secondary consequences, co-occurring 

difficulties, and comorbidity since the borders between these concepts are not well defined, 

these aspects are all described as secondary characteristics of dyslexia in the next paragraphs. 
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Reading comprehension problems are common among children and adolescents with 

dyslexia (Ferrer et al., 2015; S. E. Shaywitz et al., 1999). According to the “simple view of 

reading”, reading comprehension can be understood in an equation where Reading 

comprehension = Decoding ability * Linguistic comprehension (Gough & Tunmer, 1986; 

Hoover & Gough, 1990). Thus, if a child has problems with either decoding or language 

comprehension, reading comprehension is compromised. A large part of the genetic variation 

in reading comprehension ability is explained by the genetic variation in word reading ability 

(Keenan, Betjemann, Wadsworth, DeFries, & Olson, 2006). Especially among early readers, 

word decoding explains a large part of the variance in reading comprehension (Verhoeven & 

van Leeuwe, 2008). The correlation between reading comprehension and word decoding is 

initially quite high when children learn to read, around .70 (Hulme & Snowling, 2011), but it 

tends to drop in the higher grades (Gough, Hoover, & Petersen, 1996), suggesting that 

children then start to rely more on their linguistic comprehension. Longitudinal research has 

shown that there is a bidirectional relationship between word reading fluency and reading 

comprehension (Klauda & Guthrie, 2008). 

 Apart from decoding skills, vocabulary knowledge and listening or linguistic 

comprehension have also been shown to predict reading comprehension (de Jong & van der 

Leij, 2002; Ouellette & Beers, 2009). At an early age, vocabulary skills are predictors for 

decoding skills, but in more advanced readers, from grade 2 onwards, decoding skills are a 

predictor for the development of vocabulary skills (Verhoeven, van Leeuwe, & Vermeer, 

2011), as children start to acquire vocabulary through reading. The relationships between 

vocabulary and reading comprehension skills, and vocabulary and listening comprehension 

are also reciprocal (Verhoeven et al., 2011; Verhoeven & van Leeuwe, 2008). Thus, better 

comprehenders acquire better vocabulary skills and better vocabulary skills improve reading 

and listening comprehension. The interrelatedness of these variables is an important reason 

why the secondary consequences, described in the IDA definition (Lyon et al., 2003), occur. 

 Problematic for the development of reading comprehension and vocabulary is that 

text exposure is often lower among dyslexic children as a result of frustration and 

demotivation (Stanovich, 1986). In a study by Shaywitz et al. (1999), persistently poor reading 

adolescents indicated to spend less time on reading than the average or good readers. 

Furthermore, they did not only have the worst word decoding and spelling skills, but also the 

worst performance on reading comprehension. Snowling, Mutter, and Carroll (2007) also 
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found that advanced readers with dyslexia had both lower vocabulary knowledge and lower 

print exposure than those without dyslexia. Because skills usually improve with practice, 

limited exposure may be an extra factor that can explain some of the secondary consequences 

of dyslexia in other literacy and language skills than word-level reading and/or spelling. 

In an interview study, it was shown that people with dyslexia generally feel that their 

SLD had a large impact on their life and that they encountered many problems as a result of 

dyslexia during education and in their career (Hellendoorn & Ruijssenaars, 2000). This may be 

explained by the fact that most school subjects, work assignments, and also leisure activities 

such as gaming and the use of social media and the internet often require reading. However, 

literacy and language are not the only domains in which people with dyslexia may experience 

difficulties. The persistent poor readers in the study by Shaywitz et al. (1999) also had the 

worst mathematics skills. In fact, the prevalence of dyscalculia, an SLD that affects 

arithmetical and mathematical abilities, is more common among children with dyslexia than 

in the general population (Dirks, Spyer, van Lieshout, & de Sonneville, 2008). About 25 

percent of the children with developmental dyslexia also has dyscalculia (Huc-Chabrolle, 

Barthez, Tripi, Barthélémy, & Bonnet-Brilhault, 2010). This higher incidence of dyscalculia can 

at least partially be explained by the fact that some of the underlying skills involved in reading, 

phonological skills and RAN that we will discuss later in more detail, are also involved in 

arithmetic (Koponen, Salmi, Eklund, & Aro, 2013; Smedt, Taylor, Archibald, & Ansari, 2010).  

There is a high degree of comorbidity between dyslexia and other developmental 

disorders. The incidence of ADHD is especially high among children with dyslexia. (Germanò, 

Gagliano, & Curatolo, 2010; Huc-Chabrolle et al., 2010; Kaplan et al., 1998; Willcutt & 

Pennington, 2000a). Inattention symptoms of ADHD are more often reported among children 

with dyslexia compared to hyperactivity and impulsivity symptoms (Willcutt & Pennington, 

2000a). Other developmental disorders like Attention Deficit Disorder (ADD), Obsessive 

Compulsive Disorder (OCD), Tourette’s syndrome and DCD are also more common among 

children with dyslexia than in the general population (Hendren, Haft, Black, White, & Hoeft, 

2018; Kaplan et al., 1998; Pauc, 2005). It has been estimated that about 50 percent of the 

children with dyslexia has some motor problems (Huc-Chabrolle et al., 2010). 

