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Summary 

 

Phonology is often assumed to play a role in tuning orthographic representations. For 

instance, previous studies indicated that phonology might tune visual expertise for print, letter 

identity and letter order processing, and prime lexicality effect. However, little is known about 

the exact contribution of phonology to the development and especially to the deficits of these 

orthographic processes. 

This thesis aimed to investigate these issues in three experiments. In Study 1, we 

explored how phonology contributes to the development of visual expertise for print and letter 

identity coding. To test whether poor phonological abilities interfere with the tuning of 

orthographic representations, we also examined how phonological deficits influence 

orthographic processing. In Study 2, we explored whether fine tuning for print and letter 

identity and letter order coding is deficient in developmental dyslexia. In addition, we also 

examined how orthographic-phonological mapping contributes to the deficits in the fine tuning 

for print and deficits in letter identity and letter order coding. In Study 3, we asked whether 

serious phonological deprivation, namely deafness, affects orthographic processing. Thus, in 

Study 4, we investigated the prime lexicality effect (PLE), the index of lexical competition 

between orthographic representations in deaf readers. 

Overall, our results point to the conclusion that phonology is directly involved in tuning 

the emerging orthographic representations, at least in typically developing children. However, 

the studies on atypical readers showed different patterns of results. Our findings in adults with 

dyslexia suggest that orthographic processes can adequately develop despite phonological 

processing deficits; though audiovisual presentation still modulates orthographic processing 

and results in orthographic proccessing differences between readers with and without dyslexia. 

Similar conclusions emerged from the studies with deaf readers. Our results on lexical 

competition indicated that hearing readers with better orthographic skills showed greater 

lexical competition, while deaf readers with better orthographic skills did not, suggesting that 

their orthographic representations are developed in a qualitatively different way. 

Thus, the findings of the present dissertation suggest that phonological processing 

supports but does not drive the tuning of orthographic representations. Based on these results 

presented in the dissertation, I propose that phonology facilitates the acquisition of 

orthographic representations; however, if phonology is less available, orthographic 

representations can still develop through alternative pathways. 
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Összefoglaló (summary in Hungarian) 

 

A fonológiának gyakran tulajdonítanak szerepet az ortográfiai reprezentációk 

kialakulásában. Korábbi tanulmányok azt mutatták, hogy a fonológiai feldolgozás szerepet 

játszhat a betűsorokra való specializációnak, a betűk és a betűsorrend azonosításának, valamint 

az ortográfiai reprezentációk közötti lexikális versengés kialakulásában. Arról azonban keveset 

tudunk, hogy a fonológia pontosan milyen mértékben és milyen körülmények között járul 

hozzá ezen ortográfiai folyamatok fejlődéséhez vagy zavaraihoz. 

Jelen disszertáció e kérdéseket vizsgálta három kísérletben. Az 1. Tanulmányban azt 

vizsgáltuk, hogy a fonológia hogyan járul hozzá a betűsorokra való specializáció, valamint a 

betűk és a betűsorrend azonosításának fejlődéséhez. Annak a kérdésnek a megválaszolására, 

hogy a fonológiai feldolgozás zavara együtt jár-e az ortográfiai feldolgozás zavarával, a 2. 

Tanulmányban megvizsgáltuk, hogy fejlődési diszlexiás felnőtteknél kimutatható-e a 

betűsorokra való finomhangolás, valamint a betűk és a betűsorrend azonosításának zavara. 

Ezen túlmenően azt is elemeztük, hogy ezekhez a zavarokhoz miként járul hozzá a betű-hang 

megfeleltetés zavara. A 3. és 4. Tanulmányban arra voltunk kíváncsiak, hogy a súlyos fokú 

fonológiai depriváció, mint a siketség, befolyásolja-e az ortográfiai feldolgozást. Így a 4. 

Tanulmányban azt vizsgáltuk, hogy kimutatható-e az ortográfiai reprezentációk versengése 

siket olvasóknál is. 

Összességében eredményeink arra utalnak, hogy a fonológiának közvetlen szerepe van 

az ortográfiai feldolgozás fejlődésében, legalábbis tipikusan fejlődő gyermekeknél. Az atipikus 

olvasók vizsgálatából származó eredményeink azonban eltérő mintázatot mutatnak. A 

diszlexiás felnőttekre vonatkozó eredményeink azt mutatják, hogy az ortográfiai folyamatok a 

fonológiai feldolgozás zavarai ellenére megfelelően fejlődnek, bár az audiovizuális bemutatás 

kevésbé hatékony ortográfiai feldolgozáshoz vezet a diszlexiás olvasóknál. Hasonló 

következtetéseket vonhatunk le a siket olvasókkal kapcsolatos vizsgálatokból is. A jó 

ortográfiai képességekkel rendelkező halló olvasóknál nagyobb lexikás versengés figyelhető 

meg, azonban a jó ortográfiai képességekkel rendelkező siket résztvevőknél nem. Ez arra utal, 

hogy az ortográfiai reprezentációk minőségileg eltérő módon fejlődnek siket olvasóknál. Jelen 

disszertáció eredményei tehát arra utalnak, hogy a fonológiai feldolgozás támogatja az 

ortográfiai folyamatokat, azonban nem szükséges az ortográfiai reprezentációk kialakulásához. 
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I. Introduction 

The importance of reading skills in everyday life is undeniable. For most adults, it is an 

everyday activity. Reading is essential to decipher information from billboards, street signs, 

food labels, or user’s guides. In addition, reading is the foundation of all academic subjects; 

hence, mastering this skill is a prerequisite for text-based knowledge acquisition and academic 

achievement. Since literacy is so crucial in many aspects of life, how children acquire reading 

skills and how literate adults apply these skills has been one of the major questions in cognitive 

psychology. 

Reading and writing are human inventions and thus are unique human skills. Reading 

skills have to be explicitly taught, and successful literacy acquisition takes several years of 

learning. During reading acquisition, readers develop specialized processes that utilize pre-

existing cognitive functions (such as visual and auditory processing, speech perception, etc.) 

and the neural circuits for these functions (visual object recognition and spoken language 

processing). With schooling, these functions and neural circuits become increasingly 

coordinated and result in orchestrated, reading specific cognitive processes. With extensive 

experience, these reading processes become automatized and the neural networks in service of 

reading and text comprehension become functionally specialized. This specialized reading 

system allows the readers to identify written words with ease in less than half a second. Because 

of this, reading is undoubtedly a remarkable achievement of the human brain. 

Although with appropriate instruction most people attain an expert level of reading, 

some people have serious problems acquiring literacy skills. Unfortunately, around 5-10% of 

children fail to develop age-appropriate reading and spelling skills (Barbiero et al., 2019; 

Galuschka & Schulte-Körne, 2016; Schulte-Körne, 2010; Shaywitz et al., 1999). 

Developmental reading disorder, also known as developmental dyslexia, is a specific 

neurocognitive developmental disorder manifested in difficulties in learning to read despite 

normal intelligence, lack of any neurological or sensory impairment, and adequate education 

(DSM-5, Diagnostic and Statistical Manual of the American Psychiatric Association, 2013). 

Dyslexia accompanies individuals throughout the lifespan and is a significant aggravating 

factor in daily life and academic achievement (Shaywitz et al., 1999). It is a well-established 

finding that developmental dyslexia is characterized by poor phonological processing 

(Snowling, 2000; Vellutino et al., 2004). In fact, the most prominent theory of dyslexia, the 

phonological processing deficit hypothesis (Vellutino et al., 2004), posits that the core problem 

of dyslexia is poor phonological processing, more specifically, impaired grapheme-phoneme 

mapping (Blomert, 2011). However, orthographic processing deficits also can be detected (e.g. 
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Helenius et al., 1999; Mahé et al., 2013; Maurer et al., 2007; for a review see Vidyasagar & 

Pammer, 2010). The fact that both phonological and orthographic deficits can characterize 

developmental dyslexia raises the possibility that phonology might play a role in tuning 

orthographic representations. 

It is not only developmental dyslexia that is characterized by phonological processing 

deficits. Particularly, deafness interferes with the establishment of phonological representations 

and results in impoverished phonological processing. If phonology has an integral role in 

reading, deaf individuals should be at a disadvantage. Indeed, it is well-established that people 

born deaf struggle to learn to read and generally encounter difficulties in both visual word 

recognition and reading comprehension (Kelly, 2003; Qi & Mitchell, 2012; Wauters et al., 

2006). At the same time, around 10% of deaf readers manage to establish good word 

recognition as well as language comprehension skills. Most researchers assume that the reading 

difficulties of deaf readers are the direct consequence of their limited access to spoken language 

phonology. If phonology indeed has a role in tuning orthographic representations, impairments 

in both phonological and orthographic processing are expected to be present in deaf readers. 

In the present dissertation, I discuss the literature on visual word recognition in both 

typical and atypical readers, concentrating on theories and cognitive mechanisms that were 

proposed to explain skilled reading as well as reading difficulties in atypical readers. Then, I 

focus on how phonological processing is involved in visual word recognition and to what extent 

are these skills deficient in atypical readers. Next, I review the literature about orthographic 

processing in skilled reading and whether, in addition to phonological deficits, orthographic 

deficits characterize atypical readers. Finally, I discuss what role phonology might play in 

orthographic processing. 

The unsettled issue about the relationship between phonology and orthographic 

processing motivated our research to elaborate on the role of phonology in tuning orthographic 

representations in typical and atypical readers. First, we investigated whether the development 

of visual expertise for print is associated with specialization to familiar letter strings. In 

particular, we aimed to answer whether this specific stage of visual word recognition is driven 

by orthographic-phonological mapping in typically developing novice readers. Second, we 

explored whether orthographic processing in adult readers with dyslexia is inefficient per se. 

To this end, we examined visual expertise for print as well as letter identity and letter order 

processing in readers with and without dyslexia. Moreover, to test whether orthographic-

phonological processing is more deficient than orthographic processing in dyslexia, we 

investigated to what extent audiovisual presentation of orthographic stimuli inflate reading 
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deficits in readers with dyslexia. Third, we reviewed whether deaf readers exhibit both 

phonological and orthographic processing deficits. Finally, to test the role of phonology in the 

establishment of orthographic representations, we examined the prime lexicality effect (PLE), 

an index of lexical competition between orthographic representations in signing deaf and 

hearing adult readers. The results of the three empirical studies and the comprehensive review 

article my thesis statements are based on are summarized and discussed in the General 

Discussion chapter. 

 

II. Theoretical background 

 

1. Visual word recognition in typical readers 

As Perfetti and Hart (2002) argue, reading comprehension is based greatly on word 

reading skills. According to their Verbal Efficiency Theory, while effective word recognition 

skills support comprehension, poor comprehension is often associated with ineffective word 

recognition. Thus, in our discussion we focus on the literature of visual word recognition. 

Almost all models of visual word recognition (Coltheart et al., 2001; Harm et al., 2004; 

Plaut et al., 1996; Ziegler, Perry, et al., 2014) agree that reading involves the concerted action 

of various components of the visual word recognition system. In fact, the Lexical Constituency 

Model (Perfetti et al., 2005) explicitly claims that words have orthographic, phonological, and 

semantic constituents that form the words’ identity, and all the constituents become available 

when the orthographic input initiates the word identification process. The orthographic system 

is responsible for operations involved in parallel decoding of letter strings and in spelling, 

whereas the phonological system identifies and processes speech sounds. Finally, the lexico-

semantic system allows for accessing the meaning of words. These subsystems constrain the 

specification of each constituent, for instance, semantic representations reflect conceptual and 

grammatical constraints. In skilled reading, these constituents and the relationship between 

them are well-developed (Perfetti & Hart, 2002). 

Although every writing system represents the corresponding spoken language, the exact 

language unit (e.g. phoneme, syllable, morpheme) each orthographic sign (e.g. letter, letter 

cluster, logograph) denotes varies as a function of the writing system (Frost, 2005). In 

alphabetic writing systems, orthographic symbols (letters or graphemes) represent the sounds 

of the spoken language (phonemes), not the meaning (semantics). Alphabetic orthographies 

can be further classified according to the consistency of the grapheme-phoneme 

correspondences, in other words according to their orthographic depth (Frost, 2005; Katz & 
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Frost, 1992). Consistent or transparent orthographies (e.g. Finnish, Hungarian, or Italian) map 

speech sounds consistently onto letters based on simple grapheme– phoneme correspondences. 

Inconsistent or opaque orthographies (e.g. English or French) map one letter to more than one 

speech sound and one speech sound to more than one letter; thus, the pronunciation of written 

words or the spelling of spoken words are not always straightforward in these orthographies. 

Understanding the association between letters and their corresponding speech sounds 

is essential in learning to read. In fact, novice readers must learn which letter corresponds to 

which sound in their language, i.e. the alphabetic principle (Byrne & Fielding-Barnsley, 1990). 

This letter knowledge is what enables the phonological decoding between written and spoken 

words, which acts as the first step in reading acquisition (Ziegler & Goswami, 2005). 

Single-route theories, or strong phonological models (Frost, 1998; Van Orden et al., 

1990), propose that given the phonological nature of languages, the representation of printed 

words are always phonologically defined, thus, pre-lexical computation of phonology is 

mandatory; it cannot be bypassed. Therefore, visual word recognition mainly involves access 

to the phonological not to the orthographic lexicon. In this view, both novice readers and skilled 

adult readers rely on grapheme-phoneme mappings, and adult readers simply become faster 

and more efficient through exposure to print. 

However, the purpose of reading is not to access the phonology of words but to access 

the meaning of them. Semantic access via phonological recoding (orthography - phonology - 

semantics pathway) is slow and effortful, and needs substantial attentional resources in novice 

readers. In contrast, skilled reading is characterized by remarkably fast and automatic lexical 

access. For a skilled reader, it takes only approximately 250 ms to identify a written word 

(McCandliss et al., 2003) without any conscious effort (Ehri, 2005, 2014). This indicates a 

second step in reading acquisition: the emergence of a process which allows the letters of a 

word to be processed and stored as a visual unit (visual word form or orthographic 

representation, Ehri, 2005, 2014), which can be promptly accessed. 

The earliest and most influential computational model of visual word recognition is the 

Interactive-Activation (IA) model of reading (McClelland & Rumelhart, 1981; Rumelhart & 

McClelland, 1982). In this model, letter features, letters, and words are represented as nodes in 

a network. During visual word processing, a continuous flow of activation feeds from feature-

level representations to letter-level representations and to word-level representations. In 

addition, there is feedback activation from word-level representations back to lower-level 

representations. For instance, when the unit representing the letter “a” in the first letter position 

receives activation from the feature-level, it feeds activation to all word-level units in which 
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“a” is in the first letter position (e.g. “apple”, “ant”, “avocado”). At the same time, it inhibits 

all word-level units in which there is no “a” in the first letter position (e.g. “banana”, “cat”, 

“university”). Moreover, there is inhibition not only between the different levels of 

representations but between lexical units (e.g. “carrot” and “parrot”). This lateral inhibition 

between words enables lexical selection. Although the model is not void of criticism (e.g. 

Norris, 2013; Paap et al., 2000), it forms the basis of a number of later models, one of which is 

the Dual-Route Cascaded (DRC) Model (Coltheart et al., 2001). 

Dual-route models of visual word recognition (Coltheart et al., 2001; Harm et al., 2004; 

Plaut et al., 1996; Ziegler, Perry, et al., 2014) claim that two processes work in parallel to access 

the meaning of words. More specifically, the DRC model (Coltheart et al., 2001) assumes that 

there are two main routes for visual word recognition: the phonological route and the lexical 

route. The phonological route involves mapping between orthographic units (letters) and 

phonological units (phonemes). This pre-lexical computation of phonology is relatively slow 

but enables the reader to name pseudowords or rare words. The lexical route on the other hand 

assumes that the abstract letter identities directly activate entries in the orthographic input 

lexicon. Processing along this route is fast because it allows for direct mapping between the 

orthographic form and the meaning of a word. It is especially fast for frequent words since 

these word nodes are easier to activate in the lexicon. In this model, skilled reading is the result 

of acquiring well-established orthographic representations of printed words through repeated 

exposures. Therefore, skilled reading is considered to be the ability to bypass grapheme-

phoneme mappings and rely on direct connections between orthography and semantics. In fact, 

most neuroscientific data confirm the validity of the dual-route approach (for a meta-analysis 

see Jobard et al., 2003). 

Lately, research evidence started to converge on a generic architecture of visual word 

recognition (for silent reading: Grainger & Ziegler, 2011; for reading aloud: Perry et al., 2010). 

One of the most current models of visual word recognition, the Bi-modal Interactive Activation 

Model (BIAM, Grainger & Holcomb, 2009), is able to account for a wide range of phenomena 

in visual word recognition. The BIAM is a dual-route model which involves an orthographic 

and a phonological processing route; however, it also involves a sublexical orthographic-

phonological interface where the two routes interact. In the model, printed words activate visual 

features which leads to the activation of the sublexical orthographic code (i.e. letters, 

graphemes) and the whole-word orthographic representation that enables sight-word 

recognition. Through the interface between orthography and phonology, sublexical 

orthographic representations are mapped onto their corresponding phonological 
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representations (and vice versa), activating the whole-word phonological representation as 

well. The word level phonological representation receives additional activation from the 

whole-word orthographic representation; thus, orthography and phonology interact at both the 

sublexical and the lexical level. Grainger and Holcomb (2009) suggests that this dual-route 

architecture is the result of visual word recognition being a mixture of two worlds. On one 

hand, it is a visual process that operates in the dimension of space, thus belonging to the world 

of visual objects. On the other hand, it is a phonological process that operates in the dimension 

of time, thus belonging to the world of spoken language. 

The dual-route model of orthographic processing (Grainger & Ziegler, 2011) postulates 

that the phonological and orthographic routes used during visual word recognition differs in 

the computation of the orthographic code. More specifically, the two routes differ in how 

precisely they code letter position. The orthographic route computes coarse-grained 

orthographic code in order to quickly identify a word and its meaning. Therefore, only 

approximate letter position information is computed to provide rapid constraint on word 

identity through bottom-up activation of whole-word representations. By contrast, the 

phonological route involves fine-grained orthographic processing in order to provide precise 

information about the serial position of letters via sublexical phonology. The fine-grained route 

enables the letters to activate their corresponding phonemes, which leads to activation of the 

whole-word phonological representation and the semantic representation. 

The main assumption of this model is that the development of reading follows two 

optimization pathways. On one hand, skilled readers optimize mapping between orthography 

and semantics to speed up word identification by fast constraining word identity based on 

ordered letter combinations (so-called open-bigrams). In other words, they use the coarse-

grained route for a speeded lexical access. On the other hand, skilled readers optimize mapping 

between orthography and phonology to facilitate access to linguistic code that is already 

optimized to map onto semantics. In other words, they use the fine-grained route to link letters 

to pre-existing phonological and morphological representations. Thus, as readers become more 

skilled, there is a gradual shift towards direct orthographic access to semantics. Nevertheless, 

even skilled adult readers continue to use phonological information; however, the effortful 

phonological decoding shifts to a more automatized grapheme-phoneme mapping (so-called 

phonological recoding). 
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2. Visual word recognition in atypical readers 

One approach to study the role of phonology in tuning orthographic representations is 

to test participant groups with phonological deficits. It can be assumed that if phonology plays 

an integral role in the development of orthographic representations, participants with poor 

phonological skills have less precise orthographic representations. In addition, models of visual 

word recognition accepted by the reading research society should be able to explain both typical 

and atypical reading. It is clear that examining atypical functions can shed light on various 

aspects of reading otherwise difficult to investigate. For instance, orthography and phonology 

are intertwined in typical readers; however, in most experimental designs orthographic 

precision is confounded with phonological precision. Consequently, investigations of skilled 

readers do not contribute to separating the effects of orthography and phonology adequately. 

Moreover, the processes involved in visual word recognition of typical readers operate in a 

complex and integrated way. Therefore, impairment of any function might lead to the 

disruption of these integrated processes, and thus, provide a unique opportunity to study the 

role of each function separately (Csépe, 2014; Lányiné Engelmayer & Takács, 2004). 

 

2.1. Developmental dyslexia 

One group with assumed phonological processing deficits are readers with 

developmental reading disorder (DRD) or developmental dyslexia. It is a specific 

developmental disorder in reading acquisition and in becoming a fluent reader, and affects, in 

general, around 5 to 10 % of school-aged children (Barbiero et al., 2019; Galuschka & Schulte-

Körne, 2016; Schulte-Körne, 2010; Shaywitz et al., 1999). Individuals with dyslexia typically 

experience difficulties with accurate and/or fluent word reading, decoding, and spelling. More 

importantly, dyslexia is characterized by poor decoding, while language comprehension is 

mostly intact. Consequently, readers with dyslexia are not merely poor comprehenders (Nation 

et al., 2010). In addition, their difficulties are typically unexpected in relation to other cognitive 

domains; that is, the reading deficit is present despite adequate instruction, intact auditory and 

visual abilities, and lack of mental or neurological disorders (DSM-5, Diagnostic and Statistical 

Manual of the American Psychiatric Association, 2013). 