Children with dyslexia also have a higher risk of internalizing problems such as anxiety 

and depression than children without dyslexia (Hendren et al., 2018; Huc-Chabrolle et al., 

2010), especially girls are more often affected by internalizing problems (Willcutt & 
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Pennington, 2000b). A factor that seems to play an important role in the relationship between 

internalizing problems and dyslexia is self-esteem, which may be lower for some children as 

a result of academic failure (Novita, 2016; Terras, Thompson, & Minnis, 2009). Also, the rate 

of somatic complaints, such as headaches and stomach-aches, is higher among children with 

reading difficulties compared to children without reading difficulties, which may be a result 

of academic stress (Willcutt & Pennington, 2000b). Furthermore, externalizing problems, such 

as aggressive and delinquent behaviour, are more common among children with reading 

difficulties, especially among boys (Willcutt & Pennington, 2000b). The risk of emotional and 

behavioural disorders is larger if a child has multiple developmental disorders (Huc-Chabrolle 

et al., 2010). In the study by Willcutt & Pennington (2000b) children with reading problems 

more often met the clinical criteria for the psychiatric diagnoses Oppositional Defiant 

Disorder (ODD) and Conduct disorder (CD), Overanxious Disorder (OAD), depression, as well 

as ADHD, compared to children without reading problems. However, the association between 

reading difficulties and ODD and CD disappeared when the authors controlled for the 

presence of ADHD. Children with dyslexia and a comorbid attention disorder also show more 

severe cognitive deficits and their academic outcomes are lower compared to children with 

just one disorder (Germanò et al., 2010). Therefore, it is important to recognize that children 

with dyslexia often have more difficulties than just reading difficulties (Hendren et al., 2018), 

and especially the combination of reading and attention deficits requires attention.  

 While most research has focused on the weaknesses associated with dyslexia, some 

research has focused on possible strengths that may be associated with dyslexia. It has been 

noted that there seems to be an overrepresentation of people with dyslexia or reading 

problems in professions that require strong spatial abilities, such as art, math, and science 

(Winner et al., 2001). However, based on this finding it cannot be inferred that people with 

dyslexia also have good or above average spatial skills. Sofar, different studies produce 

contradictory findings with regard to visual-spatial skills, and results may be task dependent 

(von Károlyi, Winner, Gray, & Sherman, 2003). For example, von Károlyi and colleagues (2003) 

found a global (holistic) visual-spatial processing advantage for dyslexic children compared to 

controls. The dyslexic children recognized impossible spatial figures sooner than the non-

dyslexic children. However, Winner and colleagues (2001) found that dyslexic children 

performed equal or worse than control children on a task that required mental rotation, direct 

recall of complex figures or recognizing embedded objects in larger shapes. In a study by 
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Attree, Turner, and Cowell (2009) it was found that dyslexic adolescents showed superior 

visual-spatial processing in a virtual environment task; they were better able to reproduce the 

spatial layout of the virtual environment than non-dyslexic adolescents. However, the dyslexic 

adolescents performed similar to controls when they had to recall designs and reconstruct 

patterns using coloured blocks. This study suggests that a visual-spatial processing advantage 

may be limited to more real-life situations, and may not be found during more abstract 

experimental tasks, however, more research is needed to draw firm conclusions about this. 

Another positive aspect that may be related to dyslexia is higher creativity (Kapoula et al., 

2016; Cancer, Manzoli, & Antonietti, 2016), but more research is needed in this area as well, 

as creativity is a very broad multidimensional concept. In general it can be concluded that 

more research is needed on the possible positive aspects related to dyslexia, to get a more 

complete overview of both the strengths and the weaknesses associated with dyslexia (Gilger, 

2017). 

 

1.4. Causal Explanations for Dyslexia  

 A lot of research has been devoted to finding explanations for dyslexia. Causal 

explanations for dyslexia have been formulated at multiple levels in the causal model for 

developmental disorders by Morton and Frith (1995), that has been applied to dyslexia by 

Bishop and Snowling (2004). This model consists of three main levels; the biological, cognitive 

and behavioural level. Behaviour is explained by the biological level via the cognitive level and 

all three levels are influenced by environmental factors. Where the cognitive level can roughly 

be equated with the software in a computer, the biological level could be seen as the 

hardware, and the behavioural level as the in- and output. In the sections above the 

behavioural level has been discussed; this level includes the primary reading and/or spelling 

deficit, as well as the secondary characteristics associated with dyslexia. Below causal theories 

of dyslexia are reviewed in more detail, starting with the more proximal causes of dyslexia at 

the cognitive level, moving to the more distal causes of dyslexia at the biological level, 

including both neurological and genetic factors, and ending with environmental factors. 

Although it has been attempted to keep the levels separate, they are influencing each other. 

Therefore, it is sometimes needed to move from one level to another within a subsection for 

a better understanding. For example, RAN and phonological skills have already been 
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mentioned in the description of dyslexia at the behavioural level because these cognitive 

processes are essential for the understanding of the manifestation of dyslexia. Furthermore, 

the borders between the different levels are not always clear, for example, cognitive factors 

are often measured at the behavioural level, and whereas word decoding can be seen as a 

behavioural outcome, it can also be seen as an underlying cognitive process for reading 

comprehension. Thus, while the causal model by Morton and Frith (1995) is used to scaffold 

this section, some reservations should be kept in mind as a model is always a simplification of 

reality. 

 

1.4.1 Cognitive Explanations 

An important cognitive deficit that is often observed among people with dyslexia, is a 

deficit in phonological processing, the processing of the sound structures of a language, which 

manifests itself in a deficit in phonological awareness (PA; Ramus et al., 2003; S. E. Shaywitz 

& Shaywitz, 2005). It has been debated whether the phonological deficit observed among 

people with dyslexia is the result of impaired phonological representations, or whether it is 

the access to the phonological representations that is compromised among people with 

dyslexia (Boets et al., 2013; Ramus & Szenkovits, 2008). In regular orthographies, PA is 

especially important for spelling as it is needed to transfer sounds into letters (Moll & Landerl, 

2009; Wimmer & Mayringer, 2002). Only in the initial stage of reading development PA is 

required for reading accuracy (de Jong & van der Leij, 1999, 2002). For English speaking 

adolescents PA is still the characteristic that distinguishes best between individuals with and 

without dyslexia (Shaywitz et al., 1999). As has been explained earlier, PA remains important 

for English as it has large psycholinguistic grain size (Ziegler & Goswami, 2005). Although PA 

is not as important for reading in Dutch advanced readers, as it is for advanced readers in 

English, differences in PA have still been found in grade 6 Dutch readers with dyslexia 

(Dandache, Wouters, & Ghesquière, 2014). While a deficit in PA has been seen as the core-

deficit of dyslexia, it cannot explain all cases of dyslexia, and therefore a multiple-deficit 

model of dyslexia is required (Pennington et al., 2012; See for a discussion of the 

intergenerational version of the multiple-deficit model also: van Bergen, van der Leij, & de 

Jong, 2014). In the next paragraphs several cognitive deficits that could be part of the 

multiple-deficit model of dyslexia are discussed. 
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According to the double-deficit hypothesis (Wolf & Bowers, 1999), there are two 

deficits that can result in dyslexia, a phonological deficit, and a deficit in naming speed, also 

referred to as RAN. Indeed a deficit in the automatic naming of phonological information such 

as digits, letters, colours, and objects has often been found among people with dyslexia (Kirby, 

Parrila, & Pfeiffer, 2003; Li, Kirby, & Georgiou, 2011; Papadopoulos, Spanoudis, & Georgiou, 

2016). According to the double-deficit theory the PA and RAN deficits independently predict 

reading ability, thus a person with dyslexia can have either one deficit or two deficits resulting 

in a more severe reading impairment (Wolf & Bowers, 1999). Evidence from a taxonomic 

study supports the existence of non-phonological dyslexia that is characterized by naming 

speed and reading fluency problems (O’Brien et al., 2012). It has been argued that RAN is a 

more important predictor of reading in transparent languages compared to opaque languages 

(see for a discussion: Kirby, Georgiou, Martinussen, & Parrila, 2010). Furthermore, it has been 

found that the importance of RAN increases with age (Vaessen & Blomert, 2010). Why there 

is a relationship between reading and RAN is not fully understood; however, it reflects more 

than just processing speed and articulation speed, and it is only moderately correlated with 

PA (Norton & Wolf, 2012). A reciprocal relationship between RAN and reading speed has been 

found (Wolff, 2014). In a study by Moll, Loff and Snowling (2013) it was found that while a 

deficit in PA was related to both dyslexia and familial risk status, RAN was only related to 

dyslexia status. This is in line with earlier outcomes from the DDP that showed that children 

with a familial risk of dyslexia who did not develop dyslexia had relatively good RAN skills (van 

Bergen et al., 2012). 

In contrast to what the double-deficit hypothesis seems to suggest, there are more 

cognitive processes important for reading than just PA and RAN, which have been found to 

be impaired among children with dyslexia. By using orthographic reading strategies words do 

not have to be decoded into phonemes and direct word recognition becomes possible (Ehri, 

2014). Therefore, orthographic awareness, insight into the orthographic structure of a 

language, is important for both fluent reading and spelling (Ehri, 2014). It has been shown 

that children with dyslexia tend to perform poorly on orthographic tasks (e.g., Georgiou, 

Papadopoulos, Zarouna, & Parrila, 2012; Rothe, Cornell, Ise, & Schulte-Körne, 2015). PA and 

orthographic awareness are not independent. According to Share (1995), there is a self-

learning mechanism that is used to acquire orthographic knowledge. Initially, it is necessary 

to use phonological decoding to transfer unknown words from letters into sounds. However, 
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when the mechanism encounters certain orthographic patterns more often, these patterns 

are learned, making it easier to recognize the pattern in the future using the stored 

orthographic knowledge. Orthographic knowledge can explain unique variance in reading 

ability, independently of the variance explained by phonological skills (Conrad, Harris, & 

Williams, 2013). Shortages in orthographic awareness are not present among all people with 

dyslexia; in fact, there are some who have well developed orthographic skills that they may 

even use to compensate for their phonological deficit (Bekebrede, van der Leij, & Share, 

2009).  

 Another cognitive process that can explain some of the reading difficulties 

experienced by children with dyslexia, is visual attention (Bosse, Tainturier, & Valdois, 2007; 

Lobier, Zoubrinetzky, & Valdois, 2012; Valdois et al., 2003; van den Boer, de Jong, & 

Haentjens-van Meeteren, 2013; van den Boer, van Bergen, & de Jong, 2015). The visual 

attention span (VAS), the number of orthographical units (like letters or syllables) that can be 

processed in a single glance, is predictive of reading skills among children with and without 

dyslexia (Bosse et al., 2007; van den Boer et al., 2013). According to the Multi Trace Memory 

model (Ans, Carbonnel, & Valdois, 1998), it is possible to read globally, words at a time, or 

analytical, letter by letter. A short VAS that does not capture a whole word hinders the fast 

global simultaneous processing of orthographic units, thus forcing readers to read in a more 

analytical way (Valdois et al., 2003). Some studies have shown that part of the variance 

explained in reading by VAS is independent of the variance in reading explained by PA (Bosse 

& Valdois, 2009; van den Boer et al., 2013) or RAN (van den Boer et al., 2015). In contrast, 

others found that VAS did not have a unique contribution to the prediction of reading on top 

of PA (Saksida et al., 2016). VAS is not only positively related to reading (van den Boer et al., 

2015), but there is also a positive relationship between VAS and spelling, and between VAS 

and the development of orthographic knowledge (Bosse, Chaves, Largy, & Valdois, 2015).  