After more than a century of intensive research on the topic, there is still a debate about 

the cause of dyslexia (for a review, see Peterson & Pennington, 2015). However, it should be 

noted that the methods used for investigating dyslexia are correlational in nature, and causality 

is unfounded. A general consensus shared by many researchers is that the core problem in 

developmental dyslexia is poor phonological processing (Snowling, 2000; Vellutino et al., 
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2004). Although phonological deficit hypotheses have undergone significant changes during 

the last two decades, the contribution of phonological representation and operation to reading 

skills are at the core of reading disorders. Accordingly, several theories have been put forward 

to explain the source of the phonological deficit consistently found in readers with dyslexia. 

One theoretical approach gives an explanatory role to the sensory (auditory or visual) 

deficits frequently associated with dyslexia. Interestingly, dyslexia was first described in 1877 

by Adolf Kussmaul as a visual deficit. Indeed, evidence for deficits in movement (Cornelissen 

et al., 1998; Schulte-Körne, Bartling, et al., 2004; Schulte-Körne, Wolfgang Deimel, et al., 

2004) and contrast perception (Borsting et al., 1996; Romani et al., 2001) are abundant (for 

reviews, see Laycock & Crewther, 2008; Schulte-Körne & Bruder, 2010). These dysfunctions 

have been explained by impaired functioning of the visual magnocellular pathway (Laycock & 

Crewther, 2008; Stein, 2001). The magnocellular theory (Stein, 2001) claims that the 

magnocellular pathway is responsible for the integration of visual information during reading; 

thus, it is processing the incoming fast temporal sensory information, which is deficient in 

dyslexia. In line with this, some studies found altered visual evoked potentials for rapid 

movements and for rapidly moving visual stimuli presented at low contrasts (for a review, see 

Schulte-Körne & Bruder, 2010). In addition, Pammer and Kevan (Kevan & Pammer, 2008; 

Pammer & Kevan, 2007) have demonstrated that visual sensitivity to the frequency doubling 

illusion predicts irregular word reading and nonword reading, indicating that low-level visual 

sensitivity of a specific subgroup of retinal ganglion cells in the magnocellular/dorsal stream, 

the so-called M(y) cells might play a role in coding irregular visual words. However, visual 

perception deficits characterize only a subgroup of individuals with dyslexia (Heim et al., 2008; 

Reid et al., 2007; for a review, see Goswami, 2015), and it should be also noted that most of 

the above studies did not control for comorbid ADHD. As a matter of fact, visual attentional 

difficulties might manifest in poor position coding of letters (Cornelissen et al., 1998). 

The visuo-spatial attention deficit hypothesis (Facoetti et al., 2003; Vidyasagar & 

Pammer, 2010) attributes reading problems to difficulties in attention switching between 

different target types or to a different spatial location or to reduced visual attention span (Bosse 

et al., 2007). Indeed, individuals with dyslexia showed impaired serial visual search (Iles et al., 

2000; Vidyasagar & Pammer, 1999), impaired performance in detecting targets at pre-cued 

locations (Banfi et al., 2017; Roach & Hogben, 2004), and impaired visuo-spatial attention in 

some studies (Facoetti, Paganoni, & Lorusso, 2000; Facoetti, Paganoni, Turatto, et al., 2000; 

Heiervang & Hugdahl, 2003). Moreover, performance on visual attention tasks, such as serial 

search performance and spatial cueing facilitation, measured in kindergarten predicted reading 
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ability in grade 2 even after controlling for phonological skills (Franceschini et al., 2012). The 

inability to focus visual attention to letters might hinder the establishment of stable grapheme-

phoneme associations and the development of string-specific visual processing (Whitney & 

Cornelissen, 2005). 

In fact, more than one functions of attention might be impaired in dyslexia. Helland and 

Asbjornsen (2000) demonstrated the children with dyslexia exhibit executive functions deficits 

on various tasks. The participants showed impairments in sustaining attention as measured by 

the Dichotic Listening Test, focusing attention as measured by the Stroop Test, and shifting 

attention as measured by the Wisconsin Card Sorting Test; however, executive function deficits 

were more prominent in the children with receptive language problems. In addition, training 

executive functions seems to improve reading accuracy and speed (Pasqualotto & Venuti, 

2020). 

As a possible link between the magnocellular deficit and the attention switch deficit, 

Hari and Renvall (2001) proposed the SAS (Sluggish Attentional Shift) hypothesis. The SAS 

hypothesis claims that deficits in processing rapid stimulus sequences emerge since the 

attention system of readers with dyslexia cannot effectively disengage from one stimulus to 

another thus, resulting in slow processing. Impairment in speech segmentation and letter string 

encoding can result in poor orthographic and phonological processing. According to this 

theory, deficits should manifest not only in the visual but all sensory modalities. 

Indeed, not only visual but also auditory perception deficits might be found in readers 

with dyslexia, which can account for the widely reported phonological processing deficits 

(Goswami, 2015). For instance, the temporal processing theory (Tallal, 1980, 2004) suggests 

that reading problems in dyslexia result from inefficient processing of rapidly occurring 

temporal stimuli. The theory is based on the result that some individuals with dyslexia showed 

poor performance in discriminating rapid auditory information (Ahissar et al., 2000). However, 

a number of studies failed to replicate these results (e.g. Georgiou et al., 2010; Gibson et al., 

2006), and the efficiency of programs aiming to train rapid auditory temporal processing (“Fast 

ForWord”) could not be confirmed (Gillam, Ronald et al., 2008; Hook et al., 2001; Strong et 

al., 2011). Nevertheless, readers with dyslexia exhibited difficulties with frequency 

discrimination (Kujala et al., 2006; Lachmann et al., 2005; Maurer et al., 2003), tone pattern 

discrimination (Kujala et al., 2003; Meng et al., 2005), and frequency modulation (Stoodley et 

al., 2006) in some studies. However, most of these studies have used synthetic sounds. Blomert 

& Mitterer (2004) compared natural and synthetic speech processing and reported that 

individuals with dyslexia showed categorical perception deficits for the synthetic speech only. 
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In addition, it has been also suggested that the auditory deficits are specific to speech stimuli 

thus phonologically based (Schulte-Körne et al., 2001). Indeed, a recent cross-linguistic study 

of brain indices of sound discrimination (Leppänen et al., 2019) reported that readers with and 

without dyslexia did not differ in automatic non-speech discrimination in most languages 

(except for French); albeit deficits in automatic discrimination of speech stimuli was not 

universal either. 

The other line of theoretical approach posits that the main cognitive symptom of 

dyslexia reflects the most direct causal explanation in itself. Accordingly, the most prominent 

model of dyslexia is the phonological deficit hypothesis (Stanovich, 1988a, 1988b). The 

phonological theory of dyslexia posits that the core difficulty in dyslexia manifests as a 

deficiency at the level of phonological processing. Although it is widely held that (most) 

readers with dyslexia exhibit phonological deficit, it is not always properly defined what is 

meant by phonological deficit (see Castles & Friedmann, 2014 for a discussion). Most 

researchers assume that phonological representations are somewhat less precise in readers with 

dyslexia. These degraded representations are detrimental for the perception, retention, or 

manipulation of speech sounds. Indeed, if phonological processing is inefficient, the 

individual’s perception of phonemes may be not sufficiently distinctive; thus, the inability to 

effectively segment the words into sounds results in failure to automatize letter–sound 

correspondences. Moreover, phonological deficits lead not only to difficulty in mapping 

orthography and phonology but also to poor phonological short-term memory which plays a 

crucial role in learning new spoken words and word retrieval (Snowling, 2000; Snowling & 

Melby-Lervåg, 2016). Finally, deficits in the speed of access to phonological representations 

are detrimental for naming pictures, digits, or letters (Ramus & Szenkovits, 2008). 

Robust empirical evidence for the phonological processing deficit has accumulated 

over the years. For instance, several studies demonstrated speech-processing deficits in 

dyslexia (Cunningham et al., 2001; Maurer et al., 2003; Moisescu-Yiflach & Pratt, 2005). 

Boada and Pennington (2006) found that children with dyslexia performed worse than controls 

on three tasks (lexical gating, priming, and syllable similarity) that measured implicit 

phonological representations. In line with this, Bonte and Blomert (2004) found impaired 

phonological priming for orally presented words suggesting less mature phonological 

representations in dyslexia.  Although readers with and without dyslexia in most cases differ 

in their phonological skills, it does not necessarily follows that phonological deficit is the core 

deficit in developmental dyslexia or that phonological deficit causes dyslexia (Castles and 
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Friedmann, 2014). Since learning to read improves phonological skills, poor performance of 

readers with dyslexia on phonological tasks might result from the reading impairment itself.  

However, speech perception skills seem to be good predictors of dyslexia. According 

to a longitudinal study by Molfese (2000), brain responses for speech sounds measured at birth 

can discriminate children with and without dyslexia (see also the Jyväskylä Longitudinal Study 

of Dyslexia, Lohvansuu et al., 2021; Lyytinen et al., 2005). In addition, training phonological 

abilities improves reading, suggesting that phonological skills are in fact related to reading 

development (Hulme et al., 2012). 

Nonetheless, some studies suggest that many children develop good literacy skills 

despite preschool phonological deficits (Bishop et al., 2009; Snowling et al., 2003). According 

to Blomert and Willems (2010), children with dyslexia had problems in learning letter–speech 

sound (LSS) associations even though none of them showed phonological deficits. In addition, 

Froyen and colleagues (2011) demonstrated that children with dyslexia exhibit specific 

difficulties in integrating visual letters with their corresponding sound into audiovisual, e.g. 

LSS objects. More specifically, dyslexia is characterized by a specific deficit in establishing 

new audiovisual grapheme – phoneme associations (see also Blomert, 2011). 

In sum, in spite of the large body of evidence showing phonological deficits in 

developmental dyslexia, dyslexia seems to be a multifactorial developmental disorder 

(Pennington, 2006), in which both phonological processing and visual processing can be 

impaired. While phonological deficits might result in inefficient automatization of letter-speech 

sound correspondences, visual deficits may lead to inefficient orthographic processing (Booth 

et al., 2000). In addition, both visual and phonological impairment can result is grapheme – 

phoneme integration deficit which might interfere both with the tuning of the visual cortex for 

letter strings thus delaying development of sting-specific visual processing (Whitney & 

Cornelissen, 2005) and with the tuning of auditory and multisensory cortex for audiovisual 

integration (Bloomert 2011). Thus, if phonology has an integral role in tuning orthography, it 

would be expected to see impairments in both phonological and orthographic processing. 

 

2.2. Deafness 

Another group of readers who struggle with reading are deaf individuals. In fact, 

deafness can be regarded as an extreme example of phonological deficits. According to the 

2011 Hungarian Census (www.ksh.hu), the number of hearing impaired individuals in the adult 

population is 71,585, of whom 12% are deaf and 88% are hard-of-hearing. Other estimates 

http://www.ksh.hu/
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suggest that there are approximately 30,000-40,000 individuals with severe-to-profound 

deafness in Hungary (Vasák, 2004). 

Deafness is usually categorized according to severity (World Health Organization, 

1991): mild (26-40 dB), moderate (41-60 dB), severe (61-80 dB), and profound (over 81 dB). 

Most speech sounds occur within the 45-60 dB range; thus, even children with moderate 

hearing loss may experience difficulties with processing speech. Children with severe hearing 

loss can only hear shouted conversations; thus, they do not acquire spoken language 

spontaneously like their hearing peers do. This indicates that not only the severity but also the 

age of hearing loss is an important factor (Bartha, 2004). Postlingually deaf individuals became 

deaf after acquiring spoken language; thus, their linguistic ability and access to phonology is 

not necessarily affected. Prelingually deaf children on the other hand are either born deaf 

(congenital deafness) or became deaf early in childhood (before language acquisition). These 

children show substantially delayed speech and language development without early and 

appropriate intervention (Mayberry, 2002). 

Although hearing abilities can be augmented with hearing aids or cochlear implants, 

the extent to which they can help prelingually deaf children to learn a spoken language depends 

on many factors (for a review see Velde et al., 2021) like duration of hearing loss (Green et al., 

2007), residual hearing loss (Chiossi & Hyppolito, 2017), and cognitive abilities (Spencer et 

al., 2011). While these devices can increase the availability of spoken language, they cannot 

completely eliminate the barriers of spoken language acquisition; hence, deaf children do not 

have access to the same auditorily based language that hearing children do (Spencer et al., 

2011). 

Profoundly deaf children usually have limited knowledge of the spoken language that 

is mapped by the writing system. However, members of the deaf community typically 

communicate through sign language with each other. Signed languages are natural human 

languages that are different in every country (e.g. Hungarian Sign Language, HSL, American 

Sign Language, ASL) and are independent of the spoken language of the country. Sign 

languages exhibit all the characteristic features of natural languages and thus can be analyzed 

on different linguistic levels, such as phonological, lexical, and syntactic levels (for reviews, 

see Bartha et al., 2006; Corina & Knapp, 2006; Varga et al., 2017). Approximately 5–10% of 

deaf children are born to deaf parents (Mitchell & Karchmer, 2004) and acquire sign language 

naturally as a first language. These children develop adequate language comprehension skills. 

However, 90% of deaf children are born to hearing parents, who do not use sign language. 

These children might also use sign language as their primary language, though they often learn 
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it outside the sensitive period (Mayberry, 1994; Morford & Mayberry, 2000). Thus, for many 

deaf children, initial language input is reduced whether it is spoken or sign language (Mayberry, 

2002). 

For most deaf children, learning to read is a major difficulty (Goldin-Meadow et al., 

2001; Perfetti & Sandak, 2000; Qi & Mitchell, 2012; Wauters et al., 2006). Particularly, the 

majority of deaf students graduating from high school read at grade 4 level or below (Qi & 

Mitchell, 2012; Wauters et al., 2006). Wauters and colleagues (2006) conducted a large scale 

study in the Netherlands and they reported a mean reading level for the majority of children as 

first-grade level, and third-grade level for the top 25% of the children investigated. In addition, 

the gap between deaf and hearing children’s performance has remained despite advances in 

technology and intervention (Margaret Harris et al., 2017). Although deaf children are less 

skilled readers than their hearing peers, approximately 5-10% of deaf children show similar 

reading ability as their hearing peers (Qi & Mitchell, 2012; Wauters et al., 2006). 

Hearing children generally learn to speak before they learn how to map the letters of 

written words onto the corresponding sounds of spoken words. Thus, once they master the 

alphabetic principle, they can read and understand almost any word (Byrne & Fielding-

Barnsley, 1990). As a matter of fact, connections between semantics and phonology are 

generally stronger than connections between semantics and orthography for hearing children 

due to the order in which they learn to speak and read (Bosman & van Hell, 2002). 

This is not the case for deaf children. Most of them have rather poor spoken language 

knowledge at the beginning of reading instruction. This limited access to spoken language 

hinders reading acquisition because deaf children have limited access to the sounds of spoken 

words onto which letters of written words map (Perfetti & Sandak, 2000). Since phonological 

codes are considered to have a prominent role in reading for hearing individuals (Leinenger, 

2014; Melby-Lervåg et al., 2012; see the Universal Phonological Principle by Perfetti & 

Sandak, 2000), it is usually assumed that deaf individuals' reading problems stem from the lack 

of access to spoken language phonology.  

Moreover, signing deaf readers might activate sign language during visual word 

recognition (Meade et al., 2017; Morford et al., 2011; Ormel et al., 2012). However, the sign 

language and the spoken language used in a country, for instance HSL and Hungarian, have no 

phonological or orthographic overlap. More specifically, HSL phonology does not map onto 

Hungarian orthography; thus, direct grapheme-sign language phoneme mapping is not possible 

during visual word recognition. In fact, previous studies concluded that sign language 
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activation is most probably the result of direct lexical connections between the written words 

and their sign translation (Meade, 2020; Ormel et al., 2012). 

In sum, a large number of studies demonstrated that deaf readers on average have poorer 

reading skills than hearing readers. Nevertheless, there is great variability in the reading ability 

of deaf children and adults, with some of them attaining high reading proficiency. Furthermore, 

as a consequence of the limited access to phonology for deaf readers, orthography, phonology, 

and semantics might play a different role for deaf readers than for hearing readers. 

 

3. The role of phonology in visual word recognition 

It is now widely accepted that phonology plays a prominent role both in skilled visual 

word recognition and in literacy acquisition (Leinenger, 2014; Melby-Lervåg et al., 2012; 

National Institute for Literacy, 2008), even if the core of skilled word identification is the 

connection between orthography and meaning. In the following section, I review the literature 

on phonological processes involved in skilled reading and discuss to what extent are 

phonological deficits present in atypical readers. 

 

3.1. Phonological processing in typical readers 

It is well-established that phonological awareness (PA) skills, i.e. the ability to segment 

and manipulate the sound structure of spoken words, are closely related to the development of 

word reading skills (Georgiou et al., 2008; Pennington et al., 2001; for a meta-analysis, see 

Melby-Lervåg et al., 2012). PA skills thus indicate both the existence of well-specified 

phonological representations and the ability to consciously access them (Goswami & Bryant, 

1990). Several studies point out that PA measured before literacy acquisition predicts 

subsequent reading performance in novice readers (de Jong & van der Leij, 1999; Hulme et al., 

2002). The universal importance of PA is underlined by a study by Ziegler and colleagues 

(2010) assessing the cognitive predictors of reading in five European orthographies (Finnish, 

Hungarian, Dutch, Portuguese, and French). The researchers found that PA was the main 

predictor of reading in each language; although the relative importance of PA shifted as a 

function of reading expertise (Vaessen et al., 2010). 

However, previous studies could not confirm a causal relationship between reading and 

PA (Castles & Coltheart, 2004). Although acquiring reading skills largely depends upon 

spoken language skills, phonemic skills become important probably as a consequence of 

reading acquisition (see also Castro-Caldas et al., 1998; Ziegler & Goswami, 2005). First, 

children are able to segment words into syllables relatively early, and the ability to segment 
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words into phonemes emerges through reading acquisition (Ziegler & Goswami, 2005). This 

means that phoneme level PA is the consequence and not the prerequisite of learning to read. 

Second, illiterates perform poorly in phoneme awareness tasks (Castro-Caldas et al., 1998; K. 

Lukatela et al., 1995). Thus, the relationship between reading and PA seems to be reciprocal 

(Castles & Coltheart, 2004). 

PA is assumed to facilitate the acquisition of letter-speech sound (LSS) associations 

(Blomert & Willems, 2010; Cardoso-Martins et al., 2011; Lervåg et al., 2009; David L. Share, 

2004). Indeed, numerous studies reported association between LSS knowledge and reading 

skills (Muter et al., 2004; Roth et al., 2002; Stephenson et al., 2008). Research on novice 

readers suggest that the pace of LSS acquisition depends on the transparency of the orthography 

(Seymour et al., 2003; Ziegler & Goswami, 2005). Children show a ceiling effect on letter-

sound matching within a year of reading instruction in transparent orthographies (e.g. Finnish, 

Hungarian, or Italian) while in opaque orthographies (e.g. English or French), mastering LSSs 

can take 2 to 3 years for children. 

In spite of the relatively fast acquisition of sublexical letter-to-sound conversion, full 

integration of LSS associations requires substantial practice and takes years to become fully 

automated. Froyen and colleagues (2008, 2009) studied the development of automatic LSS 

integration by measuring the mismatch negativity (MMN). The MMN (Naatanen et al., 1997; 

Näätänen & Alho, 1995) is an event-related potential (ERP) component elicited between 100 

and 250 ms after stimulus onset and is sensitive to rarely presented stimuli (the deviant stimuli) 

compared to frequently presented stimuli (the standard). In the cross-modal MMN paradigm 

(Froyen et al., 2008), participants are presented with a speech sound (e.g. “/a/”) simultaneously 

with its corresponding letter (“a”). Thus, the deviant speech sound (e.g. “/o/”) elicits a double 

violation to the standard speech sound and the corresponding letter. In their study with skilled 

readers, Froyen and colleagues (2008) found that the amplitude of MMN was modulated 

around 150 ms after stimulus onset suggesting that automatic LSS integration occurs in a very 

early time-window. This result indicates that LSS pairs are actually processed as audiovisual 

objects. 

However, when Froyen and colleagues (2009) conducted the same experiment with 

students from grade 2 and grade 5, they obtained a different pattern of results. Beginner readers, 

while behaviorally showing good letter knowledge, did not show any influence of the 

simultaneously presented letter by their event-related brain responses (here the MMN), 

indicating no sign of automatic LSS integration. In contrast, readers in grade 5 exhibited early 

automatic integration. Interestingly, this integration was evident only when letters and speech 
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sounds were presented with a 200 ms interval, but not when they were presented 

simultaneously. Since adult readers display early automatic integration only when the LSS 

pairs are presented with a 0 ms interval (Froyen et al., 2008; Van Atteveldt et al., 2007), the 

above results suggest that development from LSS association to automatized audiovisual 

integration of letters and speech sounds takes several years. 

One of the main indices of automatic phonological recoding is the so-called 

pseudohomophone (PH) effect (Van Orden et al., 1988). PHs are pseudowords that sound like 

real words. For example, there is no such word in English as “bakon”; however, it is 

pronounced exactly the same as the word “bacon”. Processing such PHs is possible only via 

sublexical letter-to-sound conversion; thus, such stimuli measure automatic phonological 

recoding. Studies that investigated the PH effect in novice readers found that children made 

more errors responding to PHs compared to control pseudowords (Grainger et al., 2012; 

Sprenger-Charolles et al., 2003; Ziegler, Bertrand, et al., 2014). 

However, the role of phonology is not limited to the first few years of literacy 

instruction, it has an impact on visual word recognition in skilled adult readers, too. First, 

experiments employing PH stimuli revealed automatic activation of phonological information 

during silent reading. For example, in semantic categorization tasks, skilled readers are more 

likely to accept PHs (e.g., ROZE) as flower names because of the shared phonological form 

with ROSE (Jared & Seidenberg, 1991; Van Orden et al., 1988). Moreover, in lexical decision 

tasks, PHs result in more errors and slower reaction times compared to control pseudowords 

for skilled readers (Seidenberg et al., 1996) and for novice readers, as well (Grainger et al., 

2012; Sprenger-Charolles et al., 2003). 

Similar results emerged from masked priming experiments. In masked priming tasks, 

the target word is preceded by a briefly presented (<70 ms) prime stimulus. The visual mask 

(####) is presented either before (forward masking) or after (backward masking) the prime 

with the purpose of interrupting the visual processing of the stimulus. Manipulating the 

relationship between the prime and the target (e.g. orthographic: “groy” – “GROW”, 

phonological: “groe” – “GROW”) makes it possible to track the effects of different processes 

involved in visual word recognition. Since this task limits the presentation time of the stimuli 

or disrupts its processing by presenting a visual mask, it is considered to tap onto early and 

automatic word identification processes and to be less subject to strategic control. Ziegler and 

colleagues (2014) tested the PH priming effect in children from grade 1 to grade 5 and found 

that PHs are more effective primes compared with matched orthographic control pseudowords. 

In addition, the effect is also present in adult readers (Drieghe & Brysbaert, 2002; Lukatela et 
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al., 1998; Ziegler, Bertrand, et al., 2014). Thus, behavioral evidence supports early 

phonological processing that arises quickly and automatically both in novice and in skilled 

readers. 

The above results were confirmed by ERP studies. The PH priming effect exerts its 

earliest influence on the N250 component (Grainger & Holcomb, 2009). The N250 (see Figure 

1) appears between 200 and 325 ms after stimulus onset and peaks around 250 ms with a scalp 

distribution of the response amplitude largest over the midline and over the left anterior sites. 

This component is thought to be sensitive to both orthographic and phonological overlap 

between prime and target stimuli; thus, it might reflect processing of the sublexical 

orthographic and phonological representations involved in mapping letters onto word forms. 

Grainger, Kiyonaga, and Holcomb (2006) found that when targets (e.g. “BACON”) were 

preceded by PH primes (“bakon”), the magnitude of the N250 was reduced compared to the 

orthographic control condition (“bafon”). This phonological priming was evident after 225 ms 

and had a somewhat anterior distribution. Eddy and colleagues  (2016) reported similar results 

with 8–10 years old children. Children showed robust PH priming effects on the N250 

component; however, the magnitude of the priming effect did not correlate with their reading 

skills (standardized reading and phonological measures). 

In conclusion, results of both the developmental and adult studies demonstrate that 

phonological coding plays a crucial role in visual word recognition throughout reading 

development. Evidence seems to be strong that in alphabetic orthographies, sublexical 

phonology is activated automatically during visual word recognition, thus, phonology is 

ubiquitous in silent reading. 
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Figure 1 A schematic representation of the timing and functional interpretation of visual ERPs 

elicited by letter strings. 

N170: Orthographic stimuli elicit larger negative peak as compared to non-orthographic stimuli such as 

symbol strings, as early as 150–200 ms after stimulus onset, especially over the left posterior-occipital 

regions. This component is called the N170 response (in children the N1 response as it peaks after 200 ms) 

and is considered to be the electrophysiological correlate of visual expertise for print. Two levels of print 

sensitivity can be distinguished: (1) a coarse-grade sensitivity indexed by greater response for letter strings 

compared to symbol strings or false fonts and (2) a fine-grade sensitivity for orthographically familiar 

letter sequences such as words compared to unfamiliar sequences such as pseudowords. 

N250: The N250 component appears between 200 and 325 ms with a peak around 250 ms with a scalp 

distribution largest over the midline. This component is sensitive to both orthographic and phonological 

overlap between prime and target stimuli: (1) Letter substitution (“jupte”) evokes greater response than 

letter transposition (“jugde”) and (2) pseudohomophone primes (“bakon”) evoke smaller responses as 

compared to control pseudowords (“bafon”). Orthographic overlap influences the early phase of the 

component (from 200 ms) with a posterior distribution whereas phonological overlap influences the later 

phase of the component (from 225 ms) with a more anterior distribution. Thus, the N250 is considered to 

be the electrophysiological correlate of mapping sublexical orthographic and phonological representations 

onto whole-word representations. 

N400: The N400 is a negative-going component which peaks around 400 ms after stimulus onset with a 

maximum over frontal and central sites. This component is sensitive to lexicality (differences between 

words, pseudowords, and phonologically illegal nonwords) and semantic relatedness (“table” – “chair”); 

thus it primarily reflects lexical and semantic level processing. Words with many orthographic neighbors 

elicit larger responses as compared to words with few many orthographic neighbors. Finally, word primes 

preceding word targets evoke larger responses than pseudoword primes due to lexical competition. In sum, 

the N400 is thought to reflect the mapping of whole word orthographic and phonological representations 

onto meaning.  

Note. GFP denotes to Global Field Power, which is the standard deviation of the potentials at all electrodes 

of an average-reference map. 

 

N 
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3.2. Phonological processing in atypical readers 

To further examine the importance of phonology in visual word recognition, I discuss 

the results of experiment involving groups with reading difficulties. Particularly, readers with 

dyslexia are assumed to show phonological deficits, while deaf readers also show limited 

access to phonology. 

 

3.2.1. Developmental dyslexia 

PA was postulated to be an early predictor of dyslexia (Landerl et al., 2013; 

Puolakanaho et al., 2004, 2007, 2008). Yet, not all children with poor PA before literacy 

acquisition become adults with dyslexia, and not all individuals with dyslexia show poor PA 

before literacy acquisition (Blomert & Willems, 2010). Moreover, as we have already 

discussed in relation to typical readers, PA is also influenced by the quality and quantity of 

reading experience, thus, its impact is considered to be bidirectional (Castles & Coltheart, 

2004; Castro-Caldas et al., 1998; Ziegler & Goswami, 2005). Consequently, it is still an open 

issue to what extent PA deficits are the cause or a result of dyslexia. Nonetheless, it is well-

documented that the majority of readers with dyslexia show poor performance on PA tasks 

(Snowling, 2000; Swan & Goswami, 1997; Vellutino et al., 2004). 

Reduced PA is suggested to interfere with the development of automatic LSS 

association required for skilled reading (Blomert & Willems, 2010; Castles et al., 2009; Lervåg 

et al., 2009; Share, 2004). As a consequence, reading difficulties in developmental dyslexia 

might result from the failure to form automatic LSS associations (Castles & Coltheart, 2004). 

In fact, Blomert (2011) argued that dyslexia is a specific audiovisual binding deficit in which 

effective connections between brain areas involved in letter and speech sound processing fail 

to develop adequately. This is supported by the result that many pre-reading children at familial 

risk for dyslexia have problems with learning LSS associations even in the absence of 

phonological deficits before or after learning to read (Blomert & Willems, 2010).  

In line with this, several studies demonstrated an audiovisual integration deficit in 

dyslexia so far (Froyen et al., 2011; Hasko et al., 2014; Kronschnabel et al., 2014; Mittag et al., 

2013; Rüsseler et al., 2018; Žarić et al., 2015; for a review, see Blomert, 2011). One ERP study 

(Froyen et al., 2011) reported for instance that children with dyslexia do not exhibit MMN 

between 100 and 250 ms, which is considered the index of automatic integration of letters and 

sounds. Another study (Žarić et al., 2014) extended these results by showing that deviant 

vowels elicit a typical mismatch response in children with dyslexia in an auditory oddball 

paradigm. However, the mismatch effect was reduced when responses were measured in an 
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audiovisual version of the task. Moreover, individual differences in reading fluency modulated 

the MMN effect. Severely dysfluent readers exhibited a small effect for simultaneously 

presented LSS pairs, while less dysfluent and typical readers showed a robust mismatch effect. 

Similarly, Hasko and colleagues (2012) reported that for stimuli requiring orthographic-

phonological mapping children with dyslexia showed different N300 responses compared to 

children without dyslexia. Results from fMRI studies also corroborate these findings. Both 

children and adults with dyslexia showed reduced letter–sound integration (Blau et al., 2009, 

2010). These results can be taken as evidence for the presence of audiovisual integration 

deficits in dyslexia. 

In addition, Booth, Perfetti, and MacWhinney (1999) found that skilled readers show 

more PH priming effect than poor readers. Similarly, Holyk and Pexman (2004) reported that 

participants with better phonological skill exhibit greater PH priming effect; although visual 

perceptual skills also modulated the effect. However, studies examining phonological 

processing in readers with dyslexia by employing PH stimuli could not unequivocally confirm 

the above conclusion. For example, O’Brien, Van Orden, and Pennington (2013) investigated 

the PH effect in readers with dyslexia in a semantic categorization task. All participants 

exhibited the PH effect, and readers with dyslexia showed even greater influence of phonology 

than the control participants. In addition, when comparing response times for words, 

pseudowords, and PHs, readers with and without dyslexia show a similar response pattern 

(word < PH < pseudoword, Bergmann & Wimmer, 2008; Hasko et al., 2013; van der Mark et 

al., 2009, 2011; Wimmer et al., 2010). Savill and Thierry (2011) investigated phonological 

priming effect in adults with dyslexia in an ERP experiment. They reported similar 

phonological modulation of the N2 and P3 component amplitudes for individuals both with 

and without dyslexia (see also Savill & Thierry, 2012). This might be taken as evidence for 

intact phonological access in participants with dyslexia. 

In contrast, some fMRI studies found higher activation in the VWFA for PHs and 

pseudowords as compared to words in skilled readers, while the effect was absent in readers 

with dyslexia (van der Mark et al., 2009; Wimmer et al., 2010). In line with this, an eye-tracking 

study (Breadmore & Carroll, 2018) reported that children with dyslexia exhibited a smaller PH 

effect than children without dyslexia. Nevertheless, a recent study (Blythe et al., 2020) using a 

similar eye-tracking research paradigm failed to find a difference between adolescents with and 

without dyslexia in the PH effect. 

In sum, deficits in PA can be consistently demonstrated in developmental dyslexia, and 

LSS integration deficits are clearly present, as well. However, experimental evidence from 
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studies investigating automatic phonological recoding during silent reading leaves the nature 

and extent of phonological representation deficits ambiguous in developmental dyslexia. 

 

3.2.2. Deafness 

Given the well-established importance of PA skills in learning to read (Melby-Lervåg 

et al., 2012) and their consistently demonstrated deficits in developmental dyslexia, PA deficit 

has also been one of the main focuses of research with deaf readers. Since deaf children have 

limited access to auditory information, they will likely have poor phonological representations. 

However, this does not necessarily exclude them from developing PA. In fact, deaf individuals 

can develop varying degrees of phonological knowledge (Hirshorn et al., 2015; Narr, 2008; 

Perfetti & Sandak, 2000; Sterne & Goswami, 2000). 

In line with this, a great number of studies reported that deaf individuals perform above 

chance level on PA tasks (Kyle & Harris, 2006, 2010; Narr, 2008; Sterne & Goswami, 2000). 

Yet, perhaps not surprisingly, deaf readers in general show poorer performance on PA tasks 

compared to their hearing peers (Dyer et al., 2003; Harris & Beech, 1998; Margaret Harris & 

Moreno, 2006; Holmer et al., 2016; Koo et al., 2008; Sterne & Goswami, 2000; Zhang et al., 

2021; but see Moreno-Pérez et al., 2015). 

While performance on PA tests is one of the main predictors of reading for both 

typically developing readers (Hulme et al., 2002; Ziegler et al., 2010) and readers with dyslexia 

(Araújo et al., 2010; Landerl et al., 2013), the association between PA and reading in deaf 

children is hotly debated. Some studies have found association between performance on PA 

tasks and reading ability (Domínguez et al., 2014; Dyer et al., 2003; Harris & Beech, 1998); 

however, most of the studies did not (Furlonger et al., 2014; Holmer et al., 2016; Izzo, 2002; 

Kyle & Harris, 2006, 2010; Mayberry et al., 2011; Narr, 2008; Zhang et al., 2021). A meta-

analysis by Mayberry, Del Guidice, and Lieberman (2011) found that phonological coding and 

PA predict only 11% of reading achievement in deaf individuals while other linguistic factors 

are more closely related to reading development. 

The inconsistency of the results might be explained by the age and language experience 

of the participants. First, those studies that involved adult participants usually reported 

correlation between PA and reading (Domínguez et al., 2014; Dyer et al., 2003; Harris & 

Beech, 1998), whereas studies that involved deaf children did not (Holmer et al., 2016; Izzo, 

2002; Kyle & Harris, 2006, 2010; Narr, 2008; Zhang et al., 2021; but also see Furlonger et al., 

2014 for no correlation in adults). Results from longitudinal studies (Harris et al., 2017; Kyle 

& Harris, 2006, 2010) pointed out that earlier reading ability predicted later performance on 
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PA tasks, but early performance on PA tasks did not predict later reading ability. This indicate 

that deaf children might rely on orthography to develop their PA to a greater extent than hearing 

children. 

Second, the relationship between PA and reading also depends on language experience 

(Hirshorn et al., 2015; Koo et al., 2008; Lederberg et al., 2019). Hirshorn et al. (2015) assessed 

oral deaf readers, who communicate with spoken language, and signing deaf readers, who 

communicate with sign language. While PA predicted reading comprehension in oral deaf 

readers, it did not do so in signing deaf readers. Moreover, signing deaf children are also 

sensitive to the sublexical elements of signs (Petitto et al., 2016), and sign language PA1 

correlates with reading skill (Holmer et al., 2016; Lederberg et al., 2019; McQuarrie & Abbott, 

2013). 

Studies on the ability of deaf children to learn LSS correspondences through visual 

phonics2 concluded that deaf children are able to acquire the alphabetic principle and to apply 

grapheme-phoneme correspondences when reading words and pseudowords (Beal-Alvarez et 

al., 2012; Trezek & Hancock, 2013). In addition, Kyle and Harris (2011) reported that the 

letter–sound knowledge predicts later reading skills for deaf children, although deaf readers 

might acquire letter-sound correspondences slower than their hearing peers. Finally, two 

further studies demonstrated that PA skills predicted learning and application of letter-sound 

correspondences suggesting that PA facilitates the acquisition of LSS associations similar to 

typically developing hearing readers (Furlonger et al., 2014; Goldberg & Lederberg, 2015). 

Studies employing PH stimuli concluded that deaf readers do not automatically use 

phonological recoding during silent reading; however, they might be able to use phonological 

recoding under certain circumstances, even though not to the same extent as hearing 

participants. Lexical decision studies showed that deaf readers are more likely to accept a PH 

as a real word than a control pseudoword; however, they exhibit a smaller PH effect than their 

                                                
1 According to the Universal Phonology hypothesis (Petitto et al., 2016), phonological skills 

arise from the brain’s categorization and segmentation capacity in both signed and spoken 

languages; thus, phonology can be regarded as a modality-independent cognitive construct. In 

this view, sign language PA refers to the sensitivity to and metalinguistic awareness of the 

sublexical structure of a sign language. More specifically, it refers to the sensitivity to the 

manual/visual parameters, such as handshape, location, hand movement, palm orientation, 

and facial gestures. 
2 Visual phonics is a multisensory instructional tool that relies on using visual, tactile, and 

kinesthetic information to augment or substitute auditory information when teaching the 

alphabetic principle (Trezek & Wang, 2006). In Hungary, a similar method, „fonomika” is 

used to help to learn speech sounds in special education (Fazekasné Fenyvesi, 2019). 
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hearing counterparts (Friesen & Joanisse, 2012; Transler & Reitsma, 2005). In contrast, Fariña, 

Duñabeitia, and Carreiras (Fariña et al., 2017) reported that hearing readers made more errors 

to PHs compared to control pseudowords, whereas deaf readers’ error percentages were similar 

for PHs and control pseudowords suggesting that they do not engage in phonological recoding 

(see also Ormel et al., 2010). 

Masked priming experiments assessing automatic use of phonological coding found no 

PH effect in deaf readers (Bélanger et al., 2012; Costello et al., 2021; Cripps et al., 2005). For 

instance, Costello and colleagues (2021) reported that hearing readers showed a robust PH 

effect, whereas deaf readers did not. Nevertheless, Gutierrez-Sigut et al., (2017) failed to find 

any difference between the PH effect shown by deaf and hearing participants. 

Results of the ERP studies available are mixed, as well: Costello and colleagues (2021) 

found that while PH primes modulated the N250 component for the hearing participants, deaf 

participants did not show a PH effect at all. On the other hand, Gutierrez-Sigut and colleagues 

(2017) reported a similar magnitude of N250 modulation in both deaf and hearing readers. 

However, the use of phonological recoding seems to be not related to reading skills in deaf 

readers, since the PH priming effect is not correlated with reading ability (Bélanger et al., 2012; 

Gutierrez-Sigut et al., 2017). 

Taken together, phonology plays a prominent role in skilled visual word recognition 

and in reading acquisition in typically developing readers, while phonological processing 

deficits are consistently found in atypical readers. Readers with dyslexia commonly show both 

PA and LSS integration deficits; however, deficits in phonological recoding during silent 

reading cannot be unequivocally demonstrated. Deaf readers similarly exhibit poor PA skills 

and do not routinely activate phonological codes during silent reading. Nevertheless, 

phonological deficits in readers with dyslexia seem to be related to their reading difficulties, 

but for deaf readers, phonological processing skills are generally not associated with reading 

skills, suggesting that phonology might not be necessary for reading in some special cases. 

 

4. Orthographic processing in visual word recognition 

Skilled reading is based on high-quality orthographic representations which enable 

readers to recognize written words quickly and effortlessly (Ehri, 2005). Hence, orthographic 

knowledge is considered as one of the major contributors to automatic visual word recognition. 

Although phonological processing and its integral role in visual word recognition has long been 

the focus of research, far fewer studies have targeted the nature of orthographic representations 

and their role. 
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There seems to be a consensus among researchers, that readers do not process words as 

a whole but via their constituent letters (Frost, 2012; Grainger, 2008; Pelli et al., 2003). Ergo, 

letters are the basic units of abstract orthographic structure. Processing the constituent letters 

of words is the first ‘language-specific’ stage of visual word recognition. In the following 

section, I summarize the literature on how typical and atypical readers process letter strings; 

thereafter, I discuss three orthographic processes by which readers advance from perceiving 

letters to activating lexical representations: visual expertise for print, letter identity and letter 

order processing, and the prime lexicality effect (PLE). 

 

4.1. Orthographic processing in typical readers 

Orthographic knowledge explains unique variance in visual word recognition even after 

phonological and grapheme-phoneme decoding skills are controlled (Cunningham et al., 2001; 

Cutting & Denckla, 2001; Georgiou et al., 2008; Rakhlin et al., 2019), suggesting it may 

contribute to the development of skilled reading. Orthographic knowledge refers both to the 

lexical, word-specific orthographic knowledge: the mental representations stored in long-term 

memory that contain specific sequences of graphemes representing written words (i.e. 

orthographic representations), and to the sublexical orthographic knowledge: the sensitivity to 

orthographic patterns and rules that operate within a language (i.e. orthotactic rules such as 

which letters can follow other letters or in which position letter combinations occur frequently; 

Apel, 2011; Apel et al., 2019; Castles & Nation, 2006). As Treiman and Kessler (2014) argued, 

skilled spellers store both the precise orthographic representation of specific words and 

information about orthographic patterns (such as context-sensitive phonological patterns and 

graphotactic patterns). 