Finally, other cognitive deficits frequently associated with dyslexia are deficits in some 

Executive Functions (EF; Booth, Boyle, & Kelly, 2010; Brosnan et al., 2002; Moura, Simões, & 

Pereira, 2015). EF are "a set of high cognitive abilities that control and regulate other 

functions and behaviours” (Varvara et al., 2014, p. 1). A meta-analysis has shown a medium-

sized effect for differences in EF between people with and without dyslexia, but there are 

large differences between tasks and studies (Booth et al., 2010). Usually, differences were 

larger when the task required a verbal response (Booth et al., 2010). For example, verbal 
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working and short-term memory have frequently been found to be lower among people with 

dyslexia (de Jong, 1998; Pennington & Lefly, 2001; Snowling et al., 2003; Swanson, Zheng, & 

Jerman, 2009; Varvara et al., 2014). Working memory has been found to be related to both 

word reading ability and reading comprehension, and can be an additional explanatory factor 

for the association between word reading and reading comprehension deficits (Christopher 

et al., 2012). Verbal fluency, processing speed and response shifting difficulties have also been 

associated with dyslexia (Moura et al., 2015). Others have noted difficulties in inhibition, the 

sequencing of events and planning (Brosnan et al., 2002; Reiter, Tucha, & Lange, 2005). 

However, it has to be noted that the results of different studies are not always consistent; for 

example, Moura and colleagues (2015) did not find a planning deficit in children with dyslexia. 

In general, deficits in EF have also been found to be related to ADHD, but children with 

comorbid ADHD and reading difficulties have been found to have an even more severe deficit 

in working memory compared to children with only ADHD (Bental & Tirosh, 2007). Since EF 

are not only important for reading, but also for many other aspects of learning, they may also 

explain some of the educational difficulties experienced by individuals with dyslexia.  

 

1.4.2 Biological Explanations 

1.4.2.1 Brain Differences 

The definition by the IDA states that dyslexia is a specific learning disorder with a 

neurological origin. A lot of research has focused on identifying neurological abnormalities 

that cause cognitive deficits, which can, in turn, explain the reading deficit of people with 

dyslexia. In this section, the main neurological theories are reviewed. Attention will be paid 

to both functional and structural brain differences. The aim of this section is to sketch a broad 

overview of the fast body of literature in this area and particularly provide insight into the 

neurological aspects that are most relevant to the studies in this thesis. 

Typically, differences in brain activity between people with and without dyslexia are 

observed in the language-dominant left-hemisphere (Norton, Beach, & Gabrieli, 2015). Using 

functional Magnetic Resonance Imaging (fMRI) reduced activation has been observed 

consistently in the left parietal lobe, temporal lobe and fusiform gyrus, which includes the 

Visual Word Form Area (VWFA; Maisog, Einbinder, Flowers, Turkeltaub, & Eden, 2008; 

Richlan, Kronbichler, & Wimmer, 2011). Where the temporal-parietal region is believed to be 

important for phonological processing, the VWFA is thought to be involved in the fast 
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recognition of printed words (Peterson & Pennington, 2012). Not only reduced activation of 

single brain regions has been noted among people with dyslexia, but reduced functional 

connectivity, which can be defined as a temporal correlation of activity between spatially 

remote brain areas sharing the same function, like in this case reading, has also been found 

(e.g., Finn et al., 2014; Horwitz, Rumsey, & Donohue, 1998; Pugh et al., 2000).  

Increased brain activation during reading tasks among people with dyslexia has been 

observed incidentally in the right-hemisphere and the left inferior frontal region (Norton et 

al., 2015). Problematic for the interpretation of results from studies that have just compared 

people with and without dyslexia is that the effect of having dyslexia and the effect of the 

number of years of low reading experience and low reading ability coincide. This makes it 

hard to tell which differences are a cause and which are a consequence of dyslexia. To tease 

these effects apart, Hoeft et al. (2007) included a group of children with dyslexia and both an 

age-matched and a reading-level matched group in their study. Relative to the reading-level 

matched group, the children with dyslexia showed reduced activation in the left parietal and 

fusiform regions. Relative to the age-matched group, they showed hypoactivation in these 

same areas, but they also showed increased brain activity in several regions, including the left 

inferior frontal gyrus and the thalamus. Thus, it seems that the reduced activations in the 

parietal and fusiform regions are indeed associated with dyslexia, whereas the 

hyperactivation that is sometimes observed is the result of the lower reading-level and/or 

reading experience that people with dyslexia have.  

Electroencephalography (EEG) has also been used to investigate functional brain-

differences related to dyslexia (see for an overview: Shaul, 2008). In the DDP, a larger P2 peak 

was found for control children, than for children with a familial risk, at the age of 17 months, 

in an auditory oddball-paradigm, with /bak/ as a standard stimulus, and /dak/ as a deviant 

(Herten et al., 2008). In later DDP studies with older children, from whom reading scores could 

be obtained, it was found that differences in auditory processing were related to familial risk 

status and not to dyslexia status (Hakvoort, van der Leij, Maurits, Maassen, & van Zuijen, 

2015; Plakas, van Zuijen, van Leeuwen, Thomson, & van der Leij, 2013). Thus it seems that 

these differences in auditory or phonological processing may be an endophenotype of 

dyslexia, "a marker that is associated with a genetic liability for the disorder but that does not 

necessarily lead to the behavioral phenotype of the disorder in a deterministic way " (Moll et 

al., 2013, p. 386). In the temporal sampling theory of dyslexia, it has been proposed that the 
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temporal coding of auditory signals, especially speech, is impaired in people with dyslexia (see 

for further explanation: Goswami, 2011). According to this theory, the synchronization of 

neural oscillatory signals across different neural networks has been disrupted in dyslexia, 

especially in the theta frequency band of 4-10 Hz that is important for syllabic perception. 