Word-specific orthographic knowledge is usually measured by an orthographic choice 

task in which participants choose between a real word and a PH (“rain” vs “rane”). Word-

specific orthographic knowledge seems to contribute unique variance to reading and spelling 

proficiency (Conrad et al., 2013; Deacon et al., 2012; Georgiou et al., 2008; Rothe et al., 2015; 

Zarić et al., 2021). In addition, children seem to acquire word-specific orthographic knowledge 

quickly. For instance, Share (1999) reported that for grade 2 children four exposures to a novel 

word is enough to acquire its orthographic form. Children correctly selected the learnt 

orthographic form 74% of the time while they selected the homophonic foil only 17% of the 

time (see also Cunningham et al., 2002). Similar rate of learning is demonstrated through 

reading aloud and silent reading (Bowey & Muller, 2005; De Jong & Share, 2007). 
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Sensitivity to orthographic patterns is usually measured by an orthographic choice task 

in which participants choose between a pseudoword that contains legal letter patterns and a 

pseudoword that contains illegal letter patterns (so-called homophone choice task, “beff” vs 

“bbef”). Sensitivity to orthographic patterns contribute unique variance to reading and spelling 

proficiency, too (Conrad et al., 2013; Rothe et al., 2015; Zarić et al., 2021). Skilled readers are 

indeed sensitive to orthographic patterns. For instance, they are perceptive to the frequency of 

particular letter patterns occurring in particular positions of the words (Stone et al., 1997; Van 

Orden & Kloos, 2005). In addition, there is evidence that children are sensitive to orthographic 

patterns. Pacton et al. (2001) demonstrated that first-grade children are already sensitive to 

which letters can be doubled in what position in a word. Moreover, a longitudinal study (Rothe 

et al., 2014) found that orthographic sensitivity improved from kindergarten to first grade, and 

individual differences in the sensitivity to orthographic regularities explained significant 

variance in reading performance (see also Conrad et al., 2013, but see Ise et al., 2014). 

According to Andrews and colleagues (Andrews et al., 2020; Andrews & Lo, 2012), 

spelling performance provides the best direct index of orthographic representations. Indeed, 

spelling accounts for unique variance in visual word recognition (Adelman et al., 2014; 

Andrews et al., 2020; Andrews & Lo, 2012). Interestingly, there is some evidence that spelling 

practice boosts reading performance (Conrad, 2008), suggesting that acquisition of 

orthographic representations are better supported by spelling than by reading (see also Conrad 

et al., 2019). 

At the beginning of formal education, reading performance is typically better than 

spelling performance, presumably because grapheme-phoneme mapping is usually more 

consistent than phoneme-grapheme mapping, and the relationship between orthographic and 

semantic representations are usually weaker than phonological and semantic representations 

(Bosman & Van Orden, 1997). In line with this, correct spelling might be produced via two 

ways (Tainturier & Rapp, 2001). Through the lexical route, individuals access the orthographic 

representation of the word in the lexicon. Through the non-lexical route, the generation of 

correct spelling is based on grapheme-phoneme mappings. Indeed, words with consistent 

grapheme-phoneme mappings are learnt faster than exception words (Keuning & Verhoeven, 

2008). In addition, Sprenger-Charolles, Siegel, and Bonnet (1998) reported that novice spellers 

first rely on the non-lexical route, and with further practice, they establish the orthographic 

lexicon and start using the lexical route, indicating that the relative contribution of the two 

routes shift with reading experience. 
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In sum, typically developing children establish word-specific orthographic 

representations remarkably quickly and become sensitive to statistical properties of 

orthography shortly after reading instruction. In contrast, learning to spell words takes more 

time and practice. Nonetheless, orthographic knowledge is a major contributor of skilled 

reading. 

 

4.2. Orthographic processing in atypical readers 

 

4.2.1. Developmental dyslexia 

While phonological processing, especially grapheme-phoneme integration, appears to 

be impaired in developmental dyslexia, some recent studies have also indicated orthographic 

processing deficits, as well (Bosse et al., 2007; Maurer et al., 2007; Vidyasagar & Pammer, 

2010). 

First, spelling knowledge is usually found to be poor in readers with dyslexia (Afonso 

et al., 2015; Caravolas & Volín, 2001; Daigle et al., 2016; Kemp et al., 2009; Marinelli et al., 

2021; Protopapas et al., 2013). For instance, Afonso, Suárez-Coalla, and Cuetos (2015) 

assessed the spelling of adult readers with and without dyslexia. Overall, participants with 

dyslexia were slower and made more errors than control participants. Moreover, the effect of 

word frequency was greater for participants with dyslexia than controls. In contrast, the effect 

of phonology-to-orthography consistency was comparable between the groups, suggesting that 

spelling deficits might be due to poor orthographic lexical representations and not due to poor 

phonological processing per se. In line with this, Marinelli and colleagues (2021) found that 

children with dyslexia showed sensitivity to probabilistic cues in the phoneme-to-grapheme 

mapping when spelling novel words. This suggests that they extract regularities from the 

orthographic system but may have established a limited orthographic lexicon. 

Second, word-specific orthographic knowledge seems to be poorly developed in 

developmental dyslexia (Rothe et al., 2015). Parilla, Georgiou, and Papadopoulos (2020) 

compared the performance of fourth and sixth grade children with dyslexia, age-matched 

controls, and reading-level matched controls on an orthographic choice task. They found that 

children with dyslexia were slower and less accurate on the task compared to their age-matched 

peers; however, they did not differ from the reading-level matched controls. This could indicate 

that their orthographic deficits might arise from their limited exposure to print. 

However, children with dyslexia seem to experience difficulties with the acquisition of 

novel orthographic representations even after a large number of exposures (Bailey et al., 2004; 
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De Jong & Messbauer, 2011; Ehri & Saltmarsh, 1995; Martens & De Jong, 2008; Wang et al., 

2014). In fact, Di Betta and Romani (2006) demonstrated that adults with dyslexia show 

difficulties in learning orthographic forms from the first trial. In line with this, Bergmann and 

Wimmer (2008) reported that the orthographic lexicon of readers with dyslexia is smaller than 

that of skilled readers. 

Furthermore, children with dyslexia also perform worse than their typically developing 

peers on tasks measuring sensitivity to orthographic patterns (Diamanti et al., 2018; Rothe et 

al., 2015; Tong et al., 2019). A recent meta-analysis by Georgiou and colleagues (2021) also 

concluded that individuals with dyslexia have deficits in orthographic knowledge compared to 

controls matched both in chronological and reading age. Moreover, effect sizes indicated that 

orthographic knowledge deficit can be as large as that of phonological processing deficits. 

Tong, Zhang, and He (2020) investigated the learning of the distributional properties of 

an artificial orthography in Chinese children with and without dyslexia. They reported that 

children with dyslexia showed deficits in some, but not all, aspects of learning orthographic 

regularities. Moreover, Rothe and colleagues (2015) assessed sensitivity to the frequency of 

double consonants and the legality of positions for double consonants in a standard 

orthographic choice task. In addition, they measured the ability to identify orthographic 

irregularities in single presentation words. Their results demonstrated that children with 

dyslexia are able to use their knowledge about orthographic patterns to choose between 

pseudoword alternatives; however, they exhibited impairments in identifying illegal letter 

patterns when presented in isolation. This finding again suggests that children with dyslexia 

are able to extract regularities from the orthographic system, but accessing orthographic 

representations of words in the mental lexicon might be challenging for them. 

 

4.2.2. Deafness 

Results from studies assessing the spelling skills of deaf individuals indicate that 

spelling accuracy is similar to that of their hearing peers (Colombo et al., 2012; Daigle et al., 

2020). In fact, deaf individuals usually show greater delays in reading compared with spelling 

(Burden & Campbell, 1994; Geers & Moog, 1989; Roy et al., 2015). In addition, spelling 

development seems to follow a similar trajectory for both deaf and hearing children (Aaron et 

al., 1998; Johnson et al., 1994; Wakefield, 2006). However, it is consistently reported that deaf 

individuals make different spelling errors as compared to hearing individuals (Aaron et al., 

1998; Daigle et al., 2020; Harris & Moreno, 2004; Olson & Caramazza, 2004; Sutcliffe et al., 

1999; Wakefield, 2006). While hearing spellers tend to use phonological information to assist 
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spelling, deaf children do not seem to rely upon phonological coding during spelling of written 

words (Aaron et al., 1998; Harris & Moreno, 2004; Olson & Caramazza, 2004; Sutcliffe et al., 

1999; Wakefield, 2006; but see Colombo et al., 2012). In addition, deaf individuals make a 

higher rate of orthographic errors such as letter transposition or letter deletion compared to 

hearing individuals (Aaron et al., 1998; Olson & Caramazza, 2004; Wakefield, 2006 but see 

Colombo et al., 2012), indicating greater reliance on visual information for spelling. 

Using a novel approach to assess spelling and literacy skills, Roy and colleagues (2015) 

directly compared the spelling skills of deaf children with children with dyslexia. The two 

groups did not differ from each other in terms of word reading; however, spelling was a relative 

strength for the deaf children and a relative weakness for the hearing children with dyslexia. In 

addition, the pattern of errors was noticeably different. Deaf spellers committed far less 

phonologically plausible spelling errors than hearing children with dyslexia who relied on the 

phonological route to spelling in spite of their phonological impairment. 

Even though a significant number of studies investigated spelling of deaf individuals, 

much less is known about the acquisition of words specific orthographic knowledge in this 

group. The only study so far that examined orthographic learning in deaf readers reported that 

deaf children’s performance was weaker in the spelling measure but not in the recognition 

measure of orthographic learning compared to their hearing peers (Wass et al., 2019). This 

suggests that deaf children are able to acquire orthographic representations although these 

representations might be weaker than that of hearing children. 

Regarding sensitivity to orthographic patterns, most studies reported that deaf readers 

are sensitive to orthographic regularities (Daigle et al., 2009; Miller, 2010). Daigle, Armand, 

and Demont (2009) presented deaf and hearing children with an orthographic choice task. 

According to their results, deaf children were sensitive to the orthographic patterns of French, 

but to a lesser degree than hearing children. Miller (2010) extended these results by showing 

that although deaf children showed less orthographic sensitivity than hearing children in 

elementary school, the difference disappeared by high school, suggesting that differences in 

orthographic processing might arise from differences in exposure to print during the first years 

of formal education. In line with this assumption, Harris and Moreno (2004) reported that deaf 

children show less sensitivity to orthographic patterns than their age-matched hearing controls 

but do not differ from their reading level matched controls. 

In sum, though readers with dyslexia seem to be able to extract orthographic regularities 

from print, they are less sensitive to these patterns and require more exposure to acquire 

orthographic representations. In contrast, orthographic knowledge seems to be relatively intact 
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for deaf readers although their orthographic representations might be weaker than that of their 

hearing peers. 

 

4.3. Visual expertise for print 

Due to extensive experience with letters during learning to read, the visual perception 

of print becomes highly specialized. For instance, participants tend to be faster and more 

accurate when they have to compare strings that consist of letters compared to strings that 

consist of unknown symbols or false fonts (Duñabeitia et al., 2012; Maurer et al., 2006; Muñoz 

et al., 2012; Tóth & Csépe, 2016). Thus, for typical readers the detection of letter strings trigger 

a string-specific visual processing. 

 

4.3.1. Typical readers 

Several studies have shown that orthographic stimuli such as words or pseudowords 

evoke a larger electrophysiological response compared to control stimuli such as symbol 

strings (Bentin et al., 1999; Maurer et al., 2011; Maurer, Brandeis, et al., 2005; Maurer, Brem, 

et al., 2005). This differential response to orthographic versus non-orthographic stimulus is 

called the N170 (or N1) response (Bentin et al., 1999), and is considered to be the 

electrophysiological correlate of visual expertise for print (see Figure 1). The N170 peaks 

around 150–200 ms after stimulus onset and is largest over the left occipito-temporal brain 

regions (Maurer, Brandeis, et al., 2005). 

This coarse-grade sensitivity for print seems to emerge as a result of reading 

acquisition, since it cannot be detected in kindergarten (Maurer, Brem, et al., 2005), but 

children show robust N170 effect after a year of reading instruction (Cao et al., 2011; Eberhard-

Moscicka et al., 2015; Zhao et al., 2014). This is also supported by the results of Boltzmann 

and Rüsseler (2013), who reported that illiterate adults do not exhibit visual expertise for print, 

but the N170 effect emerges after reading instruction. In line with this, Brem and colleagues 

(2018; see also Maurer et al., 2010) taught adult participants a novel orthography and 

demonstrated that visual expertise for the novel script emerged during the two hour long 

training session. 

Development of visual expertise for print follows an inverted U shape (Maurer et al., 

2006). While the effect is absent in pre-literate children (Maurer, Brem, et al., 2005), it peaks 

during the first years of reading acquisition and then starts to decline with further reading 

practice (Fraga-González et al., 2021; Maurer et al., 2006). In fact, children in grade 2 show a 

larger effect than children in higher grades (Cao et al., 2011; Maurer et al., 2011) or adults (Cao 
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et al., 2011; Maurer et al., 2006). The fact that visual tuning for print is maximal in novice 

readers might suggest that their neural network extensively specializes for the visual aspects of 

print, and that with further reading experience, sensitivity to these visual aspects become more 

selective and probably more efficient. 

The N170 effect, an index of visual expertise for print, has also been linked to reading 

fluency. For instance, Maurer and colleagues (2006) found that faster readers exhibited larger 

N170 effect in grade 2. This result was confirmed by several other studies (Boltzmann & 

Rüsseler, 2013; Brem et al., 2006; Eberhard-Moscicka et al., 2015; Tong et al., 2016 but see 

Fraga-González et al., 2021). Furthermore, only reading fluency is associated with the visual 

expertise of print as rapid-automatized naming (RAN), PA, or vocabulary does not correlate 

with the N170 effect (Tong et al., 2016). However, a regression analysis conducted on German 

data showed that vocabulary explained 7.8% additional variance in the N170 effect beyond 

word-reading fluency (Eberhard-Moscicka et al., 2015). The above results indicate that visual 

expertise for print plays a functional role in reading fluency and letter-sound mapping are an 

important skill in developing this expertise. 

Furthermore, the N170 component is not only sensitive to coarse-grained print tuning 

as indexed by differential processing of letter strings compared to symbol strings, but also to 

fine-grained print tuning as indexed by differential processing of words compared to 

pseudowords or non-words (Eberhard-Moscicka et al., 2016). Albeit coarse-grained print 

tuning can clearly be detected in different paradigms, the fine-grade lexical tuning of the N170 

is less robust and more task-dependent. While most studies found a lexicality effect on the 

N170 (Araújo et al., 2015; Dujardin et al., 2011; Eberhard-Moscicka et al., 2016; Faísca et al., 

2019; Hauk et al., 2006; Hauk & Pulvermüller, 2004; Kast et al., 2010; Maurer et al., 2006; 

Sereno et al., 1998) indicating top-down influence on early orthographic processing, the 

direction of the difference is less clear (greater N170 for words: Eberhard-Moscicka et al., 

2016; Faísca et al., 2019; Kast et al., 2010; Maurer et al., 2006 versus greater N170 for 

pseudowords: Araújo et al., 2015; Dujardin et al., 2011; Hauk et al., 2006; Hauk & 

Pulvermüller, 2004; Sereno et al., 1998). In addition, some studies failed to find a lexicality 

effect (Araújo et al., 2012; Eberhard-Moscicka et al., 2015, 2016; Hasko et al., 2013; Maurer, 

Brandeis, et al., 2005). 
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4.3.2. Atypical readers 

 

4.3.2.1. Developmental dyslexia 

Though it seems that typical readers have learned some type of letter string specific 

visual processing, there is some evidence that individuals with dyslexia might fail to acquire 

this letter string specific processing and show impaired visual expertise for print. Supporting 

this conclusion, several studies reported attenuated N170 to orthographic stimuli (children: 

Araújo et al., 2012; Kast et al., 2010; Maurer et al., 2007; adults: Helenius et al., 1999; Mahé 

et al., 2012, 2013). In line with this, functional brain imaging studies reported reduced 

activation in the left occipitotemporal areas which are considered to be the neural sources of 

N170 (Brem et al., 2020; Cao et al., 2006; Kronbichler et al., 2006; Maurer, Brandeis, et al., 

2005; van der Mark et al., 2009, 2011; Wimmer et al., 2010). In addition, results converge to 

the conclusion that the N170 effect is usually less left-lateralized in readers with dyslexia than 

in skilled readers (Araújo et al., 2012; Helenius et al., 1999; Kast et al., 2010; Mahé et al., 

2012). 

Nevertheless, other studies failed to confirm print sensitivity deficits in children (Hasko 

et al., 2012) or adults with dyslexia (Araújo et al., 2015). The degree of reading impairment 

might be a factor in the occurrence of deficits in visual expertise for print, since most studies 

that found impaired visual expertise in dyslexia included participants with severe reading 

deficits (Helenius et al., 1999; Mahé et al., 2012, 2013). In fact, Brem and colleagues (2020) 

recently reported that children with dyslexia not only show reduced activation in the left 

occipitotemporal areas, but the severity of their impairment is strongly related to how reduced 

the activation of these areas is for orthographic stimuli. 

Impairments in fine-grained print sensitivity are even more ambiguous. For instance, 

adults with dyslexia showed similar lexicality effect as readers without dyslexia in the study of 

Araújo and colleagues (2015). In contrast, Mahé and colleagues (2012) reported that readers 

with dyslexia exhibited no lexicality effect whereas skilled readers did. Furthermore, beginner 

readers with dyslexia showed decreased N170 amplitude to pseudowords but not to words 

compared to controls in one study (Wimmer et al., 2002), but Kast and colleaues (2010) found 

that for children with dyslexia pseudowords elicited greater N170 than words, while children 

without dyslexia showed the opposite pattern of results (words elicited greater N170 than 

pseudowords). The mixed nature of these results invites future research on the extent to which 

fine-grained print sensitivity is impaired in developmental dyslexia. 
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4.3.2.2. Deafness 

Emmorey and colleagues (2017) tested visual expertise for print in deaf and hearing 

readers matched on reading ability. The two groups exhibited similar N170 responses overall; 

however, hearing readers showed a left-lateralized N170 response for words over symbol 

strings, whereas deaf readers showed a bilateral N170 response, especially over the temporo-

parietal sites (see also Adorni et al., 2013; Sehyr et al., 2020). In addition, better spelling was 

associated with greater N170 responses in deaf readers, while this relationship was weak in 

hearing readers, suggesting greater reliance on orthographic skills in the deaf group. Albeit the 

groups were matched on reading ability, better reading skills were related to a larger N170 over 

the right hemisphere for deaf readers, but to a smaller N170 over the right hemisphere for 

hearing readers, indicating that optimal visual word processing is different for skilled deaf 

readers than for skilled hearing readers. 

In sum, skilled readers show robust coarse-grained visual expertise for print; however, 

the N170 response is attenuated and less left-lateralized in readers with dyslexia. In addition, 

deaf readers exhibit the N170 effect, though the scalp distribution is somewhat different 

compared to hearing readers. Moreover, the fine-grained lexical tuning of the N170 is less 

robust even is skilled readers, and the mixed nature of the results from studies with poor readers 

warrants further research to confirm whether fine-grained print sensitivity is impaired in 

developmental dyslexia. 

 

4.4. Letter identity and letter order processing 

For effective visual word recognition, the reading system needs to be specific enough 

to distinguish visually similar words (e.g. “trail”, “trial”,“triad”) but flexible enough to 

recognize words that might be misspelled (e.g. “trial” as “triaf” or “tiral”). As Jonathan Grainer 

(2008, pp. 1) aptly put it “The term ‘orthographic processing’ minimally refers to the 

processing of the identities and positions of the constituent letters of a word.” 

 

4.4.1. Typical readers 

Information about letter identity is essential to distinguish words that differ by a single 

letter (e.g. “trial”, “triad”, and “triaf”). These word pairs are usually referred to as orthographic 

neighbors (Coltheart et al., 1977). Results consistently show that in a lexical decision task, 

pseudowords that have many orthographic neighbors are harder to reject (Andrews, 1989; 

Coltheart et al., 1977; Forster & Shen, 1996; see also Ziegler et al., 2003). In addition, words 

with many orthographic neighbors are responded to faster than to words with few orthographic 



40 

neighbors (Andrews, 1997; Ziegler et al., 2003), a phenomena referred to as the orthographic 

neighborhood size effect. Furthermore, in masked priming paradigms, pseudoword primes (e.g. 

“triaf”) that are orthographic neighbors of the target word (so-called substituted-letter (SL) 

primes or form-primes, e.g. “trial”) facilitate lexical decision compared to an unrelated control 

(e.g., “spoul,” Davis & Lupker, 2006; Forster & Veres, 1998). The magnitude of the SL priming 

effect varies as a function of the neighborhood size of the target, priming is usually larger for 

targets with few neighbors than for targets with many neighbors (Andrews & Hersch, 2010; 

Castles et al., 1999; Forster et al., 1987; Forster & Davis, 1991; Meade et al., 2018; for a review, 

see Grainger, 2008). 

Developmental studies revealed that novice readers are less sensitive to letter identity 

than skilled readers. For instance, Perea and Estévez (2008) showed that children from grade 2 

tend to misread pseudowords that were created by exchanging one letter of a real word, whereas 

children from grade 4 are accurate on these words. In line with this, Tóth and Csépe (2016) 

reported that detection of letter substitution in a perceptual matching task improved from grade 

2 to grade 4 (see also Reilhac et al., 2012). Furthermore, in masked priming paradigms, the SL 

priming effect was reliably demonstrated in children from grade 2 to grade 8, although the 

magnitude of SL priming decreased with reading experience (Castles et al., 2003, 2007; Lété 

& Fayol, 2013; but see Hasenäcker & Schroeder, 2021). This developmental trend could be 

explained as beginner readers tolerate letter identity incongruities between primes and targets 

better than skilled readers. 

Despite rapid development of letter identity coding, letter order processing is not a 

straightforward task even for skilled readers. Information about letter position is essential to 

distinguish words that consist of the same letters but in different positions (e.g. “trial”, “trail”, 

and “tiral”). These word pairs are usually referred to as transposed-letter (TL) words. A number 

of behavioral experiments reported that TL pseudowords are often misread as real words even 

by skilled readers (Andrews, 1996; Perea et al., 2005). Moreover, in masked priming lexical 

decision tasks, TL primes tend to facilitate target word recognition compared to orthographic 

controls (Duñabeitia et al., 2007; Forster et al., 1987; Perea et al., 2008; Perea & Lupker, 2003), 

and TL priming can be observed even when non-adjacent letters are transposed (e.g. “casino” 

vs “caniso”, Perea & Lupker, 2004). 

More importantly, several studies compared the effectiveness of TL primes and SL 

primes showing that TL pseudowords affect visual-word recognition in different ways than SL 

pseudowords (Kinoshita et al., 2009; Lupker et al., 2008; Lupker & Davis, 2009; Perea et al., 

2005; Perea & Fraga, 2006; Perea & Lupker, 2003, 2004). In these studies, responses to TL 
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pseudowords (e.g. “jugde”) are slower and less accurate than responses to SL pseudowords 

(e.g. “jupte”, Perea & Fraga, 2006; Perea & Lupker, 2004; Perea et al., 2005). Moreover, in 

masked priming lexical decision tasks, TL pseudoword primes (e.g. “jugde”) facilitate the 

response to the target word (e.g. “judge”) more effectively than SL pseudoword primes (e.g. 

“jupte”, Adelman et al., 2014; Perea & Lupker, 2003, 2004). This suggests that TL 

pseudowords are perceptually closer to their corresponding real words than SL pseudowords. 

This would also indicate that different processes might underlie letter identity and letter 

position processing. 

Indeed, evidence from development studies hint towards this possibility. Although 

sensitivity to letter identity develops rapidly as indexed by the decreasing magnitude of 

facilitative SL priming, letter order coding becomes more flexible with increasing reading 

experience as indexed by the increasing magnitude of the facilitation effect of TL primes 

(longitudinal design: Hasenäcker & Schroeder, 2021; cross-sectional design: Castles et al., 

2007; Colombo et al., 2017, 2019; Grainger et al., 2012; Lété & Fayol, 2013; Ziegler, Bertrand, 

et al., 2014; but see Gomez et al., 2021; Kezilas et al., 2017 for a decrease in TL prime effect). 

The Lexical Tuning Hypothesis (Castles et al., 2007) suggests that as reading abilities 

develop, letter identity and letter position coding becomes more accurate. According to this 

theory, at the beginning of reading development the representations of words in the 

orthographic lexicon are underspecified. However, as written vocabulary grows, more fine-

tuned representations are needed to distinguish between orthographic neighbors. This drives 

the developmental effect of letter identity and letter position becoming more precise throughout 

development. This is exactly what studies found for letter identity coding, that is,  readers are 

increasingly more sensitive to letter identity (Castles et al., 2007; Lété & Fayol, 2013; Tóth & 

Csépe, 2016). In addition, some studies seem to support the Lexical Tuning Hypothesis by 

showing decreasing TL effects across development (Acha & Perea, 2008; Kezilas et al., 2017) 

and smaller TL effect for better readers (Andrews & Lo, 2012; Gomez et al., 2021; Welcome 

& Trammel, 2017). Nevertheless, as discussed in the previous paragraph, most studies found 

an increase in the TL effects across development (e.g. Colombo et al., 2017, 2019; Hasenäcker 

& Schroeder, 2021; Lété & Fayol, 2013). 

This pattern of results is best explained by the dual-route model of orthographic 

processing (Grainger & Ziegler, 2011). In this model, the TL effect can be considered as an 

index of the coarse grained-route which provides a fast track to semantics without coding the 

exact position of letters. The fine-grained route though is less tolerant to changes in the identity 

and position of the letters. At the beginning of reading acquisition, children use phonological 
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recoding to read words; thus, they precisely code letter position. With increasing expertise, the 

fine-grained route is used less frequently resulting in decreased SL effect, and the coarse-

grained route is used more frequently resulting in increased TL effect. This is supported by 

studies reporting greater TL effect for better readers (Eddy et al., 2016; Tóth & Csépe, 2016; 

Ziegler, Bertrand, et al., 2014). This also reinforces that becoming a skilled reader implies 

shifting from fine-grained decoding to coarse-grained processing of orthographic units of 

increasing size (Grainger et al., 2012; Ziegler, Bertrand, et al., 2014). 

Several studies have investigated the electrophysiological correlates of letter identity 

and letter order processing. First, an early component, the N/P150 is sensitive to the degree of 

overlap between the prime and target stimuli (Grainger & Holcomb, 2009). This ERP 

component appears between 100 and 200 ms after stimulus onset and has a positive distribution 

over posterior sites and a negative distribution over anterior sites. The effect is driven by visual 

overlap between the prime-target pairs, as the magnitude of the N/P150 response is modulated 

by changes in font or font size (Chauncey et al., 2008), as well as by mismatch between letter 

strings (identical versus different word pairs, Cao et al., 2015; Holcomb & Grainger, 2006). 

Moreover, results of Duñabeitia and colleagueas (2012) revealed that the N170 response is 

larger for word pairs that include letter substitution than for word pairs that include letter 

transposition. 

Second, the N250 component is also sensitive to orthographic overlap between the 

prime and target stimuli (Grainger & Holcomb, 2009). It is sensitive to fine word-form 

differences as prime – target pairs that differ in only one-letter (substitution) evoke larger 

response than pairs that are identical (Holcomb & Grainger, 2006). In addition the N250 is also 

larger for SL word pairs than for TL word pairs in both adult readers (Duñabeitia et al., 2009, 

2012) and developing readers (Eddy et al., 2016). 

Finally, Holcomb and Grainger (2006) compared priming from repetition primes and 

SL pseudoword primes and found that not only the N250 component is modulated but the N400 

component, too  (see Figure 1). The N400 is a negative-going component that peaks around 

400 ms after stimulus onset and is considered to reflect the mapping of lexical form onto 

meaning  (Grainger & Holcomb, 2009). In addition, Holcomb and colleagues (2002) reported 

greater N400 responses for words with many orthographic neighbors than for words with few 

orthographic neighbors suggesting increased levels of lexical activation for words from large 

neighborhoods due to coactivation of meanings from orthographic neighbors (see also Massol 

et al., 2010). Thus, while the N250 presumably reflects prelexical form-level processing and is 
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the ERP correlate of letter identity and letter order encoding, the N400 mainly reflects 

lexical/semantic level processing. 

 

4.4.2. Atypical readers 

 

4.4.2.1. Developmental dyslexia 

Although a number of studies examined orthographic processing in skilled readers, 

much less experiments investigated these processes in reading disorders. Orthographic 

representations in typically developing children become increasingly finely tuned during the 

course of reading development (Castles et al., 2007). However, readers with dyslexia might be 

less able to develop finely tuned representations and remain sensitive to the presence of similar 

words such as one letter different orthographic neighbors. 

Indeed, Duñabeitia and Vidal-Abarca (2008) demonstrated that sensitivity to 

orthographic neighborhood size for words diminished as a function of reading experience in 

typically developing readers; whereas the effect was greater for children with dyslexia (Ziegler 

et al., 2003). In addition, Lavidor, Johnston, and Snowling (2006) found that adult readers with 

dyslexia were more facilitated by a higher orthographic neighborhood size in a lexical decision 

task than typical readers. Marinus and de Jong (2010) examined the effect of orthographic 

neighborhood size on word and pseudoword naming. Although the overall neighborhood size 

effect was similar for children with and without dyslexia in their study, for words with many 

neighbors, readers with dyslexia exhibited a greater effect than readers without dyslexia (see 

also Marinelli et al., 2013). These findings support the idea that poor readers show less lexical 

tuning for letter identity which leads to greater sensitivity to orthographic neighbors (see also 

Yael et al., 2015).  

Furthermore, De Jong & Messbauer (2011) trained children with and without dyslexia 

to read novel words. Half of the pseudowords were trained in the presence of orthographic 

neighbors (e.g. ‘kwog’ with ‘kwos’ and ‘krog’), while the other half of the pseudowords were 

trained in the presence of control words (e.g. ‘kwog’ with ‘kwes’ and ‘snar’). Their results 

revealed that the presence or absence of orthographic neighbors did not affect learning of the 

typically developing readers. However, children with dyslexia read novel words slower if they 

were trained in the context of orthographic neighbors. This suggests that children with dyslexia 

are more vulnerable to interference from orthographically similar words due to their less finely 

tuned orthographic representations. 
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Impaired letter identity encoding was also supported by Reilhac and colleagues (2012) 

who compared the performance of children with and without dyslexia on a same-different task. 

When the letter string pairs differed by the substitution of two letters, children with dyslexia 

were less likely to detect the mismatch between the letter string pairs than children without 

dyslexia. However, children with dyslexia did not differ from the reading level matched control 

group, questioning whether their deficits relate to their phonological processing deficits per se 

or could be explained by less exposure to print. 

Not only letter identity coding is affected by developmental dyslexia, but misordering 

of letters in a word are complaints in dyslexia, as well (Vidyasagar & Pammer, 2010; Whitney 

& Cornelissen, 2005). Despite this, only a few experiments assessed letter position coding in 

developmental dyslexia. In the study of Reilhac and colleagues (2012) described above, 

children with dyslexia were less likely to detect letter transpositions than children without 

dyslexia. Again, children with dyslexia did not differ from the reading level matched control 

group. In addition, responses were more accurate in all groups when two letters were 

substituted compared to when two letters were transposed. For typically developing children, 

the substitution advantage was present for both words and pseudowords, and somewhat larger 

for pseudowords than for word. However, for children with dyslexia, the substitution advantage 

was only present for words suggesting differences in the top-down influences. Similar results 

were found in another study by Ogawa and colleagues (2016), who reported that Japanese 

children without dyslexia showed the Stroop effect for both words and their TL pseudoword 

pairs, whereas readers with dyslexia showed the Stroop effect for real words only.  

Finally, Lété and Fayol (2013) investigated the effectiveness of SL and TL primes in a 

masked priming lexical decision task. 13-year-old children with dyslexia showed robust SL 

and TL priming effects, whereas their reading level matched controls (third grade children) 

showed no priming. In addition, 11-year-old children without dyslexia (fifth grade children) 

performed similarly as children with dyslexia. Unfortunately, no age matched control groups 

were assessed, but the fact that readers with dyslexia showed similar priming effect as typically 

developing fifth graders and larger priming effect than reading level matched controls (third 

graders) suggests that orthographic processing in developmental dyslexia might not be 

deficient. However, the above study employed only word targets and previous studies (Ogawa 

et al., 2016; Reilhac et al., 2012) revealed that children with dyslexia might perform similar to 

children without dyslexia on word stimuli but not on pseudoword stimuli.  
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4.4.2.2. Deafness 

While much fewer experiments investigated letter identity and letter order processing 

in readers with dyslexia than in readers without dyslexia, even less is known about orthographic 

processing in deaf readers. One experiment examining the orthographic neighborhood size 

effect (Osmond et al., 2018) revealed that both deaf and hearing readers showed more negative 

N400 responses for words with many neighbors as opposed to words with few neighbors. 

Although the magnitude of the N400 effect did not differ between deaf and hearing readers, 

there were subtle differences in scalp distribution. 

In addition, studies on TL effect in deaf readers suggest that letter order processing is 

intact in deafness. Farina, Dunabeitia, and Carreiras (2017) showed that deaf readers were 

slower to reject TL nonwords compared to control nonwords in a lexical decision task similarly 

to hearing readers. Then, Meade and colleagues (2020) extended these behavioral results 

reporting that the size of the TL priming effect is similar between deaf and hearing individuals 

in a masked lexical decision task. Both deaf and hearing participants responded faster and more 

accurately to targets preceded by TL primes than to targets preceded by SL primes. Moreover, 

the analysis of ERPs revealed that targets preceded by TL primes elicited smaller N250 

responses than those preceded by SL primes, and the effect was similar for deaf and hearing 

readers. Thus, the above results indicate that letter identity and letter order processing is not 

affected by deafness. 

In sum, skilled readers are sensitive to the identity of letters and identify constituent 

letters of a word quite effortlessly, whereas letter order processing is more flexible. Moreover, 

deaf readers show intact letter identity and letter order processing. In contrast, readers with 

dyslexia seem to be less sensitive to the identity of letters; while it warrants future research 

whether letter identity and position coding is impaired in developmental dyslexia and whether 

it is more pronounced for sublexical processing. 

 

4.5. Prime lexicality effect 

There is growing evidence that higher-level lexical representations exerts a top-down 

influence on orthographic processing relatively early, as indexed by divergence between the 

orthographic processing of words and pseudowords (see for instance Carreiras et al., 2014; 

Lupker, 2008). Since the lexical-semantic feedback depends on the strength of connection 

between the orthographic and semantic system, better orthographic representations might result 

in stronger lexical-semantic feedback (Castles et al., 2018). 
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4.5.1. Typical readers 

Indeed, several studies reported lexicality effects for orthographic processes. As 

discussed in relation to the visual expertise for print, a lexicality effect (i.e. fine-grained print 

tuning) contributing to changes in the N170 component might be observed (Araújo et al., 2015; 

Dujardin et al., 2011; Faísca et al., 2019; Hauk et al., 2006; Kast et al., 2010). 

Similarly, differential modulation of the N250 component indexing letter identity and 

letter position coding is revealed as a function of lexicality. Dunabeitia and colleagues 

(Dunabeitia et al., 2009; Duñabeitia et al., 2009) found a dissociation between TL priming 

effects for word–word (e.g., “casual” – “causal”) and for pseudoword–word pairs (e.g., “jugde” 

– “judge”). In their masked priming lexical decision experiments (Dunabeitia et al., 2009), TL 

pseudoword primes exhibited facilitation replicating previous results (Adelman et al., 2014),  

while, TL word primes did not facilitate the identification of the target word. Thus, it seems 

that prime lexicality is an important factor that modulates the direction of the TL priming effect. 

The above described PLE might be interpreted in the framework of Interactive-

Activation model of Reading (IA, McClelland & Rumelhart, 1981). The IA posits that lexical 

selection is achieved through lexical competition. During visual word recognition, a written 

word activates its lexical representation (e.g. “trial”) and its orthographic neighbors (e.g. 

“triad”, “triol”, “trill”, “urial”), as well. When more than one lexical representation is activated, 

they compete for lexical selection; therefore, non-target orthographic neighbors should be 

suppressed. The suppression of neighbors is achieved via lateral inhibition between the 

competing representations until the point when the best match is selected for lexical access. In 

contrast, pseudowords activate their orthographic neighbors just as words do; however, since 

they do not have any lexical representations, they cannot suppress their neighbors and thus lead 

to facilitation (Andrews & Hersch, 2010; Davis & Lupker, 2006; Forster & Davis, 1991; 

Forster & Veres, 1998; Segui & Grainger, 1990). Thus, the above result of differential 

effectiveness of word and pseudoword primes might be interpreted the following way - when 

the prime is a pseudoword, facilitation will occur due to the overlapping letters. However, when 

the prime is a real word, lateral inhibition at the lexical level cancels out the orthographic 

facilitation at the sublexical level. 

Indeed, this pattern of priming is well-documented with SL primes. As discussed earlier 

in relation to letter identity and letter order processing, SL pseudoword primes (e.g. “triaf”) 

facilitate lexical decision to word targets (e.g. “trial”) compared to unrelated control primes 

(e.g., “spoul,” Davis & Lupker, 2006; Forster & Veres, 1998). On the contrary, SL word primes 
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interfere with lexical decision for target words, especially if the target is of lower frequency 

(Andrews & Hersch, 2010; Andrews & Lo, 2012; Davis & Lupker, 2006; De Moor et al., 2007; 

Forster & Veres, 1998; Nakayama et al., 2008; Segui & Grainger, 1990). Thus, behavioral 

studies suggest that the inhibitory effects of high frequency orthographic neighbors reflect 

competitive processes operating on whole-word representations. 

ERP studies are in line with these behavioral results. For instance, Massol and 

colleagues (2010) compared SL word primes and SL pseudoword primes. Word primes 

preceding word targets evoked larger N400 responses than pseudoword primes (see also 

Meade, Grainger, Midgley, et al., 2019), which was taken evidence for lexical competition 

between the prime and the target words. 

Although no data is available on the development of PLE (but see Tamura et al., 2017 

for a training study), Andrews and Lo (2012) reported that spelling and vocabulary were 

associated with greater PLE in skilled adult readers. This indicates that a high-quality lexical 

representation of the prime yields faster activation (“triad”), which leads to inhibition of its 

neighbors (e.g., “trial), resulting in greater PLE. 

 

4.5.2. Atypical readers 

 

4.5.2.1. Developmental dyslexia 

Since Castles, Rastle, and Nation (2018) argued that better reading skills might be 

associated with stronger connections between orthography and semantics, one might expect 

readers with dyslexia to exhibit no or smaller lexicality effect compared to skilled readers. As 

already discussed in relation to the visual expertise for print, readers with dyslexia indeed 

sometimes fail to show a lexicality effect (Mahé et al., 2012). However, results are not 

straightforward whether readers with and without dyslexia differ in their lexicality effect on 

the N170 response (see Araújo et al., 2015 for no difference). 

Although differential effectiveness of word and pseudoword primes (PLE) was not 

tested in readers with dyslexia so far, studies on letter identity and letter position encoding 

revealed that children with dyslexia might show a similar TL effect for word stimuli but not to 

pseudoword stimuli as children without dyslexia (Ogawa et al., 2016; Reilhac et al., 2012), 

suggesting differences in the top-down lexico-semantic influences. 

In addition, Hasko and colleagues (2013) reported attenuated N400 amplitudes in a 

phonological lexical decision task, suggesting that access to the orthographic lexicon might be 

imapired in children with dyslexia. However, another study (Kemény et al., 2018) suggest that 
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it is not reading impairment per se that results in differential modulation of the N400 

component but reduced orthographic lexicon. As Andrews and Lo (2012) reported that good 

spellers exhibit greater PLE, good spellers in this experiment exhibited greater N400 responses 

to pseudowords than for words whereas poor spellers did not show such effect. 

 

4.5.2.2. Deafness 

While no studies examined the N170 fine tuning of the PLE for TL primes, a recent 

ERP study (Meade, Grainger, Midgley, et al., 2019) investigated PLE for orthographic 

neighbors in deaf readers. Participants were required to respond to word targets that could be 

preceded by either a one letter different word or a one letter different pseudoword prime in a 

lexical decision task. Both the hearing and the deaf participants showed lexical competition as 

indicated by slower responses for targets preceded by a word prime than compared to targets 

preceded by a pseudoword prime. In addition, deaf and hearing readers showed a comparable 

PLE effect in their N400 response, though the topographic distribution of the effect differed. 

For the deaf readers, the effect was stronger over posterior sites; for the hearing readers, the 

effect was stronger over anterior sites. This indicates that for the hearing participants, the PLE 

arises partly from competition between phonological representations as signified by the 

anterior distribution. In contrast, for deaf participants, the PLE arises due to competition 

between orthographic representations as signified by the posterior distribution. 

Taken together, orthographic processing deficits seems to be present in developmental 

dyslexia signified by imapired visual expertise for print and inefficient letter identity and 

position processing. However, whether impairment in the fine-tuning of visual expertise for 

print indexed by the lexicality effect can be demonstrated in dyslexia is still an unsettled 

question. Moreover, while readers with dyslexia seem to show deficits in letter identity 

processing; whether letter identity and position coding is impaired and whether lexicality 

modulates the impairment in developmental dyslexia is unsettled, as well. In contrast, deafness 

does not seem to affect orthographic processing signified by intact visual expertise for print, 

letter identity and position processing, and lexical competition between orthographic 

neighbors. 

 

5. The role of phonology in orthographic processing 

Phonology seems to have a prominent role not only in reading development but also in 

the acquisition of orthographic representations. As a matter of fact, Perfetti (Perfetti, 2007; 

Perfetti & Hart, 2002) in his lexical quality hypothesis postulates that phonology is involved in 
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the tuning of precise, well-specified orthographic representations that underlie skilled reading. 