This can then result in less optimal encoding of the acoustic speech signal, which could explain 

some of the above described auditory processing differences.  

Pammer (2014) has argued that a deficit in temporal coding may not be limited to the 

auditory domain but that a more general temporal coding deficit may also influence how 

visual information is processed, and explain some of the visual deficits associated with 

dyslexia. A visual processing deficit that has been found in many EEG studies is reduced 

lateralization in the N1 Event-related potential (ERP) component in people with dyslexia 

relative to typically reading controls (e.g., Araújo, Bramão, Faísca, Petersson, & Reis, 2012; 

Helenius, Tarkiainen, Cornelissen, Hansen, & Salmelin, 1999; Kast, Elmer, Jancke, & Meyer, 

2010; Mahé, Bonnefond, Gavens, Dufour, & Doignon-Camus, 2012; Maurer et al., 2007). Two 

studies in this thesis also focus on the N1 component. In typical readers, the N1 in response 

to print is the first negative component around 150-200 milliseconds at posterior electrodes. 

It is usually left lateralized since it is larger in the left compared to the right-hemisphere 

(Bentin, Mouchetant-Rostaing, Giard, Echallier, & Pernier, 1999). The N1 is thought to arise 

from the VWFA in the fusiform gyrus in the left hemisphere (Dehaene, Clec’H, Poline, Bihan, 

& Cohen, 2002; Moscoso del Prado Martín, Hauk, & Pulvermüller, 2006; Nobre, Allison, & 

McCarthy, 1994). In young pre-reading children the N1 is not left-lateralized (Maurer, Brem, 

Bucher, & Brandeis, 2005), whereas it is lateralized in typical reading children in grade 2 

(Maurer et al., 2007). The N1 is also sensitive to lexical information, but this effect has only 

been found in studies with typically reading adults (Coch & Meade, 2016; Eberhard-Moscicka, 

Jost, Fehlbaum, Pfenninger, & Maurer, 2016), and not in studies with children (Araújo et al., 

2012; Eberhard-Moscicka, Jost, Raith, & Maurer, 2015; Kast et al., 2010). Furthermore, in the 

study by Araújo, Faísca, Bramão, Reis and Petersson (2015) there was also an effect of 

orthographic familiarity on the N1 among typically reading adults, but this effect was absent 

for adult readers with dyslexia. 

Structural brain differences related to dyslexia have also been observed, sometimes 

in the same brain regions where functional differences were found. For example, reduced 

grey matter volume has been found in several areas including the left fusiform gyrus and the 
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left occipitotemporal and bilateral parietotemporal brain regions in pre-reading children with 

a familial risk of dyslexia (Raschle, Chang, & Gaab, 2011). Furthermore, in the same study, 

there was a correlation between RAN and grey matter volume in the left occipitotemporal 

and parietotemporal areas. Others have focused on brain differences in the cerebellum since 

it is involved in automatization (Fawcett & Nicolson, 2004). For example, in a structural 

Magnetic Resonance Imaging (MRI) study it was found that children with dyslexia in grade 4-

6 had a smaller brain volume, as well as a smaller right anterior lobe of the cerebellum and 

smaller left and right pars triangularis (Eckert et al., 2003). These structural brain measures 

had a direct relationship with reading and spelling measures. Others have focused on 

magnocells (Stein, 2001; Stein, Talcott, & Walsh, 2000; Stein & Walsh, 1997), which are found 

in visual areas like the Lateral Geniculate Nucleus (LGN) and the visual areas in the occipital 

lobe, but also in the Medial Geniculate Nucleus (MGN) which is involved in auditory 

processing. For example, in an anatomical study the magnocellular layers of the LGN were 

found to be smaller and more disorganized among individuals with dyslexia (Livingstone, 

Rosen, Drislane, & Galaburda, 1991), and also the magnocells in the MGN have been found 

to be smaller among individuals with dyslexia compared to controls (Galaburda, Menard, & 

Rosen, 1994). Other structural brain differences that have been noted include differences in 

the corpus callosum (e.g., Hynd et al., 1995) and differences in the Thalamus (e.g., Ramus, 

2004).  

More recent studies focused on the white-matter structural connectivity between 

different brain regions using Diffusion Tensor Imaging (DTI). For example, Vandermosten et 

al. (2012) found that adults with dyslexia had lower fractional anisotropy (FA), which can be 

seen as a measure of white-matter integrity, in the left arcuate fasciculus (AF) compared to 

typically reading controls. The left AF is a white matter tract that connects the posterior 

reading areas in the temporoparietal region (including Wernicke’s area) with the inferior 

frontal gyrus (also known as Broca’s area) that is also involved in phonological processing. 