According to his theory, skilled readers have many high-quality lexical representation for 

which all of the constituents (orthographic, phonological, and semantic constituents as defined 

in the lexical constituency model, Perfetti et al., 2005) are well-specified. In addition, precision 

and redundancy of high-quality representations strengthen the binding between these 

constituents to secure coherence. These strong connections allow printed words to trigger 

synchronous, coherent activation of all constituents of the word. In fact, an experiment testing 

the lexical quality hypothesis (Perfetti, 2007) revealed that the knowledge of spelling, 

phonology, and decoding in skilled readers might be represented by a single factor while 

meaning and comprehension forms a second factor. In other words, for skilled readers 

orthographic and phonological structures are closely linked with each other, and if any of these 

constituents or the binding between them is under-specified, the lexical representation will have 

low quality and its access will require effort. In line with this, for less skilled readers, 

phonological and decoding tasks loaded on a separate factor than spelling, implying that 

orthographic forms are less connected with phonology. This suggests that phonological 

decoding has an integral role in establishing high-quality word representations. 

Indeed, phonological decoding might be the primary way to establish well-specified 

orthographic representations. In his self-teaching hypothesis, Share (1995) explicitly claims 

that it is phonological recoding that enables novice readers to acquire (word-specific) 

orthographic representations. The core assumption of the hypothesis is that as soon as the 

beginner readers are able to recode letters into phonemes, each successful recording creates an 

opportunity to bind the orthographic and phonological code together and build the orthographic 

lexicon. In fact, Share (1999) tested whether the development of orthographic representations 

is driven by phonological recoding. Participants read novel words and their orthographic 

knowledge was measured through spelling. According to the results, if phonological recoding 

was hindered (due to articulatory suppression), learning the orthographic forms was 

significantly reduced. Thus, pure visual exposure to word forms is not sufficient to build 

orthographic knowledge; it is presumably phonological recoding that drives the establishment 

of orthographic representations. 

The self-teaching hypothesis is in line with the dual-route model of orthographic 

processing by Grainger and Ziegler (2011). According to the model, initial processing along 

the fine-grained route involves letter position assignment via phonological recoding; hence, 

reading along this route involves co-activation of phonological representations. In this way, 

phonological recoding provides a constraint on and refines orthographic representations. 
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Hence, it is phonological recoding that leads to setting up the specialized system for coarse-

grained orthographic processing. 

Consequently, the question to what extent orthographic processing skills can be 

separated from phonological skills has received increasing attention lately, especially because 

assessment of orthographic processing is rarely separable from phonological processing due to 

measurement impurity issues. Although orthographic processing is not entirely parasitic on 

phonological processing and contributes unique variance in visual word recognition 

(Cunningham et al., 2001; Cutting & Denckla, 2001; Georgiou et al., 2008), Sprenger-

Charolles and colleagues (2003) reported that phonological and orthographic processing seem 

to be reciprocally related rather than independent components of reading. Interestingly, spelling 

initially exhibits its effect on visual word recognition through the development of PA, as PA is 

typically a good predictor of later spelling performance (Caravolas, 2004; Caravolas et al., 

2001, 2005; Cardoso-Martins & Pennington, 2004; Furnes & Samuelsson, 2011; Landerl & 

Wimmer, 2008; Nikolopoulos et al., 2006). However, the effect of reading on spelling is 

becoming more pronounced during education, presumably because reading develops 

orthographic knowledge (Caravolas et al., 2001; Keuning & Verhoeven, 2008; Leppänen et al., 

2006). Strikingly, PA and letter- speech sound associations are more pivotal for the 

development of spelling than for reading, especially in the beginning of spelling development 

(Babayiĝit & Stainthorp, 2011; Caravolas, 2004). 

These results are in line with the assumption that phonology constrains the orthographic 

code and bootstraps the acquisition of orthographic representations (for a review see Meade, 

2020). However, the extent to and the circumstances in which phonology plays a role in tuning 

orthographic representations is not yet determined. In the following section, I review how 

phonology might refine orthographic processes. 

 

5.1. Phonological influence on visual expertise for print 

First of all, as discussed earlier, readers with phonological deficits might exhibit 

impairments in the visual expertise for print. Numerous studies reported attenuated N170 to 

letter strings in developmental dyslexia (Araújo et al., 2012; Helenius et al., 1999; Kast et al., 

2010; Mahé et al., 2012; Maurer et al., 2007), suggesting that phonological deficits might 

disrupt the development of the visual expertise for print. Although the results are somewhat 

mixed (see Araújo et al., 2015; Hasko et al., 2012 for reporting no N170 deficit for readers with 

dyslexia), the severity of reading (Brem et al., 2020; Helenius et al., 1999; Mahé et al., 2012, 
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2013) or more specifically the severity of grapheme-phoneme mapping deficit modulates the 

degree of deficit in the visual expertise for print. Fraga-González and colleagues (2017) 

provided evidence that the severity of audiovisual integration deficit and the level of visual 

expertise for print are related. They found that audiovisual integration as indexed by the MMN 

latency was correlated with changes in the visual N170 for words after reading fluency training 

in children with dyslexia, indicating that audiovisual integration might in fact modulate visual 

expertise for print. 

Although specialization for print as indexed by the N170 response for letters compared 

to symbols is considered to reflect mainly perceptual (visual) expertise (Bentin et al., 1999), 

alternative views suggest that it might also reflect influence from brain areas involved in 

audiovisual integration (Maurer & Mccandliss, 2007; McCandliss et al., 2003; Molholm et al., 

2004). To reconcile these alternative views, the phonological mapping hypothesis (Maurer & 

Mccandliss, 2007) proposed that the right-lateralized N170 effect reflects visual expertise, 

whereas the left-lateralized response reflects automatic LSS integration. As LSS associations 

are increasingly automatized, regular co-activation of left-lateralized speech-related brain areas 

and brain areas involved in perceptual processing of print drives the N170 effect to become 

left-lateralized. 

Evidence from developmental and training studies suggest that this is indeed the case. 

The N170 response for print is usually bilateral for children (Eberhard-Moscicka et al., 2015; 

Kast et al., 2010; Maurer et al., 2006, 2011; Maurer, Brem, et al., 2005; Tong et al., 2016), but 

it is typically left-lateralized for adults (Maurer, Brem, et al., 2005; Yoncheva et al., 2010). 

However, we should note that some recent experiments reported left lateralization even in 

novice readers (Pleisch et al., 2019; van de Walle de Ghelcke et al., 2021). In general, left 

lateralization of the N170 response increases with reading experience. More importantly, 

training studies provide further evidence for association between grapheme-phoneme mapping 

and visual expertise for print. In a series of experiments, Maurer and colleagues (Maurer et al., 

2010; Yoncheva et al., 2010, 2015) trained participants to read an artificial orthography in two 

groups. Then, the researchers compared the modulation of the print N170 in the grapheme-

phoneme focused and the whole word focused groups. Their results clearly supported the 

phonological mapping hypothesis since the grapheme-phoneme mapping training resulted in 

left-lateralized N170 response in contrast to the whole word training which resulted in right-

lateralized N170 response. In addition, Sacchi and Laszlo (2016) found that in grade 5-6 

children’s PA (but not vocabulary) predicted left-lateralization of the N170 response for words 
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but not for word/object ambiguous items (“wobjects”), suggesting that PA is not related to the 

left- lateralization of the N170 in general, but only to the left- lateralization of the word N170. 

The association between phonological processing and left-lateralization of the N170 

effect is further supported by the results from studies investigating atypical readers. If left-

lateralization is driven by automatic grapheme-phoneme integration, readers with deficits in 

LSS correspondences should exhibit a right-lateralized or bilateral N170 response. Indeed, 

results converge to the conclusion that the N170 effect is usually less left-lateralized in readers 

with dyslexia (adults: Helenius et al., 1999; Mahé et al., 2012; children: Araújo et al., 2012; 

Kast et al., 2010) and in deaf readers (Emmorey et al., 2017; Sehyr et al., 2020) compared to 

skilled readers. 

The functional relevance of the N170 lateralization is not yet clear though. Less 

involvement of the left-hemisphere is usually considered to be maladaptive for hearing readers 

as it is associated with poor reading ability (Laszlo & Sacchi, 2015; Shaywitz & Shaywitz, 

2005). However, Maurer and colleagues (2006) argued that similar correlations between the 

N170 tuning and reading scores for both left and right occipitotemporal sites in typically 

developing children suggests that the left lateralization of the effect might not be functionally 

relevant to reading skills. Moreover, Emmorey and colleagues (2017) reported that for deaf 

readers, better reading comprehension was associated with a larger N170 over the right 

hemisphere; thus, although decreased left-lateralization of the N170 response seems to be 

related to limited access to phonology, it is possible that it is not functionally related to reading, 

at least in atypical readers. 

In addition, as pointed out earlier, there is no consensus in the literature about fine-

grained lexical sensitivity of the N170. While many studies did find a lexicality effect, it is not 

robust and heavily depends on the paradigm. Maurer and Mccandliss (2007) proposed that the 

lexicality effect emerges when grapheme-phoneme mapping is not automatic. For instance, 

N170 fine tuning is mostly found when using implicit reading tasks where grapheme-phoneme 

mapping is not required. In addition, the lexicality effect is usually present for readers of deep 

orthographies (Maurer, Brem, et al., 2005) and novice readers (Maurer et al., 2006). This would 

also suggest that readers with dyslexia might exhibit a more robust lexicality effect. However, 

evidence for this is not yet conclusive (Araújo et al., 2015; Kast et al., 2010; Mahé et al., 2012). 

In sum, the issue whether phonology is necessary for visual print tuning is still 

unsettled, though it is presumably necessary for the left-lateralization of the effect. Although 

the above results suggest that phonological processing and left-lateralized N170 for print are 

related (but see Yum & Law, 2021), a direct test is needed yet whether it is automatic LSS 
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integration that drives the development of visual expertise for print and its left-lateralization in 

novice readers. Moreover, the issue whether audiovisual integration difficulties directly 

contribute to the attenuated N170 in readers with dyslexia is still to be explored. 

 

5.2. Phonological influence on letter identity and letter position coding 

Although several studies investigated the relationship between orthographic-

phonological mapping and visual expertise for print, studies on the relationship between 

phonological and letter identity/letter order processing are scarce. The dual-route model of 

orthographic processing (Grainger & Ziegler, 2011) posits that precise letter order processing 

occurs along the fine-grained route where phonological recoding provides a constraint on 

orthographic processing. In addition, previous work has indicated that the N250 component, 

the ERP correlate of letter identity and position processing, is sensitive to both orthographic 

overlap between prime and target and phonological overlap between the prime and the target. 

However, TL effect modulated the early phase of the component, exhibiting a posterior 

distribution, whereas sublexical phonological processing was present in the later phase with a 

more anterior distribution (Grainger & Holcomb, 2009). As the later phase can be linked to the 

sublexical interface between orthography and phonology, phonological modulation on letter 

identity and letter order processing might be expected. 

Indeed, during visual word recognition, not only orthographic neighbors affect reading 

times, but phonological neighbors, too. Grainger, Muneaux, and Ziegler (2005) compared the 

effect of orthographic and phonological neighborhoods in a lexical decision task. They found 

that when words were matched in terms of the neighborhood density (dense orthographic and 

phonological neighborhoods or sparse orthographic and phonological neighborhoods), words 

with many neighbors were responded to faster than words with few neighbors. This could be 

due to the increase in compatibility across orthographic and phonological representations 

which produces a stronger co-activation among candidates. However, when the phonological 

and orthographic neighborhood density was mismatched for a word (large phonological 

neighborhoods and a sparse orthographic neighborhood or vice versa), words with few 

neighbors were responded to faster than words with many neighbors. This could be due to the 

increase in the incompatibility across orthographic and phonological representations producing 

a stronger interference among candidates. In line with this, Frisson, Bélanger, and Rayner 

(2014) also reported that both orthographic and phonological overlap contributes to 

orthographic neighbor priming. However, the priming effect is largest when the prime and 

target were orthographically and phonologically related at the same time. 
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Although most studies concluded that TL effect is purely orthographic in nature 

(Kinoshita et al., 2008; Perea et al., 2011; Perea & Carreiras, 2006; Perea & Pérez, 2009), there 

is some weak evidence for phonological influences from lexical decision experiments. First, a 

series of experiments reported that TL priming effects occurred for consonant transpositions 

but not for vowel transpositions in skilled readers (Comesaña et al., 2016; Lupker et al., 2008; 

Perea & Acha, 2009; Perea & Lupker, 2004; but see Vergara-Martínez et al., 2011 for TL effect 

for vowels). These differences might be attributed to the influence of sublexical phonological 

processing. However, if these differences are due to phonological influences, TL priming 

should be similar for consonants and vowels in cases that minimize access to phonology. This 

is exactly what Comesaña and colleagues (2016) found. They tested beginner readers with a 

prime duration (50 ms) not sufficiently long for phonological effects to assert their influence 

and reported that the TL priming effect was not affected by the consonant-vowel status.  

Second, Perea and Carreiras (2008) found larger TL priming effects when the TL 

primes were illegal letter strings compared to when they were legal letter strings (see also 

(Frankish & Barnes, 2008; Frankish & Turner, 2007). This could suggest that phonological 

feedback modulates TL effects. Arguably however, pronounceability is confounded by 

orthotactics, thus, the modulation is not necessarily from phonology (see Grainger, 2008, p. 

14). 

Finally, Welcome and Trammel (2017) examined the TL priming effect by presenting 

TL pseudoword primes that were either pronounceable or unpronounceable. They reported 

significant association between phonological recoding (indexed by pseudoword reading 

fluency) and TL priming. Poor phonological decoders showed facilitation from TL primes 

regardless of their pronounceability, good phonological decoders on the other hand, showed 

facilitation for words preceded by pronounceable TL primes and weak inhibition for words 

preceded by unpronounceable TL primes. The result might reflect that individuals with slow 

access to phonological information rely more heavily on coarse-grained orthographic 

representations to support word identification. In line with this, Gomez, Marcet, and Perea 

(2021) reported that better phonological decoding skills were associated with smaller TL-effect 

in children. In contrast, Eddy and colleagues (2016) found the opposite pattern. They tested the 

TL effect in 8-10 year old children in an ERP experiment. The researchers found that reading 

ability (word reading and phonological decoding) was negatively correlated with the TL effect 

for both the N250 and N400 components; thus, better readers showed greater TL effect. 

Moreover, when they directly tested the association between the TL priming effect and PA, no 

correlation was found. 
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Results from atypical readers who show phonological deficits further elaborate the 

above results. As discussed earlier, readers with dyslexia are less efficient in processing letter 

identity, though some results indicate that letter order processing might not be deficient, at least 

for words (Ogawa et al., 2016; Reilhac et al., 2012). In contrast, deaf readers seem to have 

intact letter identity and letter order processing skills (Fariña et al., 2017; Meade et al., 2020; 

Osmond et al., 2018). However, some studies found that letter position coding deficits can be 

present independently of phonological coding deficits (so called letter position dyslexia, 

Friedmann & Rahamim, 2014; Kezilas et al., 2014). 

Although there is some indirect evidence that hints toward the involvement of 

phonology in letter identity and letter order processing in skilled reading; it is still unknown 

whether phonological processing directly modulates orthographic processing. In addition, 

readers with phonological deficits not necessarily exhibit deficits in letter identity and letter 

order processing; thus, further evidence is needed regarding the contribution of phonological 

deficits in letter position encoding difficulties.  

 

5.3 Phonological influence on prime lexicality effect 

As discussed earlier, Frisson, Bélanger, and Rayner (2014) found that both orthographic 

and phonological overlap contributes to neighbor priming, suggesting that phonological 

processing plays a role in orthographic neighbor priming. In addition, it might contribute to the 

emergence of the PLE, as well. Indeed, Andrews and Hersch (2010) reported that high-quality 

lexical representation of the prime yields faster activation (“triad”), which leads to inhibition 

of its neighbors (e.g., “trial), resulting in greater PLE. They argued that the quality of lexical 

representations is best measured by spelling, as it provides a direct index of the orthographic 

precision (Andrews et al., 2020).According to the Lexical Quality Hypothesis (Perfetti & Hart, 

2002), a lexical representation has high-quality if it has well-specified orthographic 

representation, well-specified phonological representation, and well-specified semantic 

representation. Moreover, for high-quality lexical representation orthographic, phonological, 

and semantic representations become bound together. In particular, less skilled readers have 

less precise lexical representation as phonological information is not reliably bound to the 

orthographic representation which leads to less coherent lexical representation. Hence, 

phonological skills might also modulate the magnitude of PLE. 

Indeed, Elsherif and colleagues (2021) examined how orthographic, phonological, and 

semantic precision influence the PLE. They reported that the priming effect was moderated 

mainly by the component of phonological precision, rather than spelling. Participants with high 
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phonological precision showed inhibitory priming, whereas participants with low phonological 

precision showed facilitatory priming. Along these lines, it is somewhat surprising that Meade 

and colleagues (2019) reported similar PLE for deaf and hearing readers; however, well-

specified phonological representations might not be necessary for efficient visual word 

processing in deaf readers. 

In conclusion, several studies demonstrated the ubiquitous role of phonology in the 

development of skilled reading, whereas those who struggle with learning to read (e.g. readers 

with dyslexia, deaf readers) consistently show phonological impairment. If phonology plays a 

role in tuning orthographic representations, readers with phonological deficits might show 

orthographic deficits, as well. However, while inefficient orthographic processing might 

characterize developmental dyslexia, deaf readers mostly exhibit unimpaired orthographic 

processing skills. Whether phonological processing directly contributes to the development of 

visual expertise for print, letter identity and letter order processing, or prime lexicality effect, 

it is yet to be directly tested. 

 

III. Aims and thesis points 

The above review indicates that phonology might play a role in tuning many 

orthographic processes, namely: visual expertise for print, letter identity and letter order 

processing, and prime lexicality effect. However, little is known about the exact contribution 

of phonology to the development and deficits of these orthographic processes. 

The main aim of this dissertation is to extend previous results by investigating whether 

phonological processing directly contributes to the development of or to the deficit of visual 

expertise for print and letter identity and letter order processing and whether phonology drives 

the emergence of lexical competition as indexed by the prime lexicality effect. In order to better 

understand the role of phonology in these orthographic processes, we tested three groups: 

typically developing readers, adult readers with dyslexia, and adult deaf readers. For an outline 

of the studies, see Figure 2. 

First, we investigated whether development of the visual expertise for print is driven 

by orthographic-phonological mapping in typically developing novice readers. As previous 

results suggested that phonological processing and left-lateralized N170 for print are related 

(Maurer & Mccandliss, 2007; Sacchi & Laszlo, 2016), we aimed to provide a direct test 

whether audiovisual integration drives the development of visual expertise for print and its left-

lateralization in novice readers. 
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Thus, in Study 1, to test whether the emergence of the N170 effect is driven by 

phonological recoding, we presented first- and third-graders with pairs of pseudowords and 

pairs of Armenian character strings in an ERP experiment. We used a novel implicit same-

different paradigm in which children indicated whether the stimulus appeared in bold font; 

thus, the paradigm did not require overt reading. Our hypothesis was that left-lateralized coarse 

grained (Latin letters vs. Armenian symbols) visual expertise for print is already detectable in 

these novice readers and the magnitude and lateralization of the N170 effect increases from 

grade 1 to grade 3. In addition, the stimulus pairs were presented both in a visual-only and an 

audiovisual condition. The first stimulus of the pair (reference) was always presented visually; 

however, the second stimulus (target) was presented either visually in the visual-only condition 

or auditorily in parallel to the visual stimuli in the audiovisual condition. We assumed that if 

phonology plays a role in the emergence of visual expertise for print, audiovisual presentation 

of the stimuli enhances the N170 effect. Furthermore, both the pseudowords and Armenian 

character strings were presented in pairs that could be either identical or different in the identity 

of one letter. We hypothesized that if phonology exhibits an influence on letter identity 

processing, audiovisual presentation should increase the difference between identical and one-

letter different targets for the Latin but not for the Armenian stimuli for which phonological 

recoding is not possible. Our results related to these hypotheses are presented in Thesis 1, 2, 3, 

and 4. 

Second, we explored whether orthographic processing in adult readers with dyslexia is 

inefficient per se. Moreover, we investigated the issue whether orthographic-phonological 

processing directly contributes to the orthographic processing deficits in dyslexia, as well. 

Previous studies reported that the fine-grained lexical tuning of the N170 might be impaired in 

developmental dyslexia (e.g. Kast et al., 2010); however, no previous studies investigated 

whether inefficient audiovisual integration directly contributes to the impairment of N170 fine-

tuning. In addition, studies on letter identity and letter position encoding suggest that readers 

with dyslexia might perform similar to readers without dyslexia on word stimuli but not on 

pseudoword stimuli (Ogawa et al., 2016; Reilhac et al., 2012). Thus, we aimed to test whether 

letter identity and position coding is deficient in dyslexia and whether this deficit is more 

pronounced for pseudowords. Furthermore, we also tested whether deficits in audiovisual 

integration directly contributes to the impairment of letter order and letter identity processing. 

Thus, in Study 2, we presented adults with and without dyslexia with pairs of words 

and pseudowords in the above described implicit same-different task. Our hypothesis was that 

if phonology plays a role in the emergence and lateralization of the fine-grained lexical tuning 



58 

of the N170, readers with dyslexia will show a different N170 lexicality effect than readers 

without dyslexia, and they might exhibit less left-lateralized N170 responses. To test whether 

the N170 lexical effect is driven by automatic phonological recoding, we presented the targets 

of word and pseudoword pairs in a visual-only and an audiovisual condition. We assumed that 

audiovisual presentation will enhance the difference in the N170 lexicality effect between 

readers with and without dyslexia. Furthermore, both the word and the pseudowords pairs could 

be identical or different in the identity or position of the letters (pair type effect). We 

hypothesized that if phonology exhibits an influence on letter identity and letter order 

processing, readers with dyslexia will show different pair type effect than readers without 

dyslexia. As previous studies reported similar letter identity and letter order processing in 

readers with dyslexia for words but not for pseudowords, we expected to find these differences 

for pseudoword pairs only. In addition, we assumed based on the expected role of phonology 

in tuning orthographic process, that audiovisual presentation would increase the difference 

found between readers with and without dyslexia in letter identity and letter order encoding. 

Our results related to these hypotheses are presented in Thesis 1, 2, 3, and 4. 

Third, we aimed to elaborate on the issue whether adult deaf readers exhibiting 

phonological deficits also show orthographic processing deficits. To test the role of phonology 

in the tuning of orthographic representations, we examined the prime lexicality effect (PLE), 

an index of lexical competition between orthographic representations. Previous results 

indicated that well-specified, high-quality orthographic representations compete with each 

other during lexical selection and thus result in greater PLE (Andrews & Hersch, 2010). 

Therefore, to test whether these high-quality orthographic representations can be acquired in 

the absence of precise phonological representations, we compared the PLE between deaf and 

hearing adults. Moreover, as a recent study (Meade, Grainger, Midgley, et al., 2019) suggested 

that deaf readers show PLE comparable to that of their hearing peers, to further understand the 

functional relevance of lexical competition in visual word recognition, we also assessed how 

individual differences in reading modulate PLE. 

 Thus, in Study 3, we reviewed the main results from previous studies investigating 

phonological, orthographic, and semantic processing in deaf readers. In Study 4, we compared 

the PLE in deaf and hearing readers in a masked priming lexical decision task. We directly 

compared the effectiveness of word versus pseudoword neighbor primes to index lexical 

competition. When the prime is a pseudoword, facilitation occurs due to the overlapping letters; 

however, when the prime is a real word, lexical competition results in inhibition. Since high-

quality lexical representation of the prime yields greater lexical inhibition and results in greater 
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PLE, we assumed that, deaf participants will show reduced PLE compared to the hearing 

participants if phonological processing is crucial to the development of high-quality lexical 

representations. In addition, we hypothesized that individual differences in reading and spelling 

skills modulate the PLE in a way that better readers show greater PLE. To this end, we 

measured sentence comprehension with a Sentence verification task and orthographic skills 

with a Proofreading task. Our results related to this hypothesis are presented in Thesis 5. 
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Empirical: Masked priming 

lexical decision task 

Participants:  Deaf reader (N = 28, age = 44.89 years) 

Hearing readers (N = 28, age = 44.96 years) 

Participants: Readers with dyslexia (N = 25, age = 21.12 years) 

           Readers without dyslexia (N = 27, age = 21.89 years) 

Empirical: Implicit same-

different ERP study 

Hypothesis: 

3. Readers with dyslexia will show less left-lateralized N170 lexicality effect than readers 

without dyslexia (Thesis 1) 

4. Audiovisual presentation will enhance the difference in the N170 lexicality effect between 

readers with and without dyslexia (Thesis 2) 

5. Readers with dyslexia will show deficits in letter identity and letter order processing, 

especially for pseudoword pairs (Thesis 3) 

6. Audiovisual presentation will increase the difference between readers with and without 

dyslexia in letter identity and letter order encoding (Thesis 4) 

Hypothesis: 

1. Deaf participants will show reduced PLE compared to the hearing participants (Thesis 5) 

2. If lexical competition is based on high-quality orthographic, individual differences in 

reading and spelling skills modulate the PLE (Thesis 5) 

Theoretical: comprehensive review Groups: Deaf readers / Hearing readers 

Figure 2 Hypotheses Structure of the Dissertation 

   

Empirical: Implicit same-

different ERP study 

Participants:  Grade 1 children (N = 24, age = 7.08, years) 

Grade 3 children (N = 17, age = 9.29, years) 

Hypothesis: 

7. Visual expertise for print is detectable in novice readers; the magnitude and lateralization of 

the N170 effect increases from grade 1 to grade 3 (Thesis 1) 

8. Audiovisual presentation of the stimuli enhances the N170 effect (Thesis 2) 

9. One-letter different targets would increase the N170 response for the Latin but not for the 

Armenian stimuli (Thesis 3) 

10. Audiovisual presentation would increase the difference between identical and one-letter 

different targets for the Latin but not for the Armenian stimuli (Thesis 4) 

Study 1 Varga, V., Tóth, D., & Csépe, V. (2020). Orthographic-Phonological Mapping and 

the Emergence of Visual Expertise for Print: A Developmental Event-Related Potential 

Study. Child Development, 91(1), e1–e13. 

Study 2 Varga, V., Tóth, D., Amora, K. K., Czikora, D., & Csépe, V. (2021). ERP Correlates 

of Altered Orthographic-Phonological Processing in Dyslexia. Frontiers in Psychology, 12, 

Article 723404. 

Study 3 Varga, V. & Csépe, V. (2018). A szóolvasás modelljei siketek vizsgálatából 

származó nemzetközi adatok tükrében. Magyar Pszichológiai Szemle, 73(2), 299–313. 

Study 4 Varga, V., Tóth, D., & Csépe, V. (2021). Lexical Competition Without Phonology: 

Masked Orthographic Neighbor Priming With Deaf Readers. Journal of Deaf Studies and 

Deaf Education, enab040 
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Thesis 1: Visual expertise for print is not but its lateralization is impacted by phonological 

deficits 

In Study 2, we investigated fine-grained visual expertise for print as indexed by the 

differential N170 response for words and pseudowords. In our study, participants with dyslexia 

exhibited deficits in both reading fluency and phonological awareness. Neither readers with 

dyslexia nor skilled readers showed a significant fine-grained visual expertise for print, 

indicating that readers with and without dyslexia processed words and pseudowords similarly. 

However, the N170 responses of readers with dyslexia showed a bilateral distribution. In 

contrast, readers without dyslexia exhibited the typical left-lateralized N170 response. In 

addition, in Study 1, both typically developing first- and third-grade children exhibited a left-

lateralized N170 response for pseudowords but not for Armenian symbol string (coarse-grained 

visual expertise for print), indicating the responses for orthographic stimuli is left-lateralized 

in typical readers already after some months of reading instruction. 

Publications related to this thesis point: 

Varga, V., Tóth, D., & Csépe, V. (2020). Orthographic-Phonological Mapping and the 

Emergence of Visual Expertise for Print: A Developmental Event-Related Potential 

Study. Child Development, 91(1), e1–e13. https://doi.org/10.1111/cdev.13159 

Varga, V., Tóth, D., Amora, K. K., Czikora, D., & Csépe, V. (2021). ERP Correlates of Altered 

Orthographic-Phonological Processing in Dyslexia. Frontiers in Psychology, 12, Article 

723404. https://doi.org/10.3389/fpsyg.2021.723404 

Thesis 2: Print tuning is enhanced by audiovisual integration in typical readers but not 

in readers with dyslexia 

In Study 1, novice readers exhibited larger N170 responses for pseudowords than for 

Armenian symbol string (coarse-grained print tuning). Moreover, when targets were presented 

audiovisually, the N170 effect was enhanced compared to the visual-only condition. In Study 

2, neither readers with dyslexia nor skilled readers showed an N170 lexicality effect (fine-

grained print tuning). However, when targets were presented audiovisually, group differences 

in the lexicality effect emerged. Audiovisual presentation of targets resulted in a robust 

lexicality effect for skilled readers signified by larger N170 responses to words than to 

pseudowords. In contrast, presenting targets audiovisually did not enhance the lexicality effect 

for readers with dyslexia. 

https://doi.org/10.1111/cdev.13159
https://doi.org/10.3389/fpsyg.2021.723404
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Publications related to this thesis point: 

Varga, V., Tóth, D., & Csépe, V. (2020). Orthographic-Phonological Mapping and the 

Emergence of Visual Expertise for Print: A Developmental Event-Related Potential 

Study. Child Development, 91(1), e1–e13. https://doi.org/10.1111/cdev.13159 

Varga, V., Tóth, D., Amora, K. K., Czikora, D., & Csépe, V. (2021). ERP Correlates of Altered 

Orthographic-Phonological Processing in Dyslexia. Frontiers in Psychology, 12, Article 

723404. https://doi.org/10.3389/fpsyg.2021.723404 

Thesis 3: Letter identity coding develops slowly; however, letter identity and letter order 

processing is not impacted by phonological deficit 

In Study 1, we presented novice readers with pseudoword pairs and pairs of Armenian 

character strings that could be either identical or different in the identity of one letter in order 

to investigate the development of automatic letter identity coding. We found a pair type effect 

due to smaller responses evoked by identical pairs compared to one letter different pairs. 

However, this effect was highly similar for pairs of pseudowords and pairs of Armenian 

character strings. The interaction between stimulus type and pair type was weak and restricted 

to a few channels for both first grade and third grade readers, suggesting that the pair type effect 

was driven by general visual processes and automatic letter coding is not fully developed even 

by Grade 3. In Study 2, we investigated letter identity and letter order processing in readers 

with and without dyslexia for both word and pseudoword pairs. We found that identical pairs 

evoked smaller responses in the N170 time window compered to different pairs (both letter 

identity and letter order different pairs) regardless of their lexicality (word versus pseudoword). 

This was the case for the participants both with and without dyslexia. Thus, readers with and 

without dyslexia did not differ in letter identity and letter order processing, not even for 

pseudoword stimuli. 

Publications related to this thesis point: 

Varga, V., Tóth, D., & Csépe, V. (2020). Orthographic-Phonological Mapping and the 

Emergence of Visual Expertise for Print: A Developmental Event-Related Potential 

Study. Child Development, 91(1), e1–e13. https://doi.org/10.1111/cdev.13159 

Varga, V., Tóth, D., Amora, K. K., Czikora, D., & Csépe, V. (2021). ERP Correlates of Altered 

Orthographic-Phonological Processing in Dyslexia. Frontiers in Psychology, 12, Article 
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Thesis 4: Letter identity and letter order processing is modulated by audiovisual 

integration 

In Study 1, we investigated whether audiovisual presentation of the target enhance the 

difference between identical and one-letter different targets in novice readers, especially for 

the Latin stimuli. As the auditory pseudoword target was always identical to the visual 

reference stimulus, audiovisual presentation resulted in a double mismatch between different 

reference–target pairs: first, between visual reference and visual target stimuli; second, between 

the visual target and auditory target. Therefore, we expected this double mismatch to enhance 

the pair type effect for pseudowords where grapheme-phoneme mapping is possible. However, 

while the visual expertise for print was clearly enhanced (see Thesis 2), pair type effect was 

quite diminished by audiovisual presentation presumably due to slow integration between the 

visual reference and the auditory target. 

In Study 2, we assessed whether audiovisual presentation increases the difference 

between readers with and without dyslexia in letter identity and letter order coding as should 

be the case if phonology modulates orthographic processing. Indeed, audiovisual presentation 

of the target stimuli resulted in differential pair type effect for readers with and without 

dyslexia. In this version of the same-different task, the auditory stimuli were always identical 

to the visually presented target stimuli; thus, the pair type effect reflected a mismatch between 

the visual reference and the (visual and audiovisual) target. Readers without dyslexia showed 

a pair type effect in the visual condition; however, this effect disappeared when the target was 

presented audiovisually presumably due to the prompt integration between the visual target and 

the auditory target. In contrast, for readers with dyslexia the orthographic mismatch between 

the reference and target stimuli (identical versus different pairs) was enhanced by audiovisual 

presentation presumably due to sluggish audiovisual integration. 

Publications related to this thesis point: 

Varga, V., Tóth, D., & Csépe, V. (2020). Orthographic-Phonological Mapping and the 

Emergence of Visual Expertise for Print: A Developmental Event-Related Potential 

Study. Child Development, 91(1), e1–e13. https://doi.org/10.1111/cdev.13159 

Varga, V., Tóth, D., Amora, K. K., Czikora, D., & Csépe, V. (2021). ERP Correlates of Altered 

Orthographic-Phonological Processing in Dyslexia. Frontiers in Psychology, 12, Article 

723404. https://doi.org/10.3389/fpsyg.2021.723404 
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Thesis 5: Phonology contributes to lexical competition; however, lexical competition does 

not index orthographic quality in deaf readers 

As we concluded in Study 3, phonological and semantic processing seems to be 

hindered by deafness, but orthographic processing is intact even in the absence of hearing, 

indicating that orthographic representations can be acquired without phonology. To elaborate 

on this, in Study 4, we compared the prime lexicality effect (PLE), the index of lexical 

competition, in deaf and hearing adults. Our results demonstrate that although hearing 

university students exhibited a robust PLE, deaf participants showed no evidence for PLE, 

while the group of hearing readers matched in age and education level also exhibited a reduced 

effect. Absence of PLE in deaf readers suggests that limited access to phonology hinders the 

emergence of lexical competition; thus, lexical competition emerges partly on the phonological 

level. However, the effect was differentially modulated by reading skill for the deaf and the 

hearing control participants. Better hearing readers showed PLE, while this was not the case 

for better deaf readers. More importantly, hearing readers with better orthographic skills as 

measured by the Proofreading task showed greater PLE, while deaf readers with better 

orthographic skills did not, suggesting that high-quality orthographic representations are not 

necessarily built through phonology in deaf readers. 

Publications related to this thesis point: 

Varga, V., & Csépe, V. (2018). A szóolvasás modelljei siketek vizsgálatából származó 

nemzetközi adatok tükrében. Magyar Pszichológiai Szemle, 73(2), 299–313. 

https://doi.org/10.1556/0016.2018.005 

Varga, V., Tóth, D., & Csépe, V. (2021). Lexical Competition Without Phonology: Masked 

Orthographic Neighbor Priming With Deaf Readers. Journal of Deaf Studies and Deaf 

Education, enab040. https://doi.org/10.1093/deafed/enab040 
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Study 4 
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V. General Discussion 

The present dissertation describes the results of a series of three experiments that 

investigated the role of phonological processing in the tuning of orthographic representations. 

More specifically, we aimed to test the relationship between phonology and orthographic 

processing by examining typical and atypical readers and to answer critical questions to 

understand the relationship between the two processing systems. 

First, we explored how phonological processing contributes to the typical development 

of orthographic processing, and we investigated whether the emergence of the visual expertise 

for print is driven by orthographic-phonological mapping in typically developing first- and 

third grade readers. In addition, we also examined how orthographic-phonological mapping 

contributes to the coding of letter identity in novice readers. 

Second, we aimed to shed light on how phonology might contribute to orthographic 

tuning, and whether poor phonological abilities interfere with the tuning of orthographic 

representations. Thus, to further elaborate on this issue, we examined how phonological deficits 

in developmental dyslexia influence orthographic processing. Our first question to answer was 

whether the fine tuning for print and letter identity and letter order coding show deficiencies in 

developmental dyslexia. In addition, we also examined how orthographic-phonological 

mapping contributes to the assumed deficits in the fine tuning for print and those in letter 

identity and letter order coding. 

Third, we also assumed that the serious phonological deprivation, namely deafness, 

might also affect the orthographic processing. Thus, we examined the prime lexicality effect 

(PLE), an index of lexical competition between orthographic representations in deaf readers.  

To answer the above described questions we  

(1) conducted two ERP experiments investigating print tuning and letter identity and 

letter order processing in typically developing novice readers and adult readers with 

and without dyslexia; 

(2)  performed one behavioral experiment designed for investigating lexical decision in 

adult deaf and hearing readers by measuring the PLE; 

(3) published one comprehensive review on the experimental data available in the 

literature on phonological and orthographic processes in deaf readers. 

 

Visual expertise for print 

According to our results in Study 1, novice readers showed coarse-grained print tuning, 

that is larger responses to familiar orthographic stimuli (Latin letter strings) compared to 



130 

unfamiliar stimuli (Armenian letter strings). The effect was already present in first-grade 

children only after 7 months of reading experience. Thus, our study replicated the results of 

previous developmental N170 studies according to which coarse-grained visual specialization 

for print is detectable in novice readers (Cao et al., 2011; Eberhard-Moscicka et al., 2015; 

Maurer et al., 2006, 2011; Tong et al., 2016; Zhao et al., 2014). However, contrary to our 

hypothesis, the magnitude and lateralization of the N170 effect did not change from grade 1 to 

grade 3; even first grade children exhibited a left-lateralized N170 effect for pseudowords. 

Although novice readers typically show a bilateral N170 response for letter strings (Maurer et 

al., 2006; Kast et al., 2010), some studies found that left-lateralization of orthographic 

processes might emerge after a couple of months of reading instruction (Cao et al., 2011; 

Pleisch et al., 2019; van de Walle de Ghelcke et al., 2021; Zhao et al., 2014). 

In addition, we assumed that if phonology plays a role in the emergence of visual 

expertise for print, audiovisual presentation of the stimuli enhances the N170 effect compared 

to the visual presentation. Indeed, this was the case in our studies. When the targets were 

presented only visually, they elicited a significant but smaller N170 effect compared to the 

reference stimuli, presumably due to neural adaptation (Cao et al., 2015; Grill-Spector et al., 

2006). In contrast, when targets were presented audiovisually, the N170 effect was enhanced 

to be as large as the one elicited by the reference stimuli. This novel finding provides the first 

direct empirical evidence that beyond visual learning processes, the development of visual 

expertise for print is related to audiovisual processing. 

Our results in Study 2 suggest that developmental dyslexia is not necessarily 

characterized by a deficit in the fine-grained visual expertise for print. First, contrary to our 

hypothesis, neither readers with nor readers without dyslexia showed an N170 lexicality effect. 

This indicates that readers with and without dyslexia processed words and pseudowords 

similarly. This result is somewhat unexpected as many studies demonstrated lexicality effect 

on the N170 component (Araújo et al., 2015; Dujardin et al., 2011; Eberhard-Moscicka et al., 

2016; Faísca et al., 2019; Hauk et al., 2006; Kast et al., 2010; Maurer et al., 2006). 

Based on the argument of Maurer and Mccandliss (2007) stating that lexicality effect 

emerges in cases when grapheme-phoneme mapping is not automatic, we expected to find 

lexicality effect only in the group with dyslexia but not in the group without dyslexia. This 

hypothesis was partly supported by our result. Skilled readers in our study did not exhibit the 

fine-grained N170 tuning, most probably because their highly automatic grapheme-phoneme 

mapping enabled them to read simple pseudowords as efficiently as real words. In contrast, 

readers with dyslexia, who showed poor pseudoword reading fluency according to the 3DM-H 
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test, did not show the lexicality effect either. Although readers with dyslexia showed a tendency 

for larger responses for words compared to pseudowords in the N170 time window; this 

difference failed to reach significance. 

Despite their not fully automatized grapheme-phoneme mapping, participants with 

dyslexia in our study might had decoding skills automatic enough due to the shallow nature of 

Hungarian orthography that no lexicality effect could be detected. In addition, previous studies 

that reported N170 fine-grained tuning employed explicit reading tasks, while studies that did 

not find N170 fine-grained tuning used implicit reading tasks (e.g. our study, and Araújo et al., 

2015; for an argument for the effect of tasks demands on the N170 lexicality effect, see Faísca 

et al., 2019). Therefore, difference between readers with and without dyslexia in explicit 

reading tasks might not reflect inefficient orthographic processing per se but differences in 

attention or working memory. Future studies should systematically explore how orthographic 

depth and the automaticity of grapheme-phoneme mapping interact with each other and how 

they modulate the N170 lexicality effect while controlling for attentional and working memory 

differences. 

Although the fine-tuning of visual expertise for print did not differ between adults with 

and without dyslexia, subtle differences in the lateralization of the N170 response emerged. 

When analyzing the effect on a subset of occipototemporal channels, the N170 responses of 

readers with dyslexia showed a bilateral distribution, while readers without dyslexia exhibited 

the typical left-lateralized N170 response. Our results agree with those of the previous studies 

showing that the N170 effect is less left-lateralized in readers with dyslexia (Araújo et al., 2012; 

Helenius et al., 1999; Kast et al., 2010; Mahé et al., 2012) when compared to skilled readers. 