Lower FA in the left AF has already been observed at 18 months in children with a familial risk 

of dyslexia (Langer et al., 2017). Therefore, it seems that it is not the result of reduced reading 

experience, and may thus be a cause of dyslexia. In a longitudinal study by Vanderauwera, 

Wouters, Vandermosten, and Ghesquière (2017), it was found that white matter integrity in 

the long segment of the left AF at a pre-reading age was a better predictor for dyslexia-status, 

based on grade 2 and 3 reading and spelling scores, than cognitive measures and familial risk. 
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In another study, it was found that the maturation of FA in the left AF was slower among poor 

readers compared to good readers, and that white matter maturation could also contribute 

to the prediction of reading skills on top of familial risk (Wang et al., 2017). Thus, not only the 

initial structural brain connectivity differs between children with and without dyslexia, but 

also the further development of white-matter structures as a result of reading instruction 

seems to differ. 

 Based on the reviewed studies above it can be concluded that there are several 

functional and structural differences in the brain's reading network that are associated with 

dyslexia. Both visual and auditory processing differences have been found, some of these may 

be related to phonological processing while others seem to be related to orthographic 

processing. Whereas some differences are directly related to reading or dyslexia-status, 

others may be associated with familial-risk status and be an endophenotype of dyslexia. While 

some differences may be the result of reduced reading experience and a lower reading level, 

other differences are present at an early age and seem to be a cause of dyslexia rather than 

a consequence. An explanation for these brain differences may be genetic factors that 

influence brain development; these will be further discussed in the next section.  

 

1.4.2.2 Genetic Differences 

As mentioned at the beginning of this introduction, the chance of developing dyslexia 

is higher when there is a family history of dyslexia (Grigorenko, 2001; Snowling & Melby-

Lervåg, 2016). Moreover, when all genetic material is shared, like in the case of monozygotic 

twins, the concordance rate of dyslexia is higher, compared to when less genetic material is 

shared, like in the case of dizygotic twins (DeFries & Alarcón, 1996). At the same time, genetics 

cannot explain all occurrences of dyslexia, as concordance rates for monozygotic twins are 

well below 100 percent (DeFries & Alarcón, 1996). Dyslexia is a complex disorder, which is not 

caused by a single mutation, but rather by a combination of several genetic and 

environmental factors. Genetic research has uncovered several genes that can be linked to 

dyslexia (e.g., Carrion-Castillo, Franke, & Fisher, 2013; Fisher & DeFries, 2002; Fisher & 

Francks, 2006; Poelmans, Buitelaar, Pauls, & Franke, 2011). Also in the children who 

participated in the DDP a relationship between genetic factors and reading (related) skills has 

been found (Carrion-Castillo et al., 2017). Some chromosomal regions that have been linked 

to dyslexia are also linked to ADHD (Germanò et al., 2010; Poelmans, Pauls, Buitelaar, & 
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Franke, 2011). This suggests that these disorders may partially share the same genetic 

aetiology, which can explain the comorbidity between these disorders. 

At least 10 of the genes that have been found to be involved in dyslexia, KIAA0319, 

KIAA0319L, ROBO1, FMR1, DIP2A, S100B, DOCK4, GTF2I, DYX1C1 and DCDC2, can be linked 

to neurodevelopment as they were found to be involved in neurite outgrowth and neuronal 

migration (Poelmans, Buitelaar, et al., 2011). A study focusing on the KIAA0319 gene, which 

plays a role in the spike time precision of neurons, has found that the presence of risk alleles 

may be associated with altered responses of the brainstem that could impair phoneme 

processing (Neef et al., 2017). Skeide et al. (2015) have attempted to integrate genetics with 

both functional and structural brain differences associated with a cognitive deficit in PA in a 

study with 9- to 12-year-old children. It was found that the rs11100040 variant, a modifier of 

the SLC2A3 gene, was related to functional connectivity during resting state in the left 

frontotemporal region that is involved in phonological processing. Furthermore, rs11100040 

was also related to white matter integrity measured by FA in the AF that connects areas 

involved in phonological processing.  

The recently formulated Neural Noise Hypothesis of Developmental Dyslexia 

(Hancock, Pugh, & Hoeft, 2017) also attempts to integrate findings at the genetic, brain, 

cognitive and behavioural level. It is proposed that there is an increased level of neural noise, 

"random variability in the firing activity of neural networks and membrane voltage of single 

neurons” (p. 435), as a result of an increased neural excitability in the brains of people with 

dyslexia. According to the hypothesis, this hyper-excitability may be the result of differences 

in the release and reception of neurotransmitters, especially glutamate, and differences in 

neural migration during neurodevelopment. The former has especially been linked to the 

DCDC2 gene and the latter to the KIAA0319 gene; both genes have been linked to dyslexia as 

mentioned earlier. As a result of this neural noise, synchronous brain activity becomes 

disrupted, which leads to sensory processing difficulties, leading to a deficit in PA and 

cognitive deficits in other domains, ultimately causing the reading and spelling problems at 

the behavioural level. This is in line with the temporal sampling framework presented earlier 

for phonological (Goswami, 2011) and visual deficits (Pammer, 2014) associated with dyslexia. 

As the authors of the neural noise hypothesis acknowledge, more research is needed to 

investigate the links between the different explanatory levels, however, the hypothesis can 

be used to generate testable predictions for new research. 
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Genetic effects have been found to differ between individuals and the type of literacy 

skill studied. For example, the genetic effects on reading ability have been found to be larger 

for children with a high IQ, compared to children with a low IQ (Knopik et al., 2002). In another 

study of children during kindergarten and first grade, genetics contributed mostly to rapid 

naming skills, whereas phonological skills and word decoding were significantly influenced by 

environmental factors (Petrill, Deater-Deckard, Thompson, Thorne, & Schatschneider, 2006). 

Moreover, the genetic effects on spelling disability seem to increase with age while the 

genetic effects on reading disability decline with age (DeFries, Alarcón, & Olson, 1997).  

From the studies reviewed in this section, it can be concluded that genetic factors do 

have an influence on reading skills as they influence neurodevelopment. It is important to 

recognize though, that the genetic basis of dyslexia is very heterogeneous and that the 

genetic effect on reading is probabilistic instead of deterministic since environmental factors 

also play a role in the disorder; in the next section, some of these environmental influences 

will be reviewed.  

 

1.4.3 Environmental Factors 

Environmental factors influence developmental dyslexia at the biological, cognitive 

and behavioural level. Some environmental factors have already been mentioned, such as the 

orthographic regularity and script of a language. Environmental factors also include the 

training or interventions that a child receives. Training does not only influence behaviour, it 

may influence a child’s cognitive abilities and brain functioning, as well. For example, it has 

been shown that the patterns of brain activity of dyslexic children changed after phonological 

training (Penolazzi, Spironelli, Vio, & Angrilli, 2010). Moreover, a direct correlation between 

this change in brain activity and reading improvements was found.  

Not only environmental factors that directly target reading, such as teaching or 

treatment, influence reading development. Socioeconomic Status (SES) is an example of a 

more global factor that influences reading ability. In a French study Fluss et al. (2009) found 

that the incidence of reading problems was significantly larger among children in elementary 

school with a low SES; in neighbourhoods with a high SES, only 3.3 percent of the children had 

reading difficulties, in contrast to 24.2 percent in low SES neighbourhoods. Some explanations 

for this influence of SES on reading skills may be a lack of resources, low teacher and parental 

expectations, limited support and access to interventions (Fluss et al., 2009). SES is a 
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multidimensional concept that includes material wealth, as well as (parental) education and 

social prestige (Jednoróg et al., 2012). In the study by Fluss et al. (2009) maternal education 

and paternal unemployment were strong predictors of children’s reading skills at the 

individual level. However, after controlling for the child’s PA, which was the strongest 

predictor of reading skills, maternal education was the only SES factor at the individual level 

that explained a small amount of variance in reading ability, namely two percent. An 

explanation for this result could be that a mother with higher education is more likely to 

promote literacy in the home and has better-developed language skills, which is thought to 

influence the child’s language and reading development (Fluss et al., 2009). In a recent study, 

van Bergen, van Zuijen, Bishop and de Jong (2017) found that many factors in the home 

literacy environment are related to the parental reading level, and thus the familial risk of 

dyslexia. They found that only the number of books in the house had additional predictive 

value for the child’s reading skills on top of parental reading skills, while factors like parental 

education level and parental reading frequency did not. 

SES influences reading not only at the behavioural level; also at the neurological level 

differences in brain structure have been observed between children from high and low SES 

backgrounds (Jednoróg et al., 2012). More specifically, smaller volumes of grey matter were 

found in the left and right hippocampi and middle temporal gyri, left fusiform gyrus, and right 

inferior frontal gyrus in children with a low SES background. Some of these brain areas have 

been found to be involved in reading.  

As already mentioned, some reading subskills are thought to be influenced more by 

environmental factors, while others are more influenced by genetic factors. In a study by 

Samulesson and Lundberg (2003) it was found that the variance in phonological abilities was 

the least well explained by environmental factors that included variables about the home 

environments, such as SES, the literacy environment, such as the number of books in the 

house, and the school environment, such as the amount of special education. Approximately 

7 percent of the variance in phonological ability was explained by these factors. On the other 

hand, variance in reading comprehension, spelling, and to a lesser extent word reading, was 

explained much better by environmental factors; respectively 20, 15 and 12 percent of the 

variance in these reading skills were accounted for by environmental factors. The findings of 

this study are confirmed by the study by Jednoróg and colleagues (2012) in which SES also 

correlated significantly with reading and verbal abilities, but not with phonological abilities. 
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However, it is in contrast to the study by Petrill et al. (2006) mentioned earlier, who estimated 

based on twin- and adoption-data that about half of the variance in PA was due to 

environmental factors; where the largest part of the variance was attributed to the shared 

environment and about 10 percent was attributed to the non-shared environment. Thus, 

while it can be concluded that environmental factors play a role in the development of 

dyslexia, estimates may vary between studies due to methodological and sample population 

differences.  

 

1.5 Defining Dyslexia for Clinical and Research Purposes 

It has become clear that dyslexia is a multi-faceted disorder. For the purpose of this 

thesis the definition of dyslexia by the SDN will be adopted, as specific word reading and 

spelling difficulties are the core of dyslexia. However, it is essential to add to this that dyslexia 

is heterogeneous in nature because of its multifactorial origin and associated strengths and 

difficulties. Now that the term dyslexia has been defined, it still needs to be operationalized 

for clinical practice and research purposes. First of all, it needs to be assessed whether a child 

has a reading problem using a standardized reading test. If the score is below a certain cut-

off point the child is diagnosed with dyslexia. The threshold is often based on a discrepancy 

between the actual reading attainment and the expected reading attainment based on 

chronological age and sometimes also on intelligence. The downside of this method is that 

the choice for a certain cut-off point is arbitrary. Such a cut-off point is also hard to justify 

because dyslexia is part of a continuum of reading abilities (S. E. Shaywitz et al., 1992). Using 

a discrepancy approach may also result in a high year to year variability in the individuals that 

are characterized as dyslexic. In the study by Shaywitz and colleagues (1992), only 28 percent 

of the children that were classified as dyslexic was diagnosed with the disorder two years 

later. Therefore, the persistence of the reading and spelling problems and resistance to 

interventions are often added as criteria (SDN et al., 2016). Furthermore, in clinical settings, 

it is also often investigated whether the child shows a cognitive profile that is consistent with 

the diagnosis of dyslexia. In particular, it is often investigated whether a child has a deficit in 

phonological and phonemic awareness and/or problems with rapid naming (Blomert, 2006; 

Nationaal Referentiecentrum Dyslexie, 2013). It is however debatable whether a dyslexia-

specific cognitive profile exists since dyslexia has a multifactorial origin and sometimes also 
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overlaps with other disorders as we have discussed in this introduction. For research 

purposes, either an arbitrary criterion can be chosen or continuous reading scores may be 

used instead; both approaches are used in this thesis. 