Next, we assumed that audiovisual presentation will enhance the difference in the N170 

lexicality effect between readers with and without dyslexia. This hypothesis was indeed 

confirmed. Audiovisual presentation of targets resulted in a robust lexicality effect for skilled 

readers, signified by larger N170 responses to words than to pseudowords. In contrast, 

presenting targets audiovisually did not enhance the lexicality effect for readers with dyslexia. 

Our study extends previous results by providing evidence that the N170 lexicality effect is not 

detectable when orthographic stimuli are presented visually in an implicit task in a highly 

transparent language, namely, when grapheme-phoneme mapping is automatic (Maurer & 

Mccandliss, 2007). Moreover, as a novel finding, we demonstrated that audiovisual 

presentation enhances the N170 lexicality effect but only for skilled readers. Thus, our results 

suggest that audiovisual presentation of words engages automatic reading-related processes 
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for skilled readers, but not for readers with dyslexia. This confirms both phonological and 

orthographic- phonological processing deficits in developmental dyslexia. 

We should note however that we assessed adult readers with dyslexia; thus, our results 

and conclusions might not be generalizable to children with dyslexia. If phonology supports 

the development of visual expertise for print when available, it is possible that at the beginning 

of reading instruction, development of print tuning is slower due to phonological deficits. 

Indeed, Maurer (2007) reported that for typically developing novice readers, visual expertise 

for print emerged by second grade, while for dyslexic readers, the amplitude of N170 did not 

increase over time, implying that children with dyslexia may be slower with cortical 

reorganization in the occipitotemporal brain areas. However, by grade 5 children with dyslexia 

also showed N170 print tuning similar to that of age-matched control children (Maurer et al., 

2011). In addition, as mentioned in the Introduction, the severity of grapheme-phoneme 

mapping deficit also modulates the degree of deficits in visual print tuning (Brem et al., 2020; 

Helenius et al., 1999; Mahé et al., 2012, 2013). In our study, we included relatively well-

compensated dyslexics; thus, it is possible that deficits in the N170 lexicality effect were not 

found because the participants were not severely impaired in reading or their print tuning 

deficits were too subtle to be captured by the analysis. 

Our results mainly agree with the phonological mapping hypothesis (Maurer & 

Mccandliss, 2007). The phonological mapping hypothesis proposes that the right-lateralized 

N170 effect reflects visual expertise, whereas the left-lateralized response reflects automatic 

LSS integration. In accordance with this, audiovisual presentation enhanced the N170 effect 

for novice and adult readers, indicating that this effect is not purely visual in nature but is 

related to audiovisual processing (Maurer & Mccandliss, 2007). However, in Study 1, the weak 

effect of pair type was diminished by the audiovisual presentation, suggesting that although 

specialization for print is driven by audiovisual mapping, this process does not reflect 

automatic grapheme-phoneme mapping yet. On the contrary, readers with dyslexia did not 

show the above described enhancement in the audiovisual presentation condition. Thus, though 

phonology (or orthographic-phonological mapping) seems to contribute to the development of 

specialization for print, poor phonological abilities do not seem to interfere with the 

development of print tuning in the long run. Rather, our results on the lateralization of the N170 

response converge with the idea that a left-lateralized response reflects automatic grapheme-

phoneme mapping. While typical readers, may they be novice or adult readers, showed bilateral 

N170 response, readers with dyslexia exhibited bilateral N170 response. Our results show that 
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phonology supports but does not drive the development visual print tuning; however, it drives 

the lateralization of the print N170 effect. 

 

Letter identity and letter order processing 

Regarding letter identity coding in Study 1, we expected that one-letter different 

stimulus pairs would elicit larger responses in the Latin condition than in the Armenian 

condition because grapheme-phoneme decoding is possible only in the former. Although the 

effect of pair type was somewhat larger in the Latin condition than in the Armenian condition; 

the difference was rather weak, suggesting that the effect might be driven by a general visual 

process instead of grapheme-phoneme mapping. This is contrary to previous results from 

behavioral explicit same-different tasks (e.g. Tóth & Csépe, 2016), suggesting that novice 

readers show advanced letter processing skills when they are explicitly asked to code for letter 

identity, but this skill might not yet be automatized enough to be detectable in an implicit task. 

In addition, the audiovisual presentation resulted in a double mismatch between 

different reference–target pairs: first, between visual reference and visual target stimuli; 

second, between the visual target and auditory target. Thus, we assumed that this would 

enhance the pair type effect. Contrary to our expectations, the effect of pair type was 

diminished by audiovisual presentation. Since the auditory target was the same as the visual 

reference, the diminished effect might be due to slow orthographic-phonological mapping 

between the visual reference and auditory target instead of a fast, automatic mapping between 

the visual target and auditory target. This is in line with previous studies reporting that 

simultaneous presentation of nonmatching letter-speech sound pairs enhance the mismatch 

negativity in adults (Froyen, Van Atteveldt, Bonte, & Blomert, 2008), whereas children after 4 

years of reading instruction show integration only when the letter-sound pairs are presented 

200 ms apart (Froyen, Bonte, van Atteveldt, & Blomert, 2009). Therefore, it is possible that in 

our study, integration occurred between the visual reference and the auditory target that were 

presented 100 ms apart. This could explain the diminished pair type effect because these stimuli 

were identical. 

In Study 2, we assumed that if phonology exhibits an influence on letter identity and 

letter order processing, readers with dyslexia will show a different pair type effect compared 

to readers without dyslexia. More precisely, based on previous studies reporting similar letter 

identity and letter order processing in readers with dyslexia for word but not for pseudoword 

stimuli (Lété & Fayol, 2013; Ogawa et al., 2016; Reilhac et al., 2012), we expected to find 

differences for pseudoword pairs. In contrast to our expectations, identical pairs evoked smaller 
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responses in the N170 time window compered to letter identity and letter order different pairs 

regardless of their lexicality (word versus pseudoword) for participants both with and without 

dyslexia. The difference between our and others’ results might be again explained in terms of 

task demands. Group differences were found in letter position encoding in tasks which used an 

explicit naming task (Ogawa et al., 2016) or an explicit same-different task (Reilhac et al., 

2012). In contrast, we employed an implicit same-different paradigm which is less influenced 

by short-term memory load, attentional demands, or strategic top-down effects. Thus, it is 

possible that differences between readers with and without dyslexia in previous studies reflect 

differences in attentional, working memory, or strategic factors and not impaired orthographic 

processing. 

In addition, we assumed that audiovisual presentation should increase the difference 

between readers with and without dyslexia in letter identity and letter order encoding. Indeed, 

this was the case. In our same-different task, the auditory stimuli were always identical to the 

visually presented target stimuli; thus, the pair type effect reflected a mismatch between the 

visual reference and the target (visual and audiovisual). For skilled readers, audiovisual 

presentation diminished the pair type effect compared to the visual condition, which could be 

taken as evidence for the quick integration between the visual target and the auditory target. 

This is in line with the results Froyen and colleagues  (2008) who found that simultaneous 

presentation of nonmatching letter-speech sound pairs enhance the mismatch negativity in 

skilled adult readers. In contrast, for readers with dyslexia the orthographic mismatch (identical 

versus different pairs) between the reference and target stimuli was boosted by audiovisual 

presentation. This could indicate that readers with dyslexia did not automatically integrate the 

visual target and the auditory target, which was also suggested by the results of Froyen and 

colleagues (2011), who failed to find automatic audiovisual integration in developmental 

dyslexia when the visual letters and the speech sound were presented simultaneously. The 

enhancement of the effect in our study might be explained by readers with dyslexia exhibiting 

integration between reference and target stimuli that were displayed with a 100 ms interval. 

This idea is again supported by the results of Froyen and colleagues (2011), who found a weak 

mismatch effect when the letters appeared 200 ms before the speech sound. Thus, our results 

might be explained by sluggish audiovisual integration in the case of developmental dyslexia. 

Based on the dual-route model of orthographic processing (Grainger & Ziegler, 2011), 

we expected that phonological recoding via the fine-grained route leads to the establishment of 

a specialized system for coarse-grained orthographic processing. Namely, we expected to see 

deficits in letter identity and letter order processing in the presence of grapheme-phoneme 
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mapping deficits as phonology is thought to provide a constraint on orthographic 

representations. However, readers with dyslexia in our study did not differ from skilled readers 

regarding letter identity and order processing. This suggests that orthographic processing is not 

determined by access to the phonology. Thus, our results highlight that efficient processing 

along the fine-grained route is not necessary to tune orthographic processing; the coarse-

grained route can develop independent of the fine-grained route. This idea is also in line with 

previous studies demonstrating intact processing via the coarse-grained route despite limited 

processing via the fine-grained route in the case of deaf readers (Costello et al., 2021; Fariña 

et al., 2017; Meade et al., 2020). Nevertheless, audiovisual presentation still modulated 

orthographic processing, at least for skilled readers. This can be reconciled as phonological or 

orthographic-phonological processes supporting orthographic processing through automatic 

co-activation of phonemes constraining the orthographic code whenever such processes are 

available. However, efficient phonological coding is not necessary for setting up the 

orthographic code. 

Alternatively, our results could be explained with the Lexical Tuning Hypothesis 

(Castles et al., 2007), which posits that letter identity and letter position coding becomes more 

accurate due to growth in written vocabulary not due to phonological constraints. In this view, 

the need to distinguish between orthographic neighbors drives fine-tuning of orthographic 

representations. For instance, orthographic neighborhood density can drive the reading system 

to use more precise representations (Lally et al., 2020; Meade et al., 2021). Therefore, readers 

with various phonological abilities might show similar letter identity and letter order processing 

as long as they are provided with sufficient reading experience. 

Taken together, automatic letter coding develops slowly as it is not fully developed in 

third grade readers. Although, letter identity and letter order processing skills can develop 

despite phonological processing deficits, audiovisual presentation still modulates 

orthographic processing, at least for skilled readers. 

 

Prime lexicality effect 

To explore the effect of the absence of well-specified phonological representations on 

the emergence of high-quality lexical representations, we compared the prime lexicality effect 

(PLE), an index of lexical competition, in deaf and hearing adults. We assumed that if 

phonology plays a role in the development of high-quality lexical representations, deaf 

participants will show reduced PLE compared to hearing participants. 
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Indeed, deaf readers showed no PLE. However, control hearing readers matched in age 

and education level also exhibited a reduced effect which failed to reach significance. In 

contrast, hearing university students exhibited a robust PLE. First, these results indicate that 

lexical competition does not emerge without access to phonology, and thus, lexical competition 

emerges partly on the phonological level due to coactivated phonological representations. 

Previous studies reporting evidence that phonology contributes to orthographic priming 

(Elsherif et al., 2019; Welcome & Trammel, 2017) support this argument. Second, even for 

hearing readers, lexical competition is not universal but rather characterizes only the most 

skilled readers. This idea is in line with the results of Andrews and Hersch (2010) who reported 

that in highly competent readers, there are substantial individual differences in reading and 

spelling skills and these differences are associated with lexical competition. 

Based on the above study of Andrews and Hersch (2010), our hypothesis was that 

individual differences in reading and spelling skills modulate the PLE. According to our results, 

reading skills indeed modulated the magnitude of the PLE; however, the direction of the effect 

diverged for deaf and hearing readers. More skilled hearing readers showed PLE, while less-

skilled hearing readers did not. In contrast, more skilled deaf readers showed less PLE than 

less skilled deaf readers. It is important to point out that reading skills were measured by a 

sentence comprehension task (Sentence verification) and an orthographic skill task 

(Proofreading task). Analysis with both variables yielded the same results; however, since the 

two were moderately correlated, we used a composite score in the main analysis. Thus, the 

above results signify that hearing readers with better orthographic skills showed greater PLE, 

while deaf readers with better orthographic skills did not. This might suggest that deaf readers 

can develop precise orthographic representations, and high-quality lexical representations are 

not necessarily built through phonology, at least in the case of deaf readers. 

The above pattern of result bears relevance to the Lexical Quality Hypothesis (Perfetti 

& Hart, 2002), according to which less skilled readers have less precise lexical representation 

as phonological information is not reliably bound to the orthographic representation. Thus, lack 

of phonological access is expected to result in less precise lexical representations. Based on 

Andrews and Hersch (2010), we have taken PLE as an index of orthographic precision. 

However, our results showed that deaf readers might have precise orthographic representations 

without showing PLE. Hence, PLE might index phonological precision not orthographic 

precision. Further studies are needed to disentangle the exact contribution of phonology, 

orthography, and semantics to the emergence of lexical competition. 
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Furthermore, one key feature of the Interactive-Activation Model of Reading (IA, 

McClelland & Rumelhart, 1981) is the above discussed lexical competition that emerges via 

lateral inhibition among competing orthographic neighbors (Andrews & Lo, 2012; Davis & 

Lupker, 2006; Nakayama et al., 2010). Empirical evidence for lexical competition has been 

provided by inhibition in masked priming paradigms when the prime-target pairs were real 

words. Critically, the inhibitory effect of word primes should be present only for word targets. 

For pseudoword targets, which, by definition, do not have lexical representations, no inhibition 

should occur. In most previous studies this was the case (Davis & Lupker, 2006; Kenneth I. 

Forster & Veres, 1998); however, our results showed a different pattern. In our study, deaf 

readers showed no PLE for word targets; however, they did show a PLE for pseudoword 

targets. Hearing readers also showed some PLE for pseudoword targets, although to a lesser 

extent. Similar results were reported by Nakayama and colleagues (Nakayama et al., 2011, 

2014; Nakayama & Lupker, 2018), who studied bilingual Japanese-English readers. Such 

results could question the viability of the IA model. However, the PLE for word versus 

pseudoword targets presumably resulted from different underlying processes since an ERP 

study (Meade, Grainger, & Holcomb, 2019) found that orthographic neighborhood effect 

modulated ERP responses in partly different time windows for word and pseudoword stimuli. 

The authors argued that for words, modulation of the early N400 window reflects lexical 

identification achieved via lateral inhibition. In contrast, for pseudowords, modulation of the 

later N400 window reflects task-related processing difficulty and decision processes. 

Moreover, the similarity between the results of Nakayama and colleagues (Nakayama 

et al., 2011, 2014; Nakayama & Lupker, 2018) and our results with deaf readers warrants the 

consideration of deaf readers not only as readers with limited phonological access but as a 

bilingual group. As we reviewed in the Introduction, sign languages do not have a written form 

while the alphabet maps onto the surrounding spoken language; thus, reading for deaf 

individuals can be regarded as reading in a second language (L2), where the script of the L2 is 

different from the script of the first language (L1) as is the case for Japanese-English readers 

(Nakayama et al., 2011, 2014; Nakayama & Lupker, 2018). Nakayama and Lupker (2018) 

showed that different-script bilingual readers do not engage in lexical competition and this lack 

of lexical competition is not related to language proficiency. This is in accordance with our 

results, that is, reading proficiency does not result in larger PLE for deaf participants. Although 

it is currently not settled why lexical competition does not emerge for L2 words (for the 

episodic L2 hypothesis, see Witzel and Forster, 2012), future studies should compare deaf 
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readers with other bilingual (preferably hearing signer) readers to further disentangle the effects 

of sign language and limited access to phonology. 

 

Synthesis of the main findings with previous theories of reading development, dyslexia, 

and deafness 

The results of our studies presented in this dissertation also inform to the main theories 

of visual word recognition. First, in the lexical quality hypothesis, Perfetti and colleagues 

(Perfetti, 2007; Perfetti & Hart, 2002) claim that phonology is involved in the tuning of precise 

orthographic representations. For high-quality lexical representation orthographic, 

phonological, and semantic representations are bound together; however, for less skilled 

readers orthographic forms are less connected with phonology, suggesting that phonological 

decoding has an integral role in establishing high-quality word representations. Our results 

suggest indeed this might be the case for typical readers. Skilled adult readers showed prompt 

integration between the visually and the auditorily presented words, while typically developing 

readers showed no grapheme-phoneme level integration; however, they still processed familiar 

print (Latin letters) and familiar speech (auditory pseudowords) as one audiovisual object. This 

might imply that orthographic forms are increasingly connected with phonology during reading 

acquisition (see also Blomert, 2011). On the other hand, adult readers with dyslexia did not 

show strong connections between orthography and phonology that would allow printed words 

to trigger activation of phonological forms as indexed by their sluggish audiovisual integration. 

In addition, in our masked priming lexical decision experiment, hearing readers with better 

reading and orthographic skills showed greater PLE in accordance with the lexical quality 

hypothesis. In contrast, deaf readers with better reading and orthographic skills did not show 

PLE, suggesting that high-quality orthographic representations might not be built through 

phonology in deaf readers. Thus, orthographic, phonological, and semantic constituents might 

play a different role for typical readers and atypical readers. This would suggest that for skilled 

deaf readers and presumably for high-functioning readers with dyslexia, strong connections are 

formed between orthographic and semantic constituents despite weak connections between 

orthography and phonology (for similar results in deaf readers, see Gutierrez-Sigut et al., 2019). 

Future studies should systematically explore how strong connections between orthography and 

semantics can be set up without phonological involvement. 

Furthermore, the self-teaching hypothesis (Share, 1995) claims that visual exposure to 

word forms is not sufficient to build orthographic knowledge; it is phonological decoding that 

drives the establishment of orthographic representations. However, if phonological decoding 
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is the primary way to build orthographic representations, one would expect to find weak 

orthographic representation whenever phonological processes are impaired or absent. Although 

our results from hearing readers might support this view, our and others’ results (Costello et 

al., 2021; Fariña et al., 2017; Meade et al., 2020; Meade, Grainger, Midgley, et al., 2019) from 

deaf readers suggest that orthographic representations can be acquired without well-specified 

phonological representations. Hence, although phonological decoding might facilitate the 

acquisition of novel orthographic representations, it might not be necessary for it. Future 

studies could directly investigate and compare orthographic learning in various groups of 

readers to shed light on the learning trajectory and the involvement of phonology on the 

acquisition of novel orthographic representations. 

In addition, our results might add to the theories of dyslexia, as well. Our findings 

suggest that orthographic deficits are either not present in developmental dyslexia or too subtle 

to be captured in an implicit reading task. Nevertheless, deficits are present when stimuli are 

presented audiovisually signifying phonological and orthographic-phonological processing 

deficits. Thus, our results are at odds with theories focusing on visual processing deficits (Stein, 

2001; Facoetti et al., 2003; Vidyasagar & Pammer, 2010), as these impairments should 

manifest equally during visual and audiovisual presentation. However, readers with dyslexia 

showed a processing deficit specifically in the audiovisual condition. 

On the other hand, our findings support the phonological deficit hypothesis (Stanovich, 

1988a, 1988b) and the idea of a specific cross-modal binding deficit in dyslexia (Blomert, 

2011). Our results do not allow differentiation between the two alternative explanations, as we 

compared visual and audiovisual processing without including an auditory condition. 

Therefore, less effective processing in the audiovisual condition could be driven by both 

deficits in phonological processing and deficits in audiovisual integration. In addition, our 

study cannot rule out auditory perception deficits in developmental dyslexia; however, it is not 

clear if subtle auditory deficits disrupt reading acquisition to such extent as seen in readers with 

dyslexia, how is learning to read possible at all for deaf readers. Future studies directly 

comparing deaf and dyslexic readers could reconcile these issues. 

Moreover, our results together with the results of other researchers on deaf readers 

(Costello et al., 2021; Fariña et al., 2017; Meade et al., 2020; Meade, Grainger, Midgley, et al., 

2019; for a review see Emmorey, 2020) question the viability of strong phonological models 

(Frost, 1998; Van Orden et al., 1990) and instead support the models of visual word recognition 

that assign differences in the relative weight and importance of the orthographic and 
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phonological processes, such as the Bi-modal Interactive Activation Model (Grainger & 

Holcomb, 2009). 

 

Conclusion 

The main findings of the present dissertation are first that phonological processing 

supports but does not drive the development of visual print tuning. Nonetheless, phonological 

processing drives the lateralization of the print N170 effect. Next, phonology modulates letter 

identity and letter order processing, but these skills can develop despite phonological 

processing deficits. Finally, deaf readers can develop orthographic representations, and high-

quality lexical representations are not necessarily built through phonology for them. 

Altogether, based on these results, I propose that phonology facilitates the acquisition of 

orthographic representations; however, phonology is not necessary to establish orthographic 

representations. 

This points to the possibility that orthographic representations can be acquired through 

visual exposure in cases when phonology is not available; thus, future studies should explore 

what is the most efficient way to form these representations in the absence of phonological 

information. More specifically, training studies on the acquisition of novel orthographic 

representations can shed light on the mechanisms underlying orthographic learning while 

controlling for the availability of phonological, orthographic, and semantic information. 

Moreover, training studies employing artificial orthographies can even control for individual 

differences in previous reading experience. These studies can lead to novel intervention 

methods applicable to atypical readers. 

In addition, future research might focus on systematically uncovering differences in 

orthographic processes in various groups of readers. For instance, direct comparison between 

deaf and dyslexic readers can inform models of visual word recognition about the importance 

of phonological processing skills, whereas developmental (especially longitudinal) studies 

involving typical and atypical readers can unwrap the interaction between the constituents of 

reading. 
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