 

1.6 Description of the studies in this thesis 

Now that the definition of dyslexia and the most important aspects of dyslexia have 

been discussed, the questions addressed in this thesis are described in more detail. The 

studies in this thesis focus on advanced readers, readers with several years of reading 

experience, with and without (a familial risk of) dyslexia. As already mentioned in this 

introduction, children with a parent with dyslexia have a higher risk of developing dyslexia 

themselves than children of parents without dyslexia. The overall aim of this thesis is to 

characterize, predict and explain reading differences between advanced readers with and 

without (a familial risk of) dyslexia.  

In the next chapter, Chapter 2, it is first considered what characterizes both dyslexia 

and the familial risk of dyslexia in children at the end of Dutch primary school in grade 6. It 

was chosen to write this chapter in Dutch such that this overview is also available to the 

participants of this study and their parents in their native language, and such that information 

about dyslexia in Dutch is also available in Dutch. An English abstract with the main findings 

is provided at the end of the chapter. Furthermore, the main outcomes are also summarized 

in Chapter 7, the general discussion. In Chapter 2 three groups of children are compared, two 

with a high familial risk, HRDys, HRnonDys, and one with a low familial risk, LRnonDys. It was 

investigated in what way the groups differ in word reading skills, higher level reading skills, as 

well as in reading-related cognitive skills, like PA, RAN and VAS, that can explain possible 

reading differences. Furthermore, it was examined what the academic consequences of (a 

familial risk of) dyslexia are, and whether there were group differences in self-perceived 

social-emotional well-being at school. Finally, it was investigated at the individual level which 

reading-related cognitive deficits can be identified in the different groups to determine 

whether there is a specific cognitive profile that characterizes dyslexia or the familial risk of 

dyslexia.  

 The aim of Chapter 3 is to investigate how the reading performance of advanced 

readers, described in Chapter 2, can be predicted based on grade 3 measurements of reading 
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(related) skills and familial risk. More specifically it is investigated how reading fluency and 

reading comprehension can be predicted by familial risk, operationalized with parental 

reading scores, grade 3 reading fluency, and grade 3 measures of RAN, PA, and vocabulary. 

As already discussed in this introduction, diagnostic categories are sometimes needed for 

clinical or statistical reasons, but in fact, dyslexia is continuous since there are no natural cut-

off points. For that reason, both familial risk and dyslexia are approached as continuous 

constructs in this chapter by using the reading scores of both parents and children instead of 

diagnostic categories.  

 The aim of Chapter 4 is to describe the consequences of dyslexia in a multilingual 

context. Because English is widely used in Dutch society it is important to investigate what 

the consequences of (a familial risk of) dyslexia are regarding literacy in this language. As 

discussed in this introduction, English has a lower orthographic transparency than Dutch, 

which makes reading in English, at least for beginning readers, more difficult. Therefore, it is 

also interesting to investigate if the HRnonDys-group that does not have reading difficulties 

in Dutch does show signs of reading difficulties in English. In this chapter, it is not only 

investigated how Dutch adolescents with (a familial risk of) dyslexia read and spell in Dutch 

and in English, English and Dutch proficiency are also compared directly. In this way, it could 

be investigated whether deficits in both languages are similar, or, in other words, whether 

differences between the LRnonDys control-group and the HRnonDys and HRDys group are the 

same in English and Dutch.  

 The aim of chapter 5 is to get a better understanding of one of the possible underlying 

causes of dyslexia. Therefore, it is investigated if a deficit in the rapid automatic specialized 

processing of print, as signalled by N1 lateralization, can provide a causal explanation of the 

poor reading of people with dyslexia. More specifically, it is investigated whether there is a 

difference in N1 lateralization between higher-education students with and without dyslexia. 

Furthermore, since print processing is generally a left-lateralized brain process, the influence 

of handedness on this process is also investigated. By studying this in a population of very 

advanced readers, it is possible to find fundamental differences between readers with and 

without dyslexia, which have not been normalized or compensated for by the readers’ ample 

reading experience.  

 Like in the previous chapter, the aim of chapter 6 was to get a better understanding 

of print processing as a causal explanation for the reading differences observed at the 
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behavioural level. In this chapter, the same experiment as in chapter 5 was conducted among 

children with and without (a familial risk of) dyslexia to investigate differences in N1 

lateralization between the HRDys, HRnonDys and LRnonDys groups around the age of 12 

years. It was particularly interesting here to investigate if children in the HRnonDys-group also 

show differences in N1 lateralization compared to the LRnonDys controls, or whether this 

could only be observed when compared to the HRDys-group.  

 The final chapter of this thesis contains a discussion of the previous chapters. 

Conclusions are drawn on the basis of the studies presented about what characterizes, 

predicts and explains reading differences between advanced readers with and without (a 

familial risk of) dyslexia. General limitations are discussed, general conclusions are drawn and 

implications for research and clinical practice are described.  
